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FOREWORD

On behalf of the Romanian National Committee of RE;it is our great pleasure to welcome
our distinguished guests of the third edition ofGBE Regional South-East European Conference
(RSEEC 2016), taking place in Bucharest, Romanigind October 19— 12", 2016.

RSEEC 2016 is organized by the CIGRE’s RomanianoNat Committee, as organizer,
CNTEE Transelectricatlfe Romanian TSOand University "Politehnica" of Bucharest, as co-
organizers - with kind support of CIGRE Patris.

At its third edition, it is a major biennial eveintpower systems that provides an exceptional
venue to CIGRE members and interested partiesréseptinginnovation for efficient and effective
management, solutions for power systems of the fatu

The conference brings together power systems eaginelecision makers, economists,
academics and others with interest in the domame donference also promotes CIGRE as a strong
technical organization, capable of contributingie technical expertise and know-how through its
study committees, conference proceedings and dhaitzal documents.

Main Topics include:1) State of the Technology for electrical networkd the future;
2) Electricity — key factor for society developmgei®) Challenges in education of power system
workforce.

We would like to give again a warm welcome to 28EEC 2016 conference participants and
to wish a successful and enjoyable meeting. We hiagieeveryone will find the RSEEC 2016, both
technically interesting and with stimulating sultgeand that your journey in Bucharest, Romania will
be an unforgettable and pleasant time.

The Romanian National Committee of CIGRE,

Dr. Ciprian Diaconu Dr. Constantin Moldoveanu Dorin loan Haegan
Chairman Vice-Chairman Secretary
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#51

Criteria for oil selection suitable for use as inslating liquid in high voltage Instrument
Transformers

Dr. B. PAHLAVANPOUR D, Mr. J. NUNES and Mr. C. WOLMARANS
NYNAS AB
UK / Brazil / Sweden

SUMMARY

The use of ultra-high voltage electrical equipmentmodern day transmission systems is
increasingly being used in many countries, the nthimers being safety, reliability and ease of
transport of electricity with minimum loss. Thisuggment is expensive and needs to be reliable and
available at all times. Insulating liquid is usext fnsulation and cooling in this equipment and thi
liquid plays an important role in the safe opemtiof these units. Insulating oil used in UHV
transmission is constantly subjected to high dletand thermal stress, which could lead to od an
paper deterioration. If an insulating oil continuesdegrade, it starts to become less of an inmulat
evidenced by an increase in Dielectric Dissipatt@ttor (DDF). If an oil with a low resistance to
ageing is used and there is progressive produdfoamgeing by-products, consequently, insulation
deterioration accelerates. International experiema#icates that sealed CT and VTs may falil
catastrophically once DDF of the oil reaches Ourtter, the limits for DDF in CTs and VTs in the
IEC maintenance guide IEC 60422 DDF are more strih¢han for any other equipment. Baring this
in mind, oil selection for high voltage instrumergnsformers is an important factor and oil witghhi
resistance to deterioration, good electrical prigernd high cooling efficiency should be useds It
also important that such oil is able to sustairs¢hproperties during service life of these unitseré
are oils available in the market being beyond tegese requirements of IEC 60296, special
applications. Such oils are used for UHV and arealhg referred to as Super Grade Oil. To produce
such oil, selection of correct crude oil, refiniteghnique and knowledge of proper use of distglate
for production of Super Grade Oil is vital. Ovedaabove the superior ageing behaviour of these oils
the viscosity index and high solvent power are aksoeficial. Pour Point is also complemented to the
above factors and can influence performance obihaver the life of the equipment.

KEYWORDS
Insulating Oil, High-Voltage, Super-Grade

INTRODUCTION

Mineral insulating oil is used for cooling and iteion in transformers since over hundred
years ago. Specifications for supply of unusecu@l published and used as a standard by both buyers
and suppliers to define their mutual obligationshal¥ selecting a liquid for electrical insulation
purposes, information related to most of the charétics should be obtained so that the potential
user may see the scope for possible applicatiomtai@echaracteristics and property values are
inherent to the type of fluid and these shoulddfee only be applied to those fluids. In some sase
prescribing a limit for a certain property is ngipécable although using typical reference valums f

“bruce.pahlavanpour@nynas.com
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the type and grade of the liquid in question may rexessary for design purposes. Other
characteristics are useful for identifying a mateand again typical values should be quoted. The
important characteristics from a specification pahview are those which effect the fluid’s lifadch
performance. These parameters must have limitsatsspecification stage in order to achieve a
situation where the lifetime of the fluid within @hequipment is sufficiently long. Therefore, a
standard can be divided into various sections t@icphysical, chemical and electrical properties of
the oil. These properties can be classified as:

Functional: properties of oil, which have impactitsrfunction as an insulating and cooling liquid.

Refining and stability: properties of oil that aréluenced by quality and type of refining and
additives.

Performance: properties that are related to long-teehaviour of oil in service and/or its
reaction to high electrical stress, temperaturecmdiation.

Health, safety and environment: oil properties teglato safe handling and environment
protection naturally, there may be an overlap betwthese sections.

International Electro Commission (IEC) standard 68296 [1] is one the most widely used
standards for supply of oil in the electrical intitysin general, this specification defines twodgpof
oils as one for general purpose and second ongpfeial application. However recent development
of ultra-high voltage systems may require supedgrail, over and above requirement of oil for
special application, which is not addressed in $pacification.

REQUIREMENTS OF INSULATING OIL
The three main functional requirements of insutabil are:

To meet thansulation function, the oil must have high dielectric strength and thielectric
dissipation factor to withstand the electric stesssnposed in service.

To meet theheat transfer and cooling function the oil must have viscosity and pour point
that are sufficiently low to ensure that oil ciratibn is maximal at high temperatures and is not
impaired, even at the most extreme low temperatonelitions for the equipment.

To meet thearc quenching function the oil requires a combination of high dielectric
strength, low viscosity and high flash point to\pde sufficient insulation and cooling to ensure th
arcing is extinguished.

THE GENERAL REQUIREMENTS
The more general requirements are, in many caskged to and inter dependant with the
three main functional requirements, and the oibisde have the following general properties:

* The oil must have: lovacidity (neutralization value) to eliminate the risks of sludge
formation and corrosion.

» Anti-oxidant additives (inhibitors) such as 2,6-di-tert-butyl-p-cresol (PB) slows
down the oxidation of oil. The content of antioxiian oil depletes during service life
of the oil and is therefore important to monitorlsCare grouped into three classes
depending on the antioxidant content as uninhibtiede inhibited and inhibited

» Thebreakdown voltageneeds to be sufficiently high to provide dielecsteength to
prevent breakdown of the oil under electrical stres

* The oil must not contain levels obntamination by any individuaimetal.

» Thedensity of the oil has to be low enough to ensure thatcexenot float on the oll
surface at very low temperatures and cause intéasdiover.

» The Dielectric Dissipation Factor (the tangent of the loss angle and commonly
referred to as tan delta) has to be sufficiently to ensure that the dielectric losses are
small and that the oil thus provides satisfactasulating properties.

* The flash point needs to be sufficiently high to eliminate the siskf ignition of
vapours above the oil during maintenance or iniserv

12



* The unused oil must have a léwan content, otherwise the effectiveness of condition
monitoring by trend assessment of furan conteimpaired.

« The oil must have a high value loterfacial Tension (IFT) to ensure absence of polar
compounds in the oil and suitability of the oil iege as insulating material.

* Mix-ability : unused mineral insulating oils of the same cldaks, same group are
considered to be mixable and compatible with edbbro

* Themoisture contentof the oil must be low, otherwise the electricaésgth of the oil
will be impaired and moisture will be absorbed imtoy paper insulation, reducing
insulation life and increasing the risk of dieléctireakdown.

» The oxidation stability of the oil must be high to reduce oxidation proessm
service, which degrade the oil, producing acids ahulge. These can reduce the
effectiveness of cooling and cause general intetetdrioration and eventual failure

* The oil must have a lovwparticle size and countand a low fiber content as the
presence of such contaminants, especially in teegprce of moisture, can considerably
reduce the electrical strength.

* The oil must have undetectalgelychlorinated biphenyl (PCB) content to meet the
requirements of environmental legislation.

e The oil must have a lowolycyclic aromatic (PCA) carbon content to meet the
requirements of health & safety legislation.

* Thepour point is related to viscosity and needs to be low endaginsure that the oil
flows satisfactorily under low temperature condiso

* The oil must have lowulphur contentand contain no corrosive sulphur.

» The viscosity of the oil needs to be low enouglerisure that the oil flows well under
all (as well as low) temperature conditions thusvaing the necessary cooling and,
where appropriate, arc quenching properties.

Of the various insulating fluid options, availalbéethe user, mineral insulating oil has for the
vast majority of situation proven to be the mositceffective choice and meets the above functional
requirements.

SPECIAL APPLICATION OIL

Insulating oil in transformers with high load angleoating at high temperatures is subjected to
thermal stress resulting in rapid oxidation of dilesludge and acid formation. This will reducke lof
the unit possibly leading to premature failure.&Clig there is a requirement for highly refinedwith
high resistance to oxidation. Oil for special apgiion is suggested in IEC60296 to fulfil requirerne
of such units. The limits for oxidation stabilitrea much lower (more stringent) than general
specification and sulphur content limit is usecetsure a high degree of refining of the oil. Use of
such oil in electrical equipment may extend lifetloé unit and have a resulting lower total cost of
ownership for the user. It may also increase riligland availability of the unit resulting in rading
operation and investment costs. Use of such ollleald to reduction in the cost of changing the oil
preventing unscheduled outage and therefore, flanlite cycle point of view, has economical and
technical advantage.

REQUIREMENT OF SUPER GRADE OIL

Super grade oil can be used for ultra high voltagesformers (UHV). Although there is no
such definition or classification for UHV in IECubit can be classified as voltage over 400 kV and
up to 1200 kV. In instrument transformers espegiainsidering the lower volume used it may be
sensible to use super grade for lower voltagesedis v addition to general requirement, super grad
oil should have the properties described in thewelections.

13



Viscosity and viscosity index

The lower the viscosity, the easier the oil cirteganaturally, leading to improved heat transfer
and thermal distribution. This is especially impmoit in an instrument transformer with no forced
cooling. Viscosity influences heat transfer andefere the temperature rise of the equipment. Ehis
particularly important at low temperature and cstigit. High viscosity at low temperature may lead t
possible localised overheating. The lower viscostylso advantageous with regards to faster and
better impregnation of paper and therefore lowsk of voids in the solid insulation.

The viscosity at the lowest cold start energisemperature (LCSET) in the revised standard

is less than 1 800 ndfs. The LCSET for transformer oils is defined irCED296 as being —-30°C
(this is 5K lower than indicated in IEC 60076-2).

Viscosity index plays an important role as oil wiiigh viscosity index will have higher
viscosity at given operating temperature than athwower viscosity index. This will lead to
operation of transformer at higher temperaturelangr cooling efficiency as shown in figure 1.

Trangformer Operating Termperature

O SJscogty
5
b i frea)

[ G 5
Operating tem pera ure of
) Ransyimercooling

&0 wykm iy dependenton
ansyiorme roil viscowil:
58 1
1 mm ™y higher operating

Gz

wyeosity iy leading to
approcim ately 3 "Chigher
opsrating & m pe rature

4z00 S000 £200
Disspation Heat [iilth]

Figure 1: Effect of viscosity on operating temperature

Dielectric dissipation factor (DDF)

The method for measuring DDF content of the oilEE€60427 (2) or IEC61620 (3). Both
methods measure DDF at 90°C. If DDF is measureshyaibther temperature, then the temperature of
measurement shall be stated in the report. Oilldhoave low DDF and is low figure should remain
low during service of the oil. For this reason,with high oxidation stability is required.

Interfacial tension (IFT)

This is an important test to make sure suppliedsoftee from chemical contamination. It is
also can be used as an indication of oil deteimmabnce it is in service. High IFT (equal or bette
than 48mN/m) is desirable for super grade oil.

Antioxidant additive content

Antioxidant additive (inhibitor) slows down the obtion of oil and therefore the formation of
oil sludge and acidity. Presences of antioxidanthi oil will effects oxidation stability test rdtsi
This is particularly important when it is addeddw quality oil, which without adding inhibitor may
not pass oxidation stability. To avoid this problaimee limits for inhibitor content of the oil weer
introduced.

Uninhibited oil should have no detectable inhihitbrace inhibited oil may have up to 0.08%
inhibitor and inhibited oil is restricted to comtaig 0.08 to 0.4% inhibitor. Response to inhibit®r
very important issue for service life of oil andosu grade oil shall have good response to inhilaigor
shown in figure 2. To achieve this base oil mustved refined and free from any constraints.

14
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Figure 2: Response to inhibitor and degree of refining

Sulphur Content

Sulphur content of the oil can be used as an itidicaf degree of refining of the oil and there
is no general requirement for standard grade difdouspecial application a limit of maximum 0.05%
is suggested by IEC60296. However, for super gagldais figure is usually much lower.

Corrosive sulphur
Super grade oil shall be free from any corrosivé paotentially corrosive sulphur.

Oxidation stability

Oxidation of oil gives rise to acidity and sludgerhation. This effect can be minimised as a
result of high oxidation stability leading to longeervice life of the oil. Oxidation stability is
measured in accordance with method C of IEC 61&28ch is conducted at 120°C. Duration of the
test is dependent on level of inhibitor detectedhia oil. For uninhibited oil it is 164 hrs, foratre
inhibited 332 hrs and for inhibited oil 500 hrs.sTéimits for acidity, sludge and DDF for all three
these categories are the same. For super gralimitsl for acidity, sludge and DDF are usually kett
than suggested figures for special applicatiorEi@80296.

Polycyclic aromatics (PCA)

Some PCAs are classified to be carcinogens anceftirer need to be controlled to an
acceptable level in mineral insulating oil. PCAe defined so as to be detectable by extraction with
DMSO.

(Dimethyl-sulfoxide) under the conditions of BS P0Part 346. A limit of maximum 3%
DMSO extractable compounds is introduced in thesidard. PCAs are also have negative effect on
impulse strength of insulting oil as shown in fig8. Super grade oil is low in PCA as shown indabl
1 and figure 3.

15
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Figure 3: PCA content and impulse strength of the oil.

Table 1: PCA content and impulse strength of the oil

Polyaromatics Aromatic Impulse Gassing

Wi (RAC) content % braakdown tendancy
kW plmin
HPLE method IEC GOS0 ASTM D3I300 ASTH D2300B
{In hous=) negative polarity
. 5 = 300 +33
0.02 7 282 +26
0.07 10 220 +16
0.30 10 195 +11
075 10 148 +4

High solvent power

Oil with high solvent power are preferred optiortlais will help to keep oxidation products (if
they produced or if present after a retro-fill prdare) soluble in the oil and avoid precipitatiomd a
absorption of these material by insulating paper.athieve this oil with lower aniline point are
preferred.

BENEFITS OF SUPER GRADE OIL TO THE USER

Super grade oil has low viscosity and low viscosityex this will give economic advantages
to the user for operating the unit at higher terapee and have longer life of the oil and more
importantly, their asset. Superior resistance tolaiion of this oil will protect insulating papena
also keep all required parameters oil in an actéptavel for long period. High solvent power oisth
oil is also protecting insulating paper by avoidprgcipitation of oxidation product on paper suefac
and absorption of these by product by insulatingepa Use of super grade oil will reduce
maintenance cost during service life of the unithés oil has high resistance to oxidation. Sinapes
grade oil is well refined it is low in PCA conseaqtig this oil has high impulse strength.

Further, in an instrument transformer as the stgbs®lume compared to the total volume is
very high (when compared to a power transformdfjis-combined with the fact it is a sealed unit if
any localised discharges start this will lead tertimal runaway and/or progressive discharges leading
to breakdown/arcing in oil and possibly an explasidhis is why the limits for DDF in service are
much lower for instrument transformers — as any sigquasi conductive and/or polar by-products of
ageing increase the probability of dielectric feslisubstantially. The use of Super Grade oil, which

16



will dramatically reduce the chance of such aggngducts is thus a sensible choice in instrument
transformers.

In recent years many instrument transformers & @fl the SF6-filled gas insulated type and
have very good performance however they requirerglated maintenance and if any leaks develop
the utility can face serious penalties [4] - dughis gas being a “super” green-house gas. Thexgefor
the technology trend of migrating oil type to Skpe instrument transformers is likely to reversee T
use of Super Grade oil will then be the sensibleiagh for OEMs going back to (or increasing
production of) oil type Instrument Transformerdtagduces the risk of ageing related failures.

CONCLUSION

For equipment under thermal stress and speciaicapiph, high -grade oil with high oxidation
stability is introduced by IEC60296. This standdogs not address super grade oil. Since use af ultr
high voltage system is increasing, demand for satckvill increase. Consequently, there is need to
have specification for supply of such oil. Implertsion of such specification to the electrical
industry may lead to more reliable operation amigéy life for oil filled electrical equipment. To
fulfil requirement of UHV units for insulation aremboling supper grade oil shall have low viscosity,
low viscosity index, high solvent power and theeba# shall be well refined.

BIBLIOGRAPHY

[1] IEC 60296 Fluids for electrical application- used mineral insulating oils for transformers and
switchgears, 2012.

[2] [IEC 60247, Measurement of relative permittiyitiielectric dissipation factor and d.c. resistivit
of insulating liquids.

[8] IEC 61620, Insulating liquids — Determinationf ¢he dielectric dissipation factor by
measurement of the conductance and capacitancst-Aigghod.

[4] http://www.echonews.co.uk/news/local_news/18%2Company_ordered_to_payeasing_
harmful_greenhouse_gas_at_port/21_000_for_rel

* %

17



CIGRE Regional South-East European Conference - RIEC 2016 (3rd edition)
October 10th - 12th 2016, University "Politehnica"of Bucharest, Romania

#53
Live Operating and Efficiency of Equipment’s Managenent

loan RODEANE Daniel MORAR™ Vasile BALAN, Catalin BOGUS, Virgil ORLANDEA,
Marius SIMBOTIN, Septimiu SOVERESAN
CNTEE "Transelectrica" SA
Romania

SUMMARY

The paper presents the methods used in recentipeidues national power grid to operate more
efficiently as high voltage equipment. It includekares of minor maintenance and operation
undertaken by our company for management instafiati It also briefly describes the results of
applying new technologies and the technical analysiformed using such technical data. As part of
asset management technologies have been applieduwvitvithdrawal from service of installations,
allowing transmission of electricity at full capgciln applied technologies for minor maintenance
remember inspections multispectral spectra in Vjsof&ared, ultraviolet and laser and live working
technologies. Within the operation of equipmentevesed more management applications databases,
which were subsequently used in technical analysiso in the operation were used methods of
online analysis for operational behavior of equipimé presents the results of a comparative arslys
of the costs of the technologies for minor and extive maintenance without redraw from service of
equipment and exploitation of modern equipmentueisaditional technologies. Some conclusions
are presented at the end, much like their own recemdations for more efficient operating of
equipment.

KEYWORDS
Live operating, efficiency, education.

MAINTENANCE AND OPERATION OF HIGH VOLTAGE NETWORKS

A problem occurred lately is changing electricitgrismission networks and distribution as
mixed networks with multiple roles: drain power rfropower plants, electricity transmission and
distribution of electricity to large and small congers. This requires a new National and EU Strategy
for Power Grids.

Making maintenance of high voltage installationsttie Transmission Grid requires a new
approach, namely achieving technical and orgamiaatimeasures for the application of live working
technologies and new technologies other than clalsdihis will become inevitable.

In this context, stage by stage to every projejegt managers and operations personnel are
more involved in organizing of those works. In terof project beneficiary organization of works
with classic technologies involves scheduling, exien permissions request and reception. For live
operating technologies, organization of the workténms of project beneficiary is achieved by
programming, considering technical criteria andmelie, correlating those works with other
technologies, getting as many technical data onleguest permissions execution and reception. In
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addition, all installations from the design stagd then modernization stage need to be made tw allo
the application of live technologies. So increasorganizational complexity these involve high
guality management of project the need to increfisgency, in terms of the beneficiary.

Such projects require a more efficient organizatibbat leads to changes within the
organization: the organization must adopt a managestructure of the modern type, advanced with
the use of technical personnel trained and autbdriz

In our company, it was promoted a project conceymire professional training of specialized
operators for: electric lines, transformation unibperations, exploitation of primary equipment,
exploitation of secondary equipment. It has thusnbget up the "Center of Excellency in Energetics”
C.E.E., which includes subunits for training andelepment of electric operators and training, test
and authorization for live working technologiesll@a the "Center for Research and Development of
Live Working Technologies and Rapid InterventiorNational Power Grid".

In this center will carry out studies for the implentation of new technologies, technical
analysis of the behavior of the equipment into iservtechnical analysis to efficiency applicatidn o
new technologies and training of human operatargdoh the exploitation activity, as well as foeth
maintenance activity.

Having regard to the experience of other counaiiewell as the possibilities and technological
for more advanced features that can be implemeaxttdte level of the company, such as development
of this center by creation a team of rapid intetiemin power grid, which will achieve increasirtgt
effectiveness of actions for the elimination oflfadrom installations, avoid serious damage ahe ta
corrective action in installations, both from theim of view of the maintenance and the operative
activity (in close connection with the Centers afnibte Control and Surveillance of Installations —
C.T.S.L).

In this Center will hold the theoretical coursestraiining and professional improvement for
human operators. To complete operators training, @enter has possibilities to hold the practical
courses in Polygons for: 220-400kV OHTL for all ¢ypf tower from NPG, 110kV OHL with several
types of towers, 110-220-400kV bays complete eqdpp primary and secondary equipment for
several significant types of equipment — and medioitage posts.

Figure 1. OHTL polygons structure of C.E.E. Center for Reskeand Development of Live
Working Technologies and Rapid Intervention in Nasl Power Grid
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EFFICIENCY OF LIVE OPERATION AND LIVE MAINTENANCE

In C.E.E. we have made the technical-economic aisafgr live working in our power grid in
order to determine on the basis of the perspectila for maintenance of equipment: the
modernization of the equipment, refurbishing oftafiations, predictive maintenance based on
reliability and better organization for correctiveintenance — for quickly answered and accurately.

Economic calculation was performed for each cotepresented previously. Such, from Q1 to
Q8 criterion, each technical requirement was "fieted" into economic values [1].

Operating criteria (Q1) envisages that non-programgnof equipment for withdrawal from
service due to safety conditionings of Power SystBransmission Grid or area power grid in
requested time interval. Congestion that might oacicase of withdrawal from service of electrical
equipment will lead to additional costs for the Qamy. Also power losses will appear in grid. In the
Company exist a program for calculating the eleatrlosses, but currently does not detail Joules-
Lenz losses and corona losses. In developing tlmgram, which is ongoing, these details will be
available. Following an analysis [2] found that ttwrona loss calculation for areas of Transmission
Grid is recommended to use the method provided B§El 738-1993 and Electricité de France,
completed study method VNIIE Russia and forecasnefeorological data. Data obtained from the
calculation are then compared with data obtainewh fon-line metrology systems.

The following table shows the values of power Igsesated to power network operating in
case of withdrawal of an OHTL:

Table 1. Calculation of power losses [2]

NoO Element Losses estima | Losses from meterin Co_ss
' [MWh] system [MWh] [lei]
1 OHTL Bradu-Braov 2,408 2,167 433,4
2 OHTL Mintia-Sibiu Sud 2,062 1,748 349,6
3 OHTL lernut-Sibiu Sud 3,698 2,618 5236
4 Ungheni Autotransforme 0,319 0,308 61,6

Data for calculation of losses corona are collettedugh monitoring systems parameters of
OHTL, weather systems, whose data are provided hey National Institute of Meteorology,
measurements made in initially inspection and ottaabases (on characteristics of the conductor or
emissivity and solar absorption).

Climate criterion (Q2), if case of application ofM_technologies, is needed to respect the
limits imposed on personnel safety. The final deaiss taken to carry out operations at the plate o
execution.

humed air — 7 (Ufins2=16.8kY)

b P dry air  (Ufins2= 8 kY

220kV-Y

conductor —

:
| 220KV ‘ insulatars chain 1

Figure 2. Distribution of voltage on a chain of cape-typeuiiasing glass at a pole type Y,
in the climate variation condition
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The graph was obtained by simulation using analtinethods of calculation taking into
account the longitudinal capabilities of insulat@®ay capacitances of insulators to earth aray str
capacitances of insulators to conductor [3].

The cost in this case varies: in case of evacuationind power plants there is a minimum
interval of climatic parameters that allow both rgyeproduction and live an intervention to ensure
continuity; in contrast to this network, in othestworks, live operating cannot be performed atlad
to climatic conditions or can be carried with eabat sometimes withdrawal from service of
equipment is more effective.

-l

L Lt
. -~ pass forbidden
production/transmission Live Working

of energy Live Inspections
Figure 3. Application of live technologies when variatiorinchte conditions

Technological criterion (Q3) depends on the levdgkohnical and facilities of work according
to the technical characteristics of the electriosiallation (access to tower, access to the elefmam
the chain insulators, access to at the equipmentirials, etc.). Technical characteristics of the
electrical installation in the area determinesrtbeessary of specific equipment (tools and machjner
like pole insulation, insulated arms of raised fplah, insulated ladder, cart, helicopter with spéci
platform, etc.

Figure 4. Spacer changing by helicopter with special platf¢8C SMART SA line operator)
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Organizational criterion (Q4). If case of LW teclogies, the access tower is easier than other
technologies, being able to choose to apply uskelgdpter with special platform technologies, to
avoid damaging of crops or protected natural andasking to high voltage equipment also depends
on the overall operation of operation activitiestod organization. Such as, before maintenance with
LW technologies in OHTL or substations, we archiveltispectral inspections in laser spectrum, in
audio spectrum, visual spectrum, ultraviolet speutrand infrared spectrum. Also inspections of
equipment can be carried out with robots and saanneollowing technical data from these
inspections have been able to identify exactly Whiomponents of the equipment needed to apply
them remedial operations. By using technical da@lz equipment with defective components we
can get adequate and efficient preparation of thmt@nance with LW technologies.

In terms of project beneficiary, organization ofrie®with classic technologies involves a lower
level of organization. To work with live technolegi organization of works in terms of beneficiary’s
project becomes more complex depending on sevechhical criteria and climate, correlating those
works with other technologies, execution and reoeptquest permissions, and more.

Such projects require a more efficient organizatibthe recipient by project teams and teams
of technical consulting, which leads to changeshi organization. In this context the organization
should adopt a management structure advanced /rmo@®sts of organization to apply those
technologies grow only when switching from inadgquarganizational structure, but simplistic, to a
complex organizational structure. But once impletednthe new structure can speak of greater
efficiency of work / organization's activities atiterefore operating costs (operating or organinatio
of maintenance) become much lower.

For live working applications need specific measuspecific parameterization of the relays
terminals, to ensure all conditions for execution @ontinuity in the operation of equipment: speed,
selectivity, sensitivity and safety.

The architecture of a secondary system of commemtrol, protection and automation can
enable a greater or lesser extent the performahe®iiks under voltage primary equipment, as will
become apparent in the following examples.

Preparatory work operations are under tensionagifip technologies, although many of these
can be common. Those are for live working such as:

- Replacing the voltage transformer

- Replacement or maintenance for breakers

- Replacement or maintenance for line separator

- Replacement or maintenance for busbar separator

- Replacing the cell elements - conductors

- Busbars major maintenance

- Major maintenance for transformers units

- Power lines terminal elements maintenance

Technical criterion (Q5) is closely related to atlogiteria such as technical equipment of
execution unit (Q3), the organization of work (Qd)matic conditions (Q2) and the safety conditions
(Q7). For optimal application of more efficient tewlogies, be they classical or live, more data are
needed, which can be found in electronic databased) as “Transelectrica-GIS” or “InfoLEA /
InfoStgii / InfoDoc = InfoTehnic”.

Economic criterion (Q9) refers to the efficiencytbé work with the chosen technology or all
technologies together chosen to be applied on etgrip
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Figure 5. Diagram analysis for application of technologies

Live technologies have been applied for more eqaimtirsuch as:

400kV OHTL Tantareni-Turceni G1-2+3-4, 400kV OHTLaritareni-Turceni G5-6+7-8,
400kV OHTL Urechesti-Rovinari G3+4, 400kV OHTL Utexsti-Rovinari G5+6, and more LW
technologies operations being performed:

- Installation aerial nameplates on pillar tip

- Dumpers position adjustment or replacement omlgotors

- Replacing spacers

- Replacing parts connecting of the chain insutafbke nuts, eyelets suspension, etc.)

- Replacing protection fittings on suspension tower

- Replacing broken glass insulators from the susiparchains

- Replacement suspension clips of the active caondsic

- Preparation work and painting of corroded elem@efthe crest of tower

- Replacing anchor the tower

Barehands methods for LW applied to the works noeetil above were:
- Ergonomic seat method

- Insulating ladder method from the console

- Insulating ladder method from ground

- Raising arm with insulating platform method
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Efficiency of live works resulted from calculationgade to table 3.

Table 2. Efficiency of live works

Operation | Efficiency
Corective Maintenance
Replace an element from insulators chain on suspe®ver 20%
Replace clips 15%
Replace anchores 8%
Removal objects from tower 3%
Removal objects from conductors 5%
Replace daylight beacon with helicopter 11%
Replace daylight beacon with ladder 12%
Replace dumpers 19%
Replace a element from insulators chain on streslert 23%
Painting the crown'’s tower 25%
Preventive Maintenance
Multispectral inspections (UV, IR, visible) 12%
Minor maintenance on OHTL 18%
Minor maintenance on substation equipments 294
Control and inspection with lidar 5%
Control at crown of OHTL tower 3%
Major Maintenance
Major Maintenace on OHTL (medium value) 9%
400kV OHTL Mintia - Sibiu Sud
400kV OHTL Tanareni - Turceni
400kV OHTL Urechsti - Rovinari
220kV OHTL Stejaru — Gheorgheni
220kV OHTL lernut - Ungheni

CONCLUSIONS

Application of technologies should occur only aft@rtechnical and economic analysis
appropriate to achieve greatest effectiveness.

Application of technologies depends on severaégdf but this is reversible, being impetuous
necessary to create technical and economic condiappropriate (development of new technologies,
purchasing new technologies or creating operatorglitions for their application), that will resutt
benefits financial and technical.

Live technologies in recent years are used compiéang by combining the results and in this
way is obtained the greater efficiency of the wofksllowing the studies result that completion foé t
major maintenance by applying live working, or orggrtially, become absolutely necessary for
increasing the efficiency and lowering costs of pamy.

Perhaps because new technologies, compare witiidred technologies, have been applied
much less (ratio up to 1/10) or maybe classicahnelogies are training less time (otherwise
traditional technologies being based for trainifighew technologies) than the new ones, it appears
when used live technologies that quality of operatiperformed and the work as a whole is much
greater than the classic ones.

In C.E.E. will training and teach operators to gphle best technology: economic efficiency,
highest safety application, best technological mode.
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SUMMARY

The paper provides a study regarding the benefitd éhallenges of voltage regulation
contribution of distributed photovoltaic generati@ystems by reactive power flow control.
Simulations are performed using the Neplan softwareeal secondary distribution networks from
lalomita and Calarasi regions, characterized bymgyortant number of grid-connected photovoltaic
power plants.

KEYWORDS
Photovoltaic power plant, voltage regulation, ra&ctpower flow control, distribution
network.

I. INTRODUCTION

Voltage regulation represents a major concern fsiridution networks characterized by a
high penetration level of grid-connected photovioltaower plants. Events such as contingency of
network elements or fast solar irradiance varigiomay have important consequences on power
guality and network voltage profile. Furthermone,thhe frequent case of the absence of directional
load compensation for the on load tap changer gel@ontrollers, the reversed power flow through
distribution power transformers may lead to unadied voltage rise.[2]

On the other hand, regulatory agencies manifesteangnent increasing pressure on
distribution network operators performance and ituatandards. These requirements have direct
impact on photovoltaic power plants grid connectommditions. For example, in present, all grid-
connected photovoltaic power plants with installeower higher than 5 MW are considered
dispatchable and have the obligation to be capabieactive power flow control in the common
connection point according to power factor valuedwieen 0.9 inductive and 0.9 capacitive.
Furthermore, these generation units have to ermarereactive power exchange with the utility grid
during zero generation periods. [3] It is expedteat future standards and regulations may extead th
previously detailed requirements for photovoltasever plants with rated power higher than 1 MW.

Voltage regulation contribution of grid-connectdubpovoltaic power plants involves a series
of challenges. From the distribution network opergtoint of view, even if stationary operation
regime registers certain improvements, as revermsgep flow consequences on voltage profile
become less severe, sudden unavailability of soaveep plants may lead to inacceptable voltage
variations. [2] From the plant owner point of viesactive power flow control requirements imply
the necessity of additional investments in moreeespre slightly oversized Volt/VAr capable pulse
width modulated inverters and, in some cases,dotiee power compensation equipments.

“mihaiandrei.ionescu@gmail.com
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The paper proposes to highlight the main impacedions of grid-connected voltage
regulation contribution on distributed network ogt@n. There are taken into account several aspects
such as voltage profile, fast voltage variatioretwork power losses and on load tap changers ®ltag
regulator interactions. The simulations were magiagiNeplan software.

II. VOLTAGE SUPPORT FROM PHOTOVOLTAIC POWER PLANTS

The most frequent case of a photovoltaic power tpldistribution level connected is
represented by the radial medium voltage distrisutieeder. As the substation distribution
transformer on load tap changer voltage regulajoerates autonomously the main interest is
represented by voltage regulation in the pointashmon connection.

In normal conditions, the distribution network ogir has the option of setting fixed reactive
power or fixed power factor operation for the phaitaic power plant.[1] On the other hand, there
can be taken into account the option of variabdetige power operation, providing a voltage setup i
the common point of connection. In this case, gdtaontrol loop is presented in Figure 1. The
desired reactive power output is determined by itherter controller using a droop function

q (Vmeas Qmax) .
Vet ~ PANELS

Vrmeas

“| prooe q (ol Qset
QMaK | oo = H(Z) = LIMITER
INTERFACE
- : B INVERTER
SQART(Smax-Pmppt) Pmppt
Vmeas

Pinw, Qinv )

GRID ) PCC

S

Figure 1.Block diagram of PV inverter with voltage contralle

In this case, the point of common connection besmB-U node, considering a series of
limitations, described by equations (1) and (2).

Ppy = Puppr (1)
‘Pﬁa- + Q%y = Siwv )
where:

Ppy is the output real power of the photovoltaic poywant;
Pwmeptis the output power provided by the maximum popant regulator;
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Qpv is the output reactive power of the photovoltasevpr plant;
Snv represents the rated apparent power of the inverte

The maximum power point tracking regulator deteesithe real output power desired at each
period. By economical considerations, it is desedbat the photovoltaic power plant to operatégo
maximum available output power. The restrictioncdé®d by equation (2) is given by the inverter
rated apparent power. The capability diagram shiomfigure 2 provides the real and reactive power
output possible to be obtained from a photovolpmwer plant. In order to operate at nominal power
output for specific requested power factor, a certaversize of the grid interface inverter may be
mandatory.

Active Power

Rated MW A
capacity -__ Oversized Solar
/._q——\.,-«”lnverter
£
. 2

f\\ /
T

Power factor Range

Reactive Power

Figure 2. Solar generation P-Q diagram [1]

Ill. LOAD COMPENSATED ON LOAD TAP CHANGER VOLTAGE R EGULATOR

As previously mentioned, the substation busbaran kap changer voltage regulator operates
autonomously. In distribution networks charactatibg long medium voltage radial feeders the load
compensation principle of operation was applied)satering the fact that for customers connected
close to the end of the feeder the voltage level beome inacceptable low. The load compensation
takes into account the maximum feeder voltage drapthe output current of the power transformer.
The principle of operation is illustrated in Figu8@nd described by equations (3)-(5).

Vousbar = Vo + Kcomp - IT 3)
Vmax = Vo + Kcomp * Icomp 4)
Keomp = Umax = Yo

lcomp (5)

where:

Vy is the busbar voltage setup corresponding to Ipaid operation;

Vmax represents the maximum busbar voltage setup;

lcomp iS the maximum value of the compensated curregnelly set as 80% of the rated
current of the power transformer;

Keomp represents the load compensation constant [Ohm].

Distributed generation units manifest a significanpact on load compensated on load tap
changer voltage regulators, as shown in Figurené.most severe conditions can be observed for high
compensation constant voltage regulators and ladgalr medium voltage feeders with distributed
generation units connected close to the mediunagelbusbar.
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Figure 3 - Load compensation principle of operation [2]

The worst case scenario regarding the distributietwork voltage profiles is represented by
undetected transformer reverse power flow conditi@s voltage rise will be proportional to busbar

voltage setup deviation. In this case, the voltaggilator load compensation should be blocked for a
fixed voltage reference equal t@.V

V
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Veomrect — —

Vset

V0 |

Icomp|

lload

It 1 ldg - |

Figure 4 - Distributed generation effects on load compensatétidge regulators
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IV. CASE STUDIES AND RESULT ANALYSIS

In this section it is studied the impact of voltaggulation by grid-connected photovoltaic
power plants on distribution network, by compamatanalysis. The object of the study involves two
secondary distribution network areas representungdifferent situations.

The first situation considered is represented bprg radial 20 kV feeder supplied from
110/20kV Oltenita Sud substation, situated in Gadacounty. A 2.7 MW photovoltaic power plant is
connected in the main axis of this feeder by amtigutput configuration. The feeder model involves
56 nodes, including the 20 kV busbar of Oltenita Substation. For the studies, it is considered tha
the feeder load corresponds to morning winter deall, higher than the photovoltaic power plant
rated power. As there was no available data aloaut fepartition on step-down substations connected
to this feeder, it was considered a weighted awedgpendent on the step-down transformers rated
power. The study involves a comparative analysigm#ing network voltage profile, power losses,
fast node voltage variations and slow node voltag@tions. The analyzed situations are represented
on one hand, by unit power factor operation ofgthetovoltaic power plant and, on the other hand, by
voltage regulation operation considering reactivevgr capabilities corresponding to a power factor
between 0.9 inductive up to 0.9 capacitive and ltage setup in the point of common connection
identical to the substation busbar voltage regulsétup.

The voltage network profile obtained by load flowlaulation in both of the described
situations is represented in Figure 5. The maximwottage drop was significantly reduced by
photovoltaic power plant reactive power flow cohtro
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100.5 — . . . .
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——4—PF=1 =—m—Reactive power flow control

Figure 5 - Network voltage profile comparative analysis

Figure 6 illustrates the comparative analysis divoek element loading for the considered
situations. It was concluded that by using the p¥aitaic power plant voltage control function,
network power losses decreased by 44%.

For fast voltage variations calculations was cosrgd a fast solar irradiance drop that lowers
the photovoltaic power plant generation to 50%uFeg7 illustrates the comparative analysis between
unit power factor operation and voltage controlragien. As operating for an optimized steady state
regime in the voltage control case, it can be agfedl that fast voltage variations are higher is thi
situation.
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Figure 7 - Fast voltage variations comparative analysis

For slow voltage variations calculation it was ddeged the intervention of load compensated
on load tap changer voltage regulator in case himopoltaic power plant becomes unavailable. The

load compensation settings of the voltage reguletorespond to a 25 MVA 110/20 kV transformer
and are detailed in Table I.

Table | - Load compensation settings for Oltenita Sud tiios

Vo [KV] 20.4
V max [KV] 21.8
I comp [A] 524
K comp [Q] 2.67

Voltage variations are calculated considering thevipusly described photovoltaic power
plant operation modes. The results are shown iar€i§.
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The second considered case study involves a Neptadel for an entire 20 kV busbar and
secondary distribution network supplied from 110K20 Barbulesti substation, situated in lalomita
county. In the studied area there are connectagptoatovoltaic power plants, as it follows: a 9.6\M
photovoltaic power plant and a 2.5 MW photovoltagwer plant connected directly to the substation
busbar by separate feeder bays and two photovgdaier plants 2.5 MW each connected to the
same medium voltage feeder. This situation cormdpoto a reversed power flow regime.
Considering the load compensation settings fosthestation voltage regulator similar to the presiou
case, slow voltage variations are computed consgi¢ine presence or absence of the reversed power
voltage regulator block. The third considered ditrais represented by voltage regulation operation
for all photovoltaic power plants considering ativacreverse power flow voltage regulator blocking.

Figure 8 - Slow voltage variations comparative analysis

The results are centralized in Figure 9.
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Figure 9 - Slow voltage variations in reversed power fl@gime comparative analysis
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V. CONCLUSIONS

This paper presented a study regarding the eftéatsltage regulation by photovoltaic power
plants on secondary distribution network. Compaeatnalysis revealed significant voltage level
improvement and power losses decrease in case aibywitaic power plants voltage regulation
operation. On the other hand, fast voltage vamatioccurring as a consequence to solar irradiance
variations are higher in case of voltage regulatperation. The same situation was concluded for
slow voltage variations obtained by sudden photewol power plant unavailability and load
compensated substation voltage regulator operation.

It was also concluded that during reversed powew fbperation, the on load tap changer
voltage regulator should be blocked, in order toidwncontrollable voltage rise in the network
nodes. Also, in case of reversed power flow regifast and slow voltage variations register lower
values if photovoltaic power plants operate in agé regulation mode.

Voltage regulation by grid-connected photovoltamnvpr plants setup is limited by power
quality standards, providing maximum values fomskand fast voltage variations calculated for the
most severe conditions.
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Continental European ENTSO-E power system extensioby synchronous interconnection with
Ukrainian and Moldovan power systems
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SUMMARY

This paper presents the main steps for the Cortahé&uropean ENTSO-E power system
extension and the recently accomplished feasibiitydy for synchronous interconnection of
Ukrainian and Moldovan power systems.

In March 2006, UKRENERGO and MOLDELECTRICA, thertsaission system operators
(“TSOs”) of Ukraine and of the Republic of Moldovdprmally applied for synchronous
interconnection to the system of the Union for theordination of Transmission of Electricity
(“UCTE"), now ENTSO-E. CNTEE Transelectrica SA ietTransmission System Operator acting as
a supporting party for this synchronous intercotinagrocess at ENTSO-E.

The first step in this process was the feasibgiiydy. The overall objective of this study was
to identify the main elements needed to make plesgsie synchronous interconnection and to
recommend the main measures to be taken in ordevdarcome the main technical, organizational
and legal possible obstacles.

KEYWORDS
Synchronous Interconnection, Inter-area Stabifitgquency Regulation, Real-time Operation

1. STEPS TOWARDS SYNCHONOUS INTERCONNECTION [1]

The steps and measures towards the synchronousonitection of other power systems with
the power system of Continental Europe are estaddi$y ENTSO-E internal regulations.

First, the requesting TSO(s) choose one or seweahboring TSO(s) from Continental
Europe to be its supporting party/parties at ENTESO-

The chosen TSO (the “supporting party”) submitgeiminary application to ENTSO-E for
system extension. The preliminary application hasmtention the identity of the TSO(s) who
request(s) the synchronous interconnection and tbadescribe, among others, the geographic
borderlines involved, the electrical equipmentha borderlines, the estimated loads and generation
capacity involved, etc.

ENTSO-E, through one of its working groups, exarsirtee preliminary application and
makes the preparations for Terms of referencea feasibility study.

Based on the results of the feasibility study andither necessary analyses ENTSO-E decides
about the continuation of the procedure for theeesion. In case the decision is positive, a cohtrac
(Connection Agreement) has to be entered into batwe

. the supporting party,

. the requesting TSO(s), and

. at least two TSOs from Continental Europe, déférfrom the supporting party.

Pdaniela.bolborici@transelectrica.ro
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The Connection Agreement specifies the rights anldyations of the parties with respect to
the next steps in the extension process. It haeritain at least:

. the ENTSO-E rules to be complied with, especidtiwpse related to the secure
operation and the frequency control;

. the geographic and electrical delimitation of éx¢ension;

. the methods to be used for checking the compéianc

. the detailed technical conditions for the extengithe “Catalogue of Measures”) to be

implemented by the requesting TSO(s) to ensure tti@textension contributes to the quality and
security of operation of the interconnected trassion system in the Continental Europe
synchronous area. The Catalogue of Measures mudetieed, in accordance with the Operation
Handbook and technical recommendations of ENTSO-E.

The Connection Agreement must contain the commitragthe requesting TSO(s) to comply
with the Operation Handbook and the relevant ndtwmdes and guidelines and to implement the
measures written in the Catalogue.

After the Connection Agreement is signed the retijugd SO(s) (in our case Ukrenergo and
Moldelectrica) has to implement the measures inGatalogue and ENTSO-E through one project
group, supervises and guides them in this proessstated in the Contractual Agreement.

After all the measures are implemented, testsalated operation and interconnection tests
must be prepared and performed. After the assessmhéine tests results it is decided about thd tria
interconnected operation of the transmission sysiethe requesting TSO(s) with the interconnected
transmission system of the Continental Europe symaius area. The synchronous trial operation is
monitored and the compliance with the conditioriosg in the Connection Agreement is verified.

Before taking the decision on permanent synchrompesation a final feasibility assessment
is performed, the main part of which representsckimg whether the requesting TSO(S) are in a
satisfactory way compliant with the standards ef @peration Handbook, the relevant network codes
and guidelines, and in particular whether all catinon-compliances have been removed.

In this moment the feasibility study for synchrosointerconnection of Ukrainian and
Moldovan power systems to the Continental EurodeldiiSO-E power system is accomplished and
the two requesting TSO(s) analyzed the resultscanfirmed they want to continue the process.

2. FEASIBILITY STUDY — INTRODUCTION [2]

The feasibility study for synchronous interconnaatiof Ukrainian and Moldovan power
systems to the Continental European ENTSO-E poyws&es was made by a consortium of TSOs
from Continental Europe: EMS (Serbia), PSE (PolaRAVIR (Hungary), ESO EAD (Bulgaria) and
Transelectrica was the consortium leader. For leagd regulatory issues Bernard Energy Advocay
(BEA) from Belgium joined the consortium.

The study was funded by The Joint Operational Rmgne Romania-Ukraine-Republic of
Moldova 2007-2013 which is financed by the EuropBaion through the European Neighbourhood
and Partnership Instrument and co-financed by @nggipating countries in the programme.

The beneficiaries are The Ministry of Economy opRlalic of Moldova and its partners: The
Ministry of Energy and Coal Industry from UkrainadaThe Ministry of Economy, Trade and the
Business Environment of Romania.

The study was done in good cooperation with exdesta Ukrenergo and Moldelectrica who
delivered necessary input data and informationwahd provided clarifications and feedback to the
consortium members.

Some of the Consortium tasks were supported byupleoof external experts from EKC
(Serbia), Instytut Energetyki and Energopomiar #Rd), companies subcontracted by EMS and PSE.

The study was made in very short time, from Noven28d.4 to January 2016.

The Terms of Reference were established by ENT3@eEthe activity was organized on four
working groups: Steady state analyses, Dynamicyaes] Operational issues and Legal and
regulatory issues.
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The main objectives of the Study are:

. to investigate the possibility of Ukrainian analdlovan power systems to be operated
in parallel with the Continental European synchimarea respecting its technical operational
standards;

. to investigate the degree of implementation of TBR-E’s technical operational
standards in the Ukrainian and Moldovan power syste
. to analyze the difference in relevant legislatiorthe field of energy between Ukraine

and Moldova and the European Union (“EU”) countries

The essential precondition for any extension of@o&tinental European synchronous area is
to keep its reliability at least at the presenteleBased on several available reports and analysis
including as delivered by the participating partfesm Moldova and Ukraine, the Study makes
various recommendations from technical, regulatomg operational point of view for the possible
future integration of the Ukrainian and Moldovanwgw system; it being understood that the
Consortium can only suggest recommendations artdtthall be later up to the various appropriate
bodies, including ENTSO-E, to decide and agree o ieeded measures. The Study is to be
considered as a preliminary step to be followeadters such as an official assessment by ENTSO-E,
a cost-benefit analysis and/or socio-economic aiglyolitical or State positions, various agreetsmen
including but not limited to relevant connectioregment with the Ukrainian and/or Moldovan TSOs
and the relevant ENTSO-E TSOs, etc.

3. STATIC STUDIES (LOAD FLOW STUDIES) [2]

This study analyzed with a complete AC modellifng, $ynchronous operation of interconnected
power systems of Ukraine and Moldova with contiaepart of ENTSO-E interconnection.

Between ENTSO-E Continental European power systednUkrainian and Moldovan power
systems there are the following tie-lines (tie-4ime interface area):

. tie-line between Poland and Ukraine (750 kV Reeszow-Khmelnytska)

. tie-lines between Romania and Moldova (400 k\edinlsaccea — Vulkanesti and
Succeava — Balti).

One part of Ukrainian power system (Burshtin Ishamsl disconnected from the rest of
Ukrainian power system and synchronously connetdeitie main ENTSO-E grid. The connection
between Burshtin Island and the rest of the Ukeaimiower system can be made through:

. 220 kV lines Stryi — Rozdyl — Lviv;

. bus bar couplers in Zakhidnoukrainska (750 kV &30 kV) and Burshtin (330 kV)
stations.

Power flows, voltage profile and power margins hagen analyzed in detail verifying the N-1
criterion.

Studies have been based on models and data fge#re2020 considering two cases (Winter
Peak load — WP, and Summer off Peak load — SoP).

Sensitivity analyses have been made to determingnmaan power exchange in the following
directions:

UA+MD — SEE + IT (via new HVDC ITME)

UA+MD — SI + AT + IT (without new HVDC ITME)

UA+MD — Eastern DE (TSO 50Hz)

Eastern DE (TSO 50Hz) UA+MD

UA+MD — PL+ SK+ HU + RO + CZ

PL + SK + HU + RO + C4 UA+MD

UA+MD — PL + SK

UA+MD — SK + HU

UA+MD — HU + RO
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For purpose of this study it was necessary to erpabper models with satisfied accuracy.
Special attention had to be paid to power systentise area of interest: Ukraine and Moldova, border
countries between Ukraine, Moldova and the reseNiTSO-E (HU, PL, RO, SK) and countries
which were on transit paths for analyzed exchargarios (AT, CZ and SEE countries without
Turkey). Modeled area consists of interconnectibENTSO-E Continental Europe and Ukraine and
Moldova.

Models from the following sources were used: ENTE@rovided the Ten Years Network
Development Plan model for Continental Europe, SBEject (South East Cooperative Initiative
supported by USAID) provided updated models of $BE, BA, BG, HR, GR, ME, MK, RO, RS,
Sl) and model of Turkey; TSOs from Hungary, PolaBthvakia, Czech Republic, Ukraine and
Republic of Moldova gave updated national models.

Synchronous operation of Ukraine and Moldova witintmental grid of ENTSO-E, in case
without any additional exchange excepting the presme with Burshtin Island, will result with
significant loop flows. Total loop flow is around®@ MW (in Winter Peak 2020) or 455 MW (in
Summer Off-Peak 2020). The greatest amount of flaw is assigned to grid of UA. Roughly it is
expected that total value of loop flow in UA div&lmto three main parts:

. 20-25% flows through RO and then back to UA viB M

. 25-30% flows through PL and back to UA via SK

. Around 50% flows through PL and spreads throu§it @nd SEE countries and flows
back to UA (8-10% flows back to UA from HU and anou40% flows back to UA through RO and
MD). These loop flows have influence on branch Iogs. In case of PL, DE and MD average
loadings are increased, while in the rest of tleaaf interest (including UA) average loadings are
decreased. We have to mention that these change®critical (don’t introduce any risk).

Synchronous operation of Ukraine and Moldova witimtmental grid of ENTSO-E slightly
increases voltage profile of the interconnectione Thost significant changes appear in networks of
border countries (HU, RO, SK) as well as in BA, BR, RS, SK and SI. Increase of voltages in 220
kV network is not as great as in 400 kV network, il should be mentioned.

This general increase of voltages as well as dsetearanch loadings in significant part or
area of interest leads to decrease of losses teraydotal decrease of active power losses is more
than 0.50%. Losses of reactive power are decrelagedound 0.40%. However, in some countries
there is increase of losses (as result of sigmfidcaop flows which result with increased level of
branch loadings), such as MD (more than 27.08%)Rinthround 0.30% in Winter Peak 2020).

Calculated maximum secured total exchange from idkrand Moldova to ENTSO-E is 1,000
-2,350 MW, depending on regime and direction ofhexge. Calculated maximum secured total
exchange from ENTSO-E to Ukraine and Moldova i9Q,4 2,000 MW, depending on regime and
direction of exchange.

Results from short-circuit calculations have shothat there is no critical influence of
connection of UA/MD to the Continental Europe powgstem to the level of SC currents. However,
there is significant influence to the level of dhdrcuit currents in nodes close to connectiompa@o
detailed analysis with checking calculated valugairsst typical breaking capabilities is highly
recommended.

4. STABILITY STUDIES [2]

The stability studies were divided into two majooygps:
. Transient stability analysis

. Steady state analysis

The transient stability analyses are split into fpaots, i.e. regional and wide area stability
analyses. The regional analyses covered the iotedaea (Ukraine, Moldova, Romania, Slovakia,
Hungary and Poland). Time domain simulations weeefgomed to verify the regional transient
stability behavior of the interconnected systemthiis scope Critical Fault Clearing Times for most
important elements for the area of networks undesitleration were calculated. The longest clearing
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time for which the generator will remain in synchiom is referred to as the critical clearing tirike
study included the analysis of the transient stghbiluring and after three phase short circuitss th
being the most severe case, concerning the caabili maintain synchronism of the parallel
operation. The relevant scenarios regarding powehnange, schedule of power production, network
topology were determined in cooperation with UA/MBipert team. The scenarios used in this
analysis were based on power flows elaboratecamérof static studies.

As global transient stability we understand dynapfienomena in a power system occurring
after disturbances which may have effect on a laggeor entire system performance.

The investigations performed during the Study obbgl transient stability for the
interconnected systems have concerned three tymkstarbances:

» Tripping of large generators in various partted system.

* Faults on the inter-tie lines between ENTSO-E t®emtal Europe system and UA/MD

system.
» Switching on and off the inter-tie lines.

The steady state analysis covered the entire oeexted power system i.e. ENTSO-E
Continental Europe connected with UA/MD. Calculatiof eigenvalues, eigenvectors and mode
participation factors is realized by means of madallysis tools. The small signal analysis focuses
inter-area oscillations as well as on significarades which are local to the interface area. The
analysis results show influence of UA/MD connectamnexisting ENTSO-E CE low frequency inter-
area modes. Influence of large power transfersn éaefrom the interface, are also considered. For
stability risks resulting from connection of UA/M@power systems discovered, appropriate
countermeasures are also considered as part aittiulyg.

The models for dynamic analyses were preparedh®r2020 winter-peak load and summer
off-peak load flows. Data used for building the ralsdhad different accuracy. Due to the Study time
constraints the entire Western Europe includingy lis modelled using uniform default models of
generations according to guidelines elaborated byTFO-E (System Protection & Dynamics
Subgroup). The input data for Eastern Europe, Bealkand Turkey have the typical accuracy of
models used by TSOs in planning dynamic studiesdeNdoof individual generators as well as country
or area models were verified and validated befamenecting them into the entire ENTSO-E CE
model. PMU frequency measurements after suddenoio$600 MW generation in Spain were used
for tuning and validation of the winter-peak dynamiodel.

Inter-area small signal stability of the ENTSO-E @®@Hater peak dynamic model was validated
by comparing its low frequency modes with the irde¥a modes obtained in the Study performed for
Turkish power system interconnection. It has bemmd that the frequency and the geographical
distribution of the inter-area modes are similathvthe mode maps in this Study.

Finally it has been concluded that the preparedetsoenable credible analysis of frequency
and geographical distribution of inter-area modewéver in case of damping it is rather the trend
(improvement or deterioration) and information aféa from comparison with other already known
modes that matters.

Data for Ukraine and Moldova were obtained in famPSS/E and Power Factory models.
Majority of Ukrainian large generators are equippeith nonstandard exciters which have to be
modelled by means of user defined models. The eddédd model of Ukraine and Moldova power
systems was stable operating as an island. Fudéegper validation could not be performed due to
lack of any test measurements during island omerati

The transient dynamic study involved all large powtants located in the interconnection
neighborhood. Critical fault clearing time (CFCTasvcalculated in each country and compared with
values of CFCT determined in the model before titerconnection. No risks were identified for safe
operation of the investigated power plants on thté Bides of the interconnection.

The connection of Ukraine and Moldova changes pati€low frequency inter-area modes in
ENTSO-E CE substantially. Two new low frequency e®dvith frequencies 0.3 Hz and 0.4 Hz
emerge. The modes have relatively poor dampingenviinter peak model. In the summer off-peak
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model mode 0.3 Hz becomes unstable. The connealsannegatively influences the already known

west-east mode 0.22 Hz decreasing slightly itsuieegy and damping but the changes are not critical.
The already known lowest frequency Turkey mode Hx5remains undisturbed. Large generators
from the Ukrainian nuclear plants participate prad@mntly in the new modes; they also have visible

participation in the west-east mode.

Poor inter-area stability in the winter peak baasecare influenced by the results of analyses
of exchange scenarios and outages of interconmelaties. The damping further decreases if Ukraine
and Moldova export more power to the West. N-1estabf the interconnection cause also
deterioration of damping. Disconnection of the Ro@s— Khmelnytska 750 kV line is critical for the
inter-area stability of the interconnected systems.

The results of modal calculations show insufficierter-area stability of the interconnected
systems. In such circumstances the synchronousameection is not feasible and countermeasures
significantly improving damping of the new interrarmodes are necessary.

Inacceptable damping of the new inter-area osgoiflat has influenced the results of global
transient analysis involving simulations of faults the interface and loss of large generation. piduely
damped or undamped oscillations of Ukrainian geoeyaagainst rest of the interconnected systems
emerged after disturbances, confirm unsatisfadéwsi of damping of the new inter-area oscillations

It has been found that the poor damping performasidhe result of lack of damping from
large Ukrainian generators which are all equippéth wnefficient non-standard exciters. It was
proved that changing the settings of exciters fmagators in nuclear power plants or using separate
standard power system stabilizers could signifigantprove the situation.

It must be clearly stated that due to lack of eegiing information regarding above exciters,
technical possibility to adopt any of the proposetiitions remains an open question.

The analysis of damping performance of the Ukraamel Moldova exciters has shown
importance of availability of on-site tests in pegs of verification and validation of the models. A
the same time it is essential to have access temmymeasurements (PMU) which could confirm
damping performance of system stabilizers or daggeedbacks of excitation systems also for
frequencies lower than local oscillations.

The next aspect associated with low frequency-atea modes is relatively high variability of
their damping depending on many various featuresystiem operation what at least partially we have
tried to show in the Study. A mode having genergliyte satisfactory damping may go unstable in
certain conditions. The reason of the variabilgyviery complex nature of low frequency modes
involving not only thousands of generators andihe®, their controls and loads but also network
topology, size and direction of power transfersveny large area. Considering this complexity the
results of inter-area stability should be takerhvitoper caution - one cannot say that dampingef t
new modes after applying countermeasures will enstable operation of the interconnection. The
new modes have similar damping as the existing s@ahel there are operational experiences with
unstable oscillations associated with these exjdtw frequency inter-area modes.

Within the project investigations of countermeasumere focused on most effective and
economically justified solution (modification/tuigirexisting control systems). If adoption of propbse
measures will be problematic or not sufficient ahdre will be still a need for further damping
enhancement, then a feasible solution can be FA@W&es with SVC technology which are very
efficient also for very low frequencies. Recentragée of using FACTS devices (SVC, STATCOMSs) to
improve inter-area stability come from Turkey atsdyoal is to increase damping of the Turkish mode.

5. OPERATIONAL ISSUES [2]

The objective was to analyze the reports on theaidian and Moldovan power systems and
the differences between their operational rulesEENATSO-E Operation Handbook (OH). In particular
the dispatching organization, operational procesilu'¢AMS, congestion management (N-1, outage
scheduling, DACF, capacity assessment), systenratoiynamics concerning the required level of
primary and secondary reserve and required loadmmat based on load forecast and availability and
dynamic performance of generators, protection systelefense and restoration plans, delimitation
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conditions were analyzed. Finally recommendatiansoider to overcome and/ or minimize the
differences between UA/MD operational practices BNI SO-E rules are made.

Analyses were made, based on the data providetiedbWkrainian and Moldovan transmission
system operator (Ukrenergo and Moldelectrica). Witthe frame of the project a database of the
generating facilities was prepared showing its b#ipato participate in primary and secondary ecoht

Framework program for on-site tests of generatorsverification of the said capability to
participate in real-time control was prepared aldmat allowed detailed testing programs preparation
by Ukrainian representatives.

The power system of Ukraine is partially prepareddynchronous operation with ENTSO-E
Continental Europe Synchronous Area. The most itapprdeficiency is absence of deployment of
primary reserve due to market rules. Besides, ¢bistrol is not properly tested, so this is to be
considered as a severe non-compliance which cdreetsily removed in short terms. It is stated by
Ukrainian representatives that Automatic Generaiontrol (AGC) system has been tested in modes
flat tie-line control and tie-line bias control. Wat works in mode flat tie-line control (only thmwer
exchanges are controlled). AGC system has not bested in the mode flat frequency control,
because the Ukrainian system works synchronously WwWiS/UPS.

Based on the present information for power unitges, at the present stage the level and
guality of secondary control is satisfactory regagdhe exchange power flows control.

Severe non compliances to Operational handbook wletected also for Moldelectrica
regarding primary/secondary control. The most irtgoatr reason is lack of deployment of primary
control and absence of secondary controller (A@e&ksides implementation of AGC, Moldova will
have to modify the market rules aiming to allow Mlectrica to purchase primary, secondary and
tertiary reserve, as well as to exchange/purchiasedserve with adjacent TSOs, which is relevant f
Ukraine too. Moldelectrica will have to invest irder to provide reliable data exchange with adjacen
TSOs with requested accuracy and protocols. AlsoldMectrica could be constituted as a control
area and join a Control Block. In that case, somkeves toward Moldelectrica are possible,
depending on their agreement on secondary conigahaation in the Control Block.

As for the real-time operation, the most severeaetl non-compliance is lack of real-time
calculations of network security.

List of the most critical non-compliances to ENT&ODperational Handbook is provided in
the study. The main issues that have to be covarerter to reach the expected level of compliance
are connected to frequency regulation, real-timeraon and special protection systems.

6. LEGAL AND REGULATORY ISSUES [2]

The main objective was to analyze the applicabjalleystems in Moldova and the Ukraine
and to identify the legal existing differences (be¢n UA/MD and ENTSO-E countries) and make
proposal to solve them. In particular it covered tbllowing topics: market organization; ownership
infrastructure; TSOs’ liability; TSOs’ specific ts and obligations; planning constraints;
dissemination of information to the market; comgios for cross-border exchanges of electricity;
management of interconnections; capacity allocatiechanisms.

Analyses were made, based on the information peavidy the Ukrainian and Moldovan
transmission system operator (Ukrenergo and Moddieda).

Besides the compatibility of legislation, one oé tkey aspects that may have important legal
consequences when considering the synchronouscom@ection of electricity systems is how to
address the consequences of incidents/accidenliggreme and the resulting liability. Such aspects
are typically addressed in contracts such as thedo Multilateral Agreement (MLA) originally
signed by the UCTE TSOs and later transferred i@ SO-E, which MLA allows the streamlining
of the legal risks and consequences in terms bilitiain case of an incident. To the best of exgper
knowledge, such agreement does not currently hawgaivalent in the Ukraine and/or Moldova.

The possible consequences of the current lack Ibinfiyplementation in the Ukraine and/or
Moldova of the European energy legal system, ini@dar the Third Energy Package, are another
important outstanding point identified. Such consgges may require additional contractual or legal
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documents, presumably at a high political levekl amy involve an international treaty or similar

agreement that will certainly be addressed in @ue by the relevant political organizations such as
the European Institutions and the respective Ganents involved. Issues relating to competition law
will also have to be addressed in such context.

7. CONCLUSIONS [2]

In this moment the feasibility study for synchrosanterconnection of Ukrainian and Moldovan
power systems to the Continental European ENTS»kep system is accomplished and the two
requesting TSO(s) analyzed the results and corditimey want to continue the process jointly.

From static analyses point of view, synchronouseation of Ukrainian and Moldovan power
systems to continental part of ENTSO-E is feasibh infrastructure (existing and planned)
expected in 2020.

From dynamic analyses point of view, the intercatina is not feasible without applying proper
countermeasures due to the inter-area instaligitg rdentified in the interconnected model. Tharse of
the instability is insufficient damping for low figency oscillations at large generators in Ukraine.

The inter-area stability can be improved if onetlod proposed countermeasures is applied.
The adopted solution have to be verified by martufacs of existing control systems in power plants
in Ukraine and Moldova, especially it refers to theslear power plants.

Only after such revision of proposed measures andite testing of selected exciters and
governors, the final evaluation of efficiency ofucdermeasures and their influence on small signal
inter-area stability of the interconnected systears be done.

Regarding operational issues, according to the matived and analysis prepared, the Power
Systems of Ukraine and Republic of Moldova areialytprepared for synchronous operation with
Continental Europe System under OH of ENTSO-E ruldse most severe incompliances can be
removed with the fulfillment of the recommendatipas depicted in the study. This will speed up and
ease the process of reaching full compliance tosvachievement of synchronous interconnection
with ENTSO-E Continental Europe System. The masnes that have to be covered in order to reach
the expected level of compliance are connectedraquency regulation, real-time operation and
special protection systems.

The European energy legal system, in particularTthed Energy Package, should be fully
implemented in Ukraine and Republic of Moldova.ommfiation received from UA/MD revealed that,
regarding energy, the systems in place in Moldawhthe Ukraine are currently not fully complianthwi
the system applicable in the ENTSO-E countriebpaltjh both systems are evolving in the right divect

The next step in the synchronous interconnectimtgss is to establish the detailed list of
technical conditions for the extension (the “Cagale of Measures”) to be implemented by Ukrenergo
and Moldelectrica to ensure that the extensionrdmries to the quality and security of operation of
the interconnected transmission system in the @ental Europe synchronous area. The Catalogue of
Measures must be defined, in accordance with theerd@ipn Handbook and technical
recommendations of ENTSO-E.
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SUMMARY

Historically substation design has been based ormestional Air Insulated Switchgear (AIS)
and instrument transformers. Today the most comapmmoach in High Voltage (HV) AIS substation
design are using gas type circuit breakers, openlistonnectors and oil- or gas-filled instrument
transformers.

Over the last 16 years new AIS technologies havered the market for HV AIS substation
which provides a new set of tools for modern sulmstadesign. One fundamental technology step is
the Disconnecting Circuit Breaker (DCB) solutionhieh is combining the functions of traditional
circuit breaker and disconnector switch in a singhét. Hence enabling more compact substation
design with higher availability. With the recentvaé®pment of Non-Conventional Instrument
Transformers (NCITs) new opportunities has emerdés: DCB can be equipped with integrated
optical current transformers making separate cttransformers unnecessary. The solution makes it
possible to even further decrease the size of atatibn and at the same time reduce the amount of
needed material.

KEYWORDS
Substation design, Disconnecting Circuit BreakeilCH), Non-Conventional Instrument
Transformers (NCITs), Digital substation.

INTRODUCTION

A Disconnecting Circuit Breaker (DCB) combines fhaction of a traditional circuit breaker
and adjacent Disconnectors (DS). The idea was forméhe end of the 90's and the reason was that
disconnectors had the highest grade of maintenafie.circuit breakers had improved, and had
longer maintenance intervals than disconnectoreréftre, the need for disconnectors to isolate
circuit breakers for maintenance, to increase ttismd busbar availability, was no longer validefé
are also recent development of the Non-Conventibrsgstument Transformers (NCITs) provides the
possibility to also integrate the current measurgmeto the DCB. This can be achieved with an
optical current transformer integrated in the D@Bnce enabling switching, isolation and current
measurement into one single unit. This enablegairated switch (AIS) yards to be built in a more
efficient way with regards to performance, spacel amvironmental impact. With the NCIT
technology digital communication according to IETB60 has been introduced, which opens up even
further possibilities for refinement of substatidesign and functionality. This paper will look fuer
into substation design and make an evaluation ofnatallation of DCB with integrated Current
Transformers (CTs).
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DISCONNECTING CIRTUIT BREAKER STANDRADS AND TESTING

The disconnecting circuit breaker has emerges ftmmgas type circuit breaker using Sulphur
hexafluoride (SE) as insulation and arc-extinguishing medium. Ttiieial International Electrotechnical
Commission (IEC) standard for the DCB was introduice2005 [1], only five year after the commercial
products was adopted by the Swedish Transmissgiarayowner; Svenska Kraftnat.

Due to its origin the DCB standard; IEC 62271-10B {itilizes most of the material from both
the high voltage circuit breakers, IEC 62271-10)) ghd high voltage disconnectors and earthing
switches standards, IEC 62271-102 [3], that alreadgted. There are however some very important
additional requirements on the equipment introdeeDCB standard compared to a circuit breaker.
Since the DCB are used as an isolation devicednstlbstation the requirement on the internal and
external insulation needs to be secured both wiheedquipment is new and also after aging and years
of field operation.

The moving arcing contacts inside the breaking din®CB design for internal insulation
needs to take into account both the mechanicaletextrical wear. As an additional type test of the
equipment in the IEC DCB standard it is requireditotwo combined function tests to demonstrate
the isolation distance. There are both a mecharicdla short circuit combined function test. The
mechanical test first requires a mechanical opmratest as per class M1 or M2 then dielectric test
across the isolation distance. The short circumlgioed test demands a T100s test then followed by
dielectric tests across the isolation distance.rdhis also an additional mechanical locking
function/device on each DCB, one type can be seé&igure 4.

The external insulation is equally important andehspecial attention is needed when the
insulations are used in hash or polluted envirortmidest practice is to use polymeric insulatorth wi
silicone rubber sheds due to its excellent hydroity, self-cleanings properties and low leakage
current [4] [5].

OPPORTUNITIES WITH DIGITAL COMMUNICATIONS AND NCITs

The DCB solutions with integrated disconnector fiorccan be seen as one of the first steps
of modernization of AIS substations, the next stemes with the emerging NCIT technologies and
digital communication.

NCITs can be based on different technologies soxaenples are Rogowski coil electronic
CTs and fully optical CTs based on the Faradayceff€he mentioned type of NCITs have the
compact size in common and are ideal for integnaitido other equipment. Rogowski coil solutions
are present on the market for Gas Insulated Swatwh((s1S) solutions and CTs based on the Faraday
effect can be found as both freestanding CT comrdions and as integrated into live tank circuit
breakers/DCBs. The possibility to integrate theselenn type of sensors into other equipment makes
it possible to build compact substations with assaifitial reduction in need of material.

A traditional substation relies on point to poiopper cabling between the different building
blocks of the substation, most of the cabling awplidated to achieve redundancy of critical
substation functions. The implementation of digtammunication between primary equipment and
substation control replaces copper cables withcaptfiber communication and introduces bus
configurations for process equipment and Intelligelectronic Devices (IEDs). As a result much less
copper cabling will be needed and cable trenchaesrta large extent be replaced with more simple
solutions such as piping in the ground.

Substations with DCBs and NCITs have substantiahgan material need in comparison to a
traditional AIS substation design. As an examplgeaeral three phase oil insulated CT for 400 kV
has a total mass off 7500 kg, (of which 750 kq&ulation oil). For a substation with 10 CTs thilo
mass of 75 000 kg of steel, copper, aluminum, atgah material and oil can be eliminated. The
Table 1below summarizes the potential savings with wtlzn of DCBs with integrated NCITSs.
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Table 1: Summary of savings with DCB, NCIT and Digital camivation.

Apparatus/technology| Direct savings Indirect savings
DCB Separate disconnectors not needed Land accusatiopreparation
Structures and foundations fpFence, gravel, roads, cables
disconnectors not needed trenches, earthing, lightning
protection

Longer maintenance intervals
Transportation cost

CT integrated into Structures and foundations fptand accusation and preparation
CB/DCB separate CTs not needed Fence, gravel, roads, cables
trenches, earthing, lightning
protection

Transportation cost

Digital communication| Reduction of copper cabling Time for cabling vesdfiion
during —pre- commissioning
Simplified cable trenches Land preparation

Apart from the savings listed above other benefita NCITs and digital communication can
also be found,

The use of optical current sensors eliminates theatus associated with high voltage
secondary circuits of traditional CTs.

Digital communication and simplified connectionsvieen IEDs and HV equipment opens up the
possibility to speed up commissioning of substatsince pre-test can be utilized in a larger extent

Self-supervision/monitoring integrated into NCIT mgi@g units and other parts of the digital
substation.

CASE STUDY COMPARSION SUBSTATION LAYOUT

One of the main benefits with integration of sel/@actions into the same physical apparatus
is the possibility to build more compact substatiofhe following examples show the impact on a
breaker-and-a-half (BAAH) substation diameter cgufation with respect to substation layout and
size for different degree of apparatus integratimreaker-and-a-half configuration is often used f
larger transmission and primary distribution sutisites. Availability and reliability are high as dac
object is normally fed from two directions and &t tsame time the configuration is more cost
efficient than the double breaker double busbafigoration [6].

Substation design and projects normally includedtiphe discipline and a wide scope.
Transmission substations normally have a minimumivwad voltage levels with transformers in
between, a control building for SCADA and IEDs eé@mnnected to this there are design, financing,
procurement, civil work, erection, commission, paijmanagement etc. for each project.

In this case study the options around the breakédraahalf configurations are evaluated with
respect to savings in space and material for tgh kibltage equipment yard at 420kV. The three
configurations are:

Option 1: BAAH with live tank circuit breaker (CBllisconnectors (DS) and conventional
current transformers (CTs), see Figure 1

Option 2: BAAH with live tank disconnecting circuiteaker (DCB) and conventional current
transformers (CTs), see Figure 2

Option 3: BAAH with live thank disconnecting cir¢ubreaker (DCB) and optical current
transformers (NCITs), see 3

Considered are the steel structures and founddtorise primary HV equipment within the 420
kV diameter and also the weight of the disconneatat oil filled current transformers. From a presti
point of view the reduction on total weight needede handle is very interesting as an environnhenta
baseline looking at the reduction in carbon dioxedeivalent (C@eq.) can also be used.
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Going from option 1 (see Figure 1) to option 2 (Begure 2) there is a space saving of 35% or
1200 nf on the HV diameter sizing. Since the conventiatistonnectors are removed an additional
saving of six disconnecting switches and one cotep@ntry tower. For the given diameter this is
over 32 000 kg of equipment material that is noedsel anymore. Furthermore the amount of
foundation concreate have been reduced by 20 0@Xkegeq. or 25%.

The next step is to use the optical current transfo mentioned in the previous section. By
going from option 2 (see Figure 2) to option 3 (8¢e¢here both an additional space saving but also
the benefit of better measuring and fully enabtimg digital communication using the IEC 61850-9-2
LE protocol. An additional saving in space of 196ama total of 41% compared to option 1. There is
also the need for 22 500 kg less CT equipment aétwh 250 kg less oil in each substation diameter.
The amount of foundation needed is again reducddaanther 10 000 kg G&2q. are removed or a
total improvement of 35% in G&eq. reduction compared to option 1.

poon — S

k
-
i
o
K
—
']
—
]

i
—
]
e
3
ea
13

.

i
e

E

!

E

e

]

A~
13
13
3

Figure 1: Option 1 with BAAH configuration and conventior@tcuit breaker, disconnectors and current tramséos.
The bay width is considered to be 21 m and thetleisgl60 m, which provides and area of 3360 m
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Figure 2: Option 2 with BAAH configuration and DCB and comtienal oil filled current transformers. The baydibi is
considered to be 21 m and the length is 103 m, wyhiovides and area of 2163.m
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Figure 3: Option 3 with BAAH configuration with DCB and irgeated NCIT’s for current measurement. The bay hwislt
considered to be 21 m and the length is 94 m, whiokides and area of 1974m
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FIELD EXPERIENCE OF DCB WITH INTEGRATED NCIT

The following case study is based on DCB with intéed optical current sensors installed in
the Swedish power grid in 2010, see Figure 4.

The DCB is installed in a line with conventionar@nt and voltage instrument transformers.
The redundant fiber optic current sensor systeitaliesl in each phase of the DCB reads the current
on the line and sends the information in samplddesg IEC 61850-9-2LE, format to the protection
and control IEDs. The IEDs gathers current readings the conventional current transformer and
compares the analogue values with the data streamthe NCITs, see Figure 5.

Figure 4: (Left) Pilot installation of a combined unit DCBttwvNCIT's of fiber optical current sensor (FOC$pe. (Right
above) three phase FOCS-kit with three sensor rezadiswo opto-electric modules for redundancy. (Rizelow) One
type of mechanical locking system for DCB as reggliby the IEC 62271-108 standard.

VT T DCB 420 kV and FOCS Evaluation panel

FOCS
primary
converter

| EC 61850-5-2LE

LAN/PPS Optic
s | AN/PPS Electric

‘ — Copper wire

Figure 5: Schematical set up of the reference installation.
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Since the installation the DCB/NCIT has seen nofoed variations between 500-1500 A and
temperature variations between -25 up to 35°C. graph, see Figure 6, below shows a comparison
between the current reading for one phase froncdheentional CT and the optical CT.
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Figure 6: Comparison of phase 2 current readings from CTINCI

Comprehensive analysis of the behavior of the systas been made, [7]. During the service
time the measurements has been very stable andodseem to be degraded by temperature
variations, age or vibrations from operations @& BCB.

CONCLUSION

The use of disconnecting circuit breakers and NCWith digital communication can
substantially reduce the footprint of a substatigth up to 41 % less space needed. The need df stee
copper, insulating materials and oil can be draliyicceduced and thereby providing a more eco-
efficient substation solution. Hence making an alleeduction of more than 30 000 kg €. per
HV diameter in the substation on only the foundatio
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SUMMARY

Contemporary critical infrastructures, power systespecially, are facing multiple threats
ranging from traditional to emerging, from natuaad accidental to intentional. To allocate limited
resources to protect them, identifying the most inemt threats is the first and foremost step to
achieve efficient and effective protection stragsgi

As the majority of traditional risk management noetk is not suitable for considering threats
of different natures with various features at thene scale, this paper developed a framework for
gualitative assessment of threats, allowing rankingm with multiple criteria from a broader
dimension like a group decision.

A questionnaire was designed to collect the expgesceptions on different features of
possible threats in their power grids. The analggtwork process (ANP) was employed to produce
the final threats ranking by considering it as dtraiteria decision making issue.

The proposed framework was then applied to ran&atisr from the perspective of a single
transmission system operator (TSO) and a widemregif several EU TSOs. The ranking results
shows the most imminent threats are still custoroags, such as the meteorological and accidental.

The paper is based on R&D project SESAME Securimey European Electricity Supply
Against Malicious and Accidental Threats, one oé throjects co- financed by the European
Commission under the FP7 Programme, in which CNTE&Selectrica SA was acting as member in
the project consortium and as leader of TSO tpaliaation workpackage.

KEYWORDS
Power system, security, threats, risks

OVERVIEW

Severe failures in critical energy infrastructuogeration dramatically impact the human kind
and generate large-range undesired impacts. Adisepsystem blackout occurrence [1, 2], appreciable
economic losses are directly and indirectly stgkithe society. Various collateral damaging
consequences as other infrastructures are intggferith the power system (i.e. sanitary services,
drinkable water systems, communications, transgad3, are significant, too. Different threats tdre
contemporary critical energy infrastructures expgsio. Several have a common denominator: the
human factor. Accidental failures of aging equiptngune to the lack of investment might appear most
commonly as result of inappropriate action. But @descade continuous growth of malicious actions
indubitably represents the result of the humarofaaggressive and voluntary intervention. Othezdls
are the natural ones, which are closely associaidgeologic phenomena [3]. Disasters of this kind
are random, approximate information about theireapgnce frequencies coming from the statistical
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interpretation of related historical records [3p Prepare the critical infrastructures against thg
category of possible threats, namely the naturalspthe identification of the most important ones
becomes the first and foremost step to launch teféeand efficient actions with limited resourcéait
can be used to decrease the exposure at thoséstf@paGiven the characteristics already mentioned
with regard to natural threats and for this pregmper elaboration purposes, a relevant selecfion o
them, authors have retained as a ranking threatsochexemplification.

2. THREATS CLASSIFICATION

Given the large exposure to the outside environnseich as wide geographic expansion,
unprotected equipment in the fields, excessivelying on digital communication systems, etc., the
power system is vulnerable to many potential tlstelait general, threats against the security of powe
system operation can be classified into the foll@rcategories (Table 1) [5, 6]:

Table 1- Threats Classification

CAT. NAT. THREAT DEFINITION
Natural Natural events not strictly controlled by humansatthf they
Tg threats occur, may impact the power system operation cgusamages
i) (geomagnetic storms, earthquakes, forest firesnhatsis,
Tg % hurricane, flood, lightening, hail, animal, etc.).
2 }= Accidental Possible failure of network devices and wrong humecisions
S g threats that may threat power system operati¢operational fault
= pd system equipment failure, accident owing to poonaggment
8 etc.).
Malicious Possible intentional actions against power systéausities and
© threats operation, which are undertaken by different agg(esrorist,
2 criminal group, cyber attackers, copper theft, \@npgsychotic,
S malware writer, etc.) by various means (explosiveégh power
js rifles, malware, etc.) with the intent to cause dgmand get
=2 political or economical benefits.
D Lo Systemic Potential failures brought by the evolution of poveystems
— c C . . .
g S threats and new @ephnqlogles (high penetration of renewanergy
w £ sources, bidirectional power flows from prosumets,)

Threats from different catalogues have totally afigiht features. For example natural threats
happen unintentionally with huge impacts on a lasigea and are humanly impossible to prevent;
while malicious threats happen with great intentiord human efforts can strategically prevent them
from happening or diminish their consequencesduiiteon, each threat has more than one interesting
aspect to consider when ranking them. For exammal®yral disasters like earthquakes happen with
tremendous damage; however, they might not occty @ien. In contrast, accidental threats like
insulation failure happen comparatively often yethwimited damages. Heterogeneous natures and
multiple characteristics of these threats makeifftcdlt to compare them on the same scale with
multiple considerations through conventional rigsessment measures. Therefore, new framework
and tool are needed to rank them not only accortbng single aspect but to the most important
considerations together.

In this paper we developed a framework to findrtiest imminent threats against the security
of power system operation by ranking them, consgidedifferent aspects and their relationships
among one another. The complicated ranking problleem can be treated as a multiple criteria
decision-making problem. In further developmeng Analytic Network Process (ANP) is employed
to handle dependence and feedback in this comgeisidn process [7].
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3. ANALYTIC NETWORK PROCESS

As a mathematical theory, the ANP was firstly idtioed by Thomas L. Saaty in 1996 [7] to
systematically handle dependence and feedback dangplex and conflict decision. The primary
reason for introducing the ANP is to overcome theroming of its precedent procedure AHP
(Analytic hierarchy process), which is based onftirectional independence of the upper parts from
all their lower parts in the hierarchy, and frore ttiteria at each level [8]. However, not all deshs
can be expressed in a pure hierarchical fashiont@lee interactions of various factors which may
modify the importance of weights on a global sq8le Therefore, Saaty suggested using AHP and
ANP in different conditions. More specifically, win¢he alternatives or criteria are independent, AHP
is highly recommended; while ANP can be used tovesdhe problem of dependence among
alternatives or criteria [9].

The reason for ANP’s success is that it providpsoaess to derive from qualitative judgments
and quantitative measurements to ratio scale paerfor the influence among factors and groups of
factors [10, 11].

ANP has been applied to many practical cases [@@inly in economics and conflict
resolutions, as well as in many engineering apfitina. Reference [13] employed ANP to determine
the faulty behaviour risk in work system safety.fdkence [14] combined group ANP, quadratic
programming and interval preference informatioréwelop a multi-criteria decision support system
to improve civil defence and emergency management.

ANP is structured using a series of pairwise comspas to determine both the relative
weights of each decision criterion and the ratihgandidates (called alternatives/options) for each
criterion. An analytic network model of a problemntposes a set of clusters (i.e. groups of nodes),
nodes (any aspect of the problem, e.g. alternatorgria etc.), and links (relationship and refat
importance weights of different clusters and nadsgle).

Using ANP to solve a multi-criteria decision-makipgblem involves the following 4 steps:

Problem structuring and model construction,

Pair-wise comparison matrices and priority vectors,

Supermatrix formation and

Ranking or selection of the alternatives;

In the next section we are going to discuss the ANBlication to threats ranking in power
systems and give an example of threats ranking.

4. TRANSMISSION SYSTEM OPERATORS’ PERSPECTIVE ON THREATS

To build a panorama of perceived threats on powstiem security in a specific region and of
the transmission system operators’ (TSOs) prepassdrio respond to materialized threats, a
guestionnaire was designed to gather the expertdinfjs towards the threats in their own power
system. The answers to the questionnaire are iateta be used in ranking all the threats using the
Analytic network process (ANP) method.

In designing the questionnaire, as a consideralieer of threats would be evaluated and the
guestionnaire survey is a “one-time-only” shot, w@nsidered the wording for each item to be
compact, accurate, easy to understand, and mosttiamply, short.
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questionnarie

The powar systam is constantly threatened by differsnt threats. in e case of materiaioation of soms threats on powsr systema. conssquances will follow in differsnt gravity. Howsver. wilh the increase of tha praparsdniesa for them, the
caused damage can be diminianed to some degres. We would like to Jsarn from your axpertise and experisnce on your opinion fowand thess threats 3a an supert

Please kindly to help us fill in the following questionnaire according to your insightful perspective. The answer does not need to necessarily reflect 3 precise analysis or your

institutional official views, but rather express your esfimation as an expert

Instructiens

impact st alf. in such sase, please

give its impacss imagining it

For the evaluation of the Skelitood, 2 1 4-szaled mark & given from "-Rever happened” to "40-Frequentiy™ however, these Serms are on 3 comparative berm since the most frequent incidents happen in pawsr systems e rear in comman standards, The
assessment of the impact far =ach threat & likewise based on an 1 =scaled mark system, it should be evalugied in terms of their abilky to cawse blackouts. For thase threats wish 1-Never happend da not necessarly suggest the impaces would akco be ‘-No

your grids.

The impact gravity

Prepareancss ta respond

T
4 3 1- Deploy countermeasures in progress
B g B- Already deployed
E] T B- Already deployed
T - Already deployed
- Already deployed
- Already deployed
- Already deployed
0-Never happened | 10- Extremely Severe| 6 About to depioy countermeasures |
z L B-Already deployed |
1-remotely maybe 4 4- About to analyze it
& hysical threats terrorist attack 0- Newver happenad 39 - Deploy eountermeasures in progress
L4 war act 0- Never happened 10- Extremely Severs - Deploy countermeasures in progress
+ random sab. 1-remotely maybe 3 - Deploy countermeasures in progress
human threats insider threats 1 bely maybe [3 - oy in progress
r threats |malware 4 4 B- Alrea I
| cyber-warfare and terrorists hacking 0~ Newer happened 4 7-Deploy countermeasures in progress
jgeological disasters avalanches 0- Never happened 0- No impact at all 0 - Newer heard
earthquakes ] 10- Extremely Severs 8- Already deployed
voleanic eruptions 0- Never happenad 0- No impact at all 0 - Mever heard
fandslides 3 1 3- Already analyzed it
hydrological disasters floods ] 7 £- Already deployed
limnic eruptions {lake overturns} 0- Never happened G- No impact at all 0 - Never heard
| tsunamis 0- Newer happened 0- No impact at all 0 - Mewer heard
meteorological disasters blizzards 10 - Frequently 3 &- Already deployed
icefhoar storm El i EB- Already deployed
cold wave [ [3 - Already deployed
|eyelonic storms 1 mayhe 5 - About to deploy cous Ires
& droughts g 3 - Already deployed
Py hailstorms 10 - Frequently 4 - Already deployed
ﬁ heat waves £l T - Already deployed
@* tomadoes 1-qemotely maybe 3 - Already deployed
i 10 - Frequently - Already deployed
7 ~Already depioyed
10 - Frequently - Already deployed
3 - Already deployed
- Newer happenad 4 wt to analyze it
)- Never happened 4- About to analyze it
famines - Never happened 0- No impact at all 0 - Never heard
i events - Never happened 10- Extremely Severe 0 - Never heard
lar flaresisolar winds/magnetic sto - Never happened 2 2- Not aware
contamination chemical & biochemical contamination I 3 Fi 1-Heard of
radicactive contamination | 0- Never happened E 3- Already analyzed it

When considering the features of a threat, the rmopbrtant ones are the severity of the
impacts and the frequency of its occurrence. Tisefactors would be essential for calculating its
risk. For example, the power system is constarnthsk of becoming endangered by different threats,

Fig. 1- Questionnaire for TSO’s perspective on threatsr(gpiea)

and in case of threats materialization consequewdésdifferent gravity will follow [15]. Common
studies will take the frequencies of a threat timesgamage for its risk. However, with the inceea$

preparedness, the caused damage can be diminisheaime degree. Therefore, according to this

consideration, we selected three most importarntifea to describe a threat:
“likelihood to happen’,
“impact gravity”, and
“preparedness to respond”;

For each of these features, we will ask transmissystem operators’ experts to score them on

different scales by their personal judgment (Fjg. 1

More specifically, for the Itkelihood to happehof a threat, experts needed to mark it by an

11-scaled range from:
“0- never happened/won't happen”,
“1- remotely maybe’all the way to
“10 — frequent / extremely likely”;
Similarly, experts will be asked to give their iitiwe assessment on tharipact gravity from

HO _

no impact at all” to

“10 - extremely severe”;
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Unlike the first two features, the choices for aeso“preparedness to respondivere more
specific, namely:

“O- Never heard of”,

“1- Heard of”,

“2- Not aware”,

“3- Aware”,

“4- About to analyze it”,

“5- Already analyzed it”,

“6- About to deploy countermeasures”,

“7- Deploy countermeasures in progress”,

“8- Already deployed”;

The questionnaires in the example were filled irabyexpert working with a TSO, about the
perceived threats on power system security fol piapose (not necessarily reflect his/her true
opinion on the results).

Based on the trial answers given by the expert, ewtended the scores to a pair-wise
comparison required by the ANP. Weight vectorsgesomatrix and limit matrix were calculated to get
the ranking of each threat according to a singiergon (Fig. 2) and the final ranking of the thiea
considering all aspects. Due to the sensitivitieshe study, the final results are not given insthi
paper.

radioactive contamination — :
chemical & biochemical contamination |— = "
solar flares/solar winds/magnetic storms — y |
impact events .
osmind s e e s
pandemics ] ————e———————E £
epidemics
wild fires  j——— — —
instorm
thunderstorm (electrical storm) | ————————— —_— i
lightning —r— *
tornadoes  jmm— . | ——t—
heat waves
hailstorms ———n e
droughts T — ———
cyclonic storms —
cold wave | ———
ice/hoar storm =S
blizzards e
tsunamis |
limnic eruptions (lake overturns)
floods p—— | |
landslides = > ¢
volcanic eruptions : p
earthquak * | |
avalanches
tyber-warfareand terrorists hacking :
insider threats jess
random sabotage e ———
war act "
terrorist attack .
social threats s ——— 5
outsider threats | S —
nuclear disasters
fire & explosions - f—
defective mai ¥CE o mair e -
animal interference S ——— e
tzchnical failurz e ——
1ance accident | ——
wrong decision | i
design error | e———— ————

o 0.2 04 0.6 08 1o 0.2 04 06 0F 1 02 04 06 08 1

o

Fig. 2 Input evaluation for “likelihood”, “gravity”, “unpeparedness” (example)
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5. CONCLUSIONS

Providing a panorama of all threats with differaature is quite a challenging task, especially
when considering different features to outline th&mce the majority of traditional risk management
methods are not suitable for considering threatis different natures at the same scale, furthersff
are needed to develop a framework for the qualéaaind quantitative assessment of threats, allowing
their ranking with multiple criteria from a broada@imension like a group decision.In this paper, we
designed a framework to gather the input for tlreahking and made a pilot trial by the approach.
The results show that ANP is a suitable methodtit purpose, and further extension seems to be
promising to refine the results.
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Development of electricity infrastructure in Europe e-Highway2050 project results
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SUMMARY

The e-Highway2050 project aims at providing effitieand consistent grid solutions for
Europe for 2050 under the new challenges for thefgan power grid that result from the European
Union ambitions in decarbonisation and promotiorrasfewable energy sources (RES). The project
was finalized at the end of 2015, after 40 montha collective work under the coordination of RTE
and the support of the European Commission withifsagint outcomes to tackle such challenges. Key
findings of e-Highway2050 include:

- New methodologies for the development of the Euaopieansmission grid have been
developed, enabling to address long term horizomer the whole Europe, cope with
the European low carbon objectives, translatedatiomal, and local levels, while
building global grid architectures.

- Aninvariant set of transmission requirements reenbidentified in consistency, and in
continuity with the Ten-Year Network Developmena®lconducted by ENTSO-E.
Their benefits for the European system, resultirgnf the optimal use of energy
sources, largely exceed their costs.

- The proposed architectures integrate the preseanEBeopean — Transmission - Grid,
without needing a new separate ‘layer’ within tssting transmission network.

This paper summarises the following key results:

- the five scenarios to reach long term EU decarladiois targets which have been
created to frame the whole research and developpnej&ct;

- the critical issues for the transmission grid untihese scenarios identified thanks to
advanced numerical simulations;

- the major “electricity highways” which have beerendified to support any of the
above scenarios when deployed at pan-European level

- the power grid infrastructure suited for a low @arleconomy by 2050;

- the key technological, regulatory, governance gretational challenges raised.

KEYWORDS
Electricity - Infrastructure, Pan-European — Traission - Grid, Long-term — Planning

1. IMPACTS OF THE CLIMATE AND ENERGY UNION POLICY O N THE PAN-
EUROPEAN — TRANSMISSION - GRIDS

On March 2% 2013, the Green Paper published by the Europeam@ssion (EC) framed an
upgraded policy environment within which Europe loutp design its whole energy system from

" ciprian.diaconu@Transelectrica.ro
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2020 up to the middle of the twenty-first centuB@%0). Such a long-term perspective had already
been laid out in 2011, and then continued throbghBnergy Roadmap 2050 and the Transport White
Paper. Moreover, each of these key policy papets Wignessed a parent European Parliament
Resolution, aimed to converge on a “low carboniondor the European economy by 2050.

The 2030 and 2050 targets set by the Member Statesa direct impact on European energy
infrastructures, and more specifically on the pamelgean electrical power system. The Ten-Year
Network Development Plan (TYNDP) prepared by theogaan Network of Transmission System
Operators for Electricity (ENTSO-E) addresses tleeetbpment of the pan-European electricity
transmission network from now until 2030.

2. DECARBONISED SCENARIOS FROM TODAY TO 2050

The scenarios presented hereafter are the outcdraesorting process selecting the most
challenging cases to be dealt with by power sysiperators: these are asymptotic cases under which
the Transmission System Operators (TSOs) may laepdrate the pan-European power system by
2050. They have to explore all the plausible aretligtable challenges to the power system. These
challenges are driven by changes in generationaddnstorage and electricity markets (i.e. power
exchanges within the ENTSO-E or beyond its bordedskerall, the scenario building process is a
filtering technique implementing a worst-case apply i.e. “extreme but still realistic” operational
scenarios in line with the EC decarbonisation t&Egguch scenarios shape an envelope of all pessibl
future evolutions of the pan-European power sysiatit 2050.

The five challenging scenarios resulting from fiiltering process are summarised in Table 1
below, covering a low to maximum RES generationticontion.

Table I: The five challenging scenarios of e-Highway203@rsscenario description (left) and presentatibthe
corresponding European mix resulting from the gifiaation process.

Generation mix
at European level

Scenario short description

Fossil & nuclear

WHydro
Wind
salar

Fossil & nuclear

In this scenario, decarbonisation is achieved maimoughnuclear and
carbon capture storage RES plays a less significant role and central
projects are preferred. GDP growth is high. El&cation of transport an
heating is significant and energy efficiency is low

= Biomass
W Muclear
W Fossil

Big & market

In this scenario, the electricity sector is assuntede market-driven. A
preference is thus given to centralised projecendwable and nor
renewable) and no source of energy is exclu@adbon Capture Storage
is assumed to be mature. GDP growth is high. Efeettion of transport
and heating is significant but energy efficienclinsted.
Large-scale RES

Big & market

13% ¥ .H"r.dm
B EWind

Solar

| mBiomass

Y ENuclear
W Fossil

The scenario focuses on the deploymentLafge-scale Renewablé
Energy Sourcessuch as projects in the North Sea and North Afi@aP
growth is high and electrification of transport ameating is very
significant. The public attitude is passive resgtin low energy efficiency
and limited demand-side management. Thus,dleetricity demand is
very high.

M Hydro
A b mwWind
B 1 solar
| mBiomass
! ENuclear
W Fossil

Small & local

The Small & local scenario focuses on local solutions dealing wiigh
centralised generation and storageGDP and population growth are lo
Electrification of transport and heating is limitedt energy efficiency i
significant, resulting in &w electricity demand

Small & local

W Hydro

e b =wind

B i salar

Biomass
Y mNuclear

= Fossil
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100% RES 100% RES

This scenario relies only dRenewable Energy Sourceghus nuclear an 0% mrydro
fossil energy generation are excluded. High GDBh Hlectrification anq | 2+ = Wind
high energy efficiency are assume&torage technologies and deman o

Biomass

side managementare widespread.

Each scenario has a different context in terméef t

Economy (GDP, population growth, fuel costs);

Technology (maturity, i.e. CCS);

Policies (incentives towards RES, energy efficiemgtional/European energy independency);
Social behaviour (nuclear acceptance, prefereneartts decentralised generation).

These various contexts result i Demand
significantly different assumptions
for generation, electricity demand

Large-scale RES
storage, and power exchanges. T

Nuclear RES =—100% RES

major differences between the five ——Big & market
scenarios are presented qualitative . Fossil & nuclear
in Figure 1. Small & local

Fossil with CCS h:gf? Exchanges

Figure 1: Major differences between the scenarios

The share of Renewable Energy Sources ranges f@8mtd 100% in the different scenarios.
Wind generation is significantly high in the scaoatarge-scale RE&nd100% RESwith 40-50%
of the generation mix. Solar generation plays aomajle in the scenariokf00% RESandSmall &
local with about 25% of the total generation mix. Nuclganeration ranges from 19 to 25% of the
generation mix in three of the five scenaribar(je-scale REBig & marketandFossil & nucleaj.
Indeed, nuclear helps achieve the 2050 EU deceasation target. Th&00% REScenario is nuclear
generation free. Fossil energy sources remainfgignily high in the scenarioBig & marketand
Fossil & nuclearwith 20% and 30% of the generation mix, respebtiv@nce for such scenario, the
Carbon Capture Storage (CCS) technology is asstionked mature. The share of fossil generation in
the other scenarios stands below 5%.

3. THE POWER GRID INFRASTRUCTURE SUITED FOR A LOW C ARBON
ECONOMY BY 2050

3.1. Initial conditions: the starting grid
The scope of the project covers the period 203®@20%us the starting grid, which represents
the initial conditions in the grid architecture siHazeen set with the following hypotheses:

- the transmission network existing today will stié in operation in 2050, i.e. the
existing overhead lines and cable links will halve same topology and characteristics
in 2050, even if they have been refurbished;

- the transmission network developments for 203@&deen by the TYNDP 2014, which
include, for example, major North-South HVDC coarigl in Germany, will all be
completed.

Based on a detailed model of this transmission oktymade of more than 8000 nodes), i.e.
the probable transmission network topology in 2089 equivalent grid model of a hundred clusters
has been built to best match the flows occurringtten real grid. For each line of this simplified
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model, an equivalent impedance and a Grid TrarS&gacity (GTC) is estimated. This equivalent
model is the grid initial conditions, i.e. the sirag grid, for the simulations. The detailed modal
the starting grid are shown in Figure 2.

D i S
Figure 2: Starting grid of the e-Highway2050 project. Exigtigrid (left) and starting grid (right, the gréwyds represent
the existing lines and the purple ones represenptbjects to be realised by 2030).

3.2. Grid architectures for 2050

Thanks to the system simulations, different traission grid can be compared to assess their
techno-economic profitability. The purpose of th#d glevelopment process is to find an optimal
solution between these two extreme situations:

No further reinforcements are implemented after®203e grid investments are then minimal
but the operating costs of the power system are bégause grid congestion can prevent the use of
the cheapest generation units.

Infinite capacities are built between all the cdustof the starting grid (the so-called “copper
plate” assumption). The grid investment is thetuailly infinite, but the operating costs of the myw
system are minimal because the cheapest genecativalways be used wherever its location.

Great Britain and Ireland to Spain through France
,i; P

?x

J

In all scenarios, the need to connect the UK totinental Europe
appears with a minimum of 6 additional G\®ngall & loca) and up to 31
GW (Big & marke). In parallel, another 1 to 6 GW more are needsd/éen
Ireland and France: such interconnections are detbby a corridor crossing
France down to Spain with a size of between 4 a@nds¥. The French-
Spain interconnection is then reinforced betwed&dVv® (Small & loca) and
20 GW Big & market, Fossil & nuclegr This corridor is also extended to
include Scotland via internal British reinforcem&nthe three main drivers
identified for this major corridor are:

- Wind generation in the UK, Ireland and the Nortta.Se all
scenarios, the total wind capacity in these aremseases
between 51 GW (Small & local) and 223 GW (100% RES)
This generation can exceed the local demand: ittcan be
exported to France and Spain.

- Nuclear in the UK and France. In the scenarios8igarket
and Fossil & nuclear, the nuclear capacities aceessed in
the UK by more than 10 GW. In the Fossil & nuclsegnario,
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the nuclear capacity is also increased in Franoenwdompared to 2012. As a result,
such scenarios require the highest capacitieshircorridor, since it can be used to
export nuclear generation to Spain in addition tedxgeneration.

Solar in Spain and Portugal. The solar generatiorspain and Portugal increases
between 40 GW (Fossil & nuclear) and 110 GW (100BGR It creates an opportunity
for this peninsula to export solar generation tahern Europe.

Greece to Italy and the Italian backbone

<, % QN S g The Greece—ltaly interconnection is reinforced ihsaenarios
2 N 2 /I\
< DS

: between 2 (Big & market, Fossil & nuclear) and 9 GY¥00% RES),
“{ '\ while reinforcements Italy—Sardinia and Italy—3jcére also foreseen in
. all scenarios. The Italian corridor is reinforcedail scenarios, except for

. &Y 7 &l
/\‘{s ' /,r—if-‘”"_.'"{ the Big & market one with a maximal value of 11 GWthe Large-scale
& . RES scenario. The main drivers for such reinforcemare:
/‘-- B - Wind generation in Greece. Wind capacity in Greisce

R

] p——
Y
3

increased between 6 GW (Fossil & nuclear) and 24 GW
(Large-scale RES, 100% RES). This generation caeezkthe local demand and be
exported towards Italy.
Solar generation in ltaly. The solar generationltaly increases between 15 GW
(Fossil & nuclear) and 96 GW (Small & local). Altigh it is mainly located in the
North of the country close to the demand centrigmificant volumes still need to be
transported from the South to the North of the ¢gun
Connection to North Africa. In the scenarios Lasgele RES and 100% RES,
significant connections from Algeria, Tunisia anibya to Sardinia and Sicily are
assumed (40 GW in Large-scale RES and 10 GW in 1R@&%). The solar generation
coming from these countries need to cross Itahgéeh demand centres.

In all scenarios, a strong need to further conhextvay and Sweden
with the rest of Europe is shown. The additionaéiconnections between
Sweden and Continental Europe range from 6 GW &igarket) to 15 GW
(100% RES): they are extended by a 4 to 9 GW aorratross Sweden.
From Norway to Continental Europe and the UK, thdittonal capacity is
between 1 GW (Fossil & nuclear) and 19 GW (LargalesdRES). It is
extended by significant internal Norwegian reintorents. These corridors
are connected to the German North-South DC cosidehich enable a
further transport of this energy within continenalrope. The main drivers
for these reinforcements are:

f\ Norway and Sweden to Continental Europe and the UK

”-S}rh

() m—
[4-9]
2 pain ""«.-\

FUTO)
&y 5;""‘ o - Hydro power in Norway and Sweden. Hydro power iasth
2, ;”v-{r}xﬁ-, two countries is currently around 50 GW. In thensg@s, an

&7 j ﬁ,_li increase of between 11 GW (Big & market) and 50 GW

(100% RES) is assumed. The resulting generatiorezaeed
local needs and be exported to the rest of Euldpecover, hydro power is crucial for
the whole European system as it brings significhexibility. As a result, the
interconnections should be sufficient to allow higbaks of exports during critical
periods.

Wind in Norway and Sweden. Wind capacity in Norvaayd Sweden is assumed to
increase between 5 GW (Fossil & nuclear) and 45 @Wtge-scale RES). The
resulting generation can exceed local needs amxharted to the rest of Europe.
Nuclear decommissioning in the UK and France. Cotioles from Norway to the UK
appear only in the scenarios 100% RES and Smatic&ll In those scenarios, almost
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all of the nuclear generation is decommissioneéramce and the UK (-47 GW and -73
GW, respectively). As a result, the western paEwfope needs support.

Finland to Poland through the Baltic States

A 2 GW (Fossil & nuclea) to 5 GW (arge-scale REScorridor connects
Finland to Poland through the Baltic States. Thennaaiver for this corridor is the
development of wind generation in the area. Fotafuh, it increases between 2 GW
(Small & loca) to 37 GW [arge-scale RES For Latvia, Lithuania and Estonia, it
stands between 8 GV&ifall & loca) and 36 GW l(arge-scale RESL00% RE}

‘ The North Sea area
(P In the initial grid, the capacities of the radialks are only
.\ around half of the installed offshore wind capasiti Further

reinforcements have been assessed within the stlidg. main
conclusion is that by 2050 some offshore clustath twuge volumes
of wind power are not close to clusters exhibitamgergy deficits. For
instance, the offshore cluster near western Dennsairkteresting for

] ) providing energy to northern Continental Europeheatthan to
s Denmark which does not need all of it. In this ¢dbere are several
{5 possible routes to go from an offshore cluster atuater with deficit

‘ in energy (Germany for instance):

either through Denmark (radial connection to Derkmand extra capacity between
Denmark and Germany);
and/or through a circular meshing between the oftsiNorth Sea clusters (offshore
cluster close to Denmark, towards the offshoretefusose to Germany and the cluster
located in North Germany).
Another example deals with an offshore clusterelmsthe southern UK: a huge part
of its wind power is useful for northern Contindrizarope through Belgium. The path
could then be:
either through the UK;
or through a circular meshing between the offsidoeh Sea clusters (offshore cluster
close to the UK towards the offshore cluster closBelgium and then Belgium);
or directly to Belgium.

4. CONCLUSIONS AND RELEVANT IMPLICATIONS

The e-highway2050 project has developed a top-davethodology allowing the power
system stakeholders and policy makers to anticigfa@efuture transmission network development
needs in line with the long term decarbonisatioalgget at European level.

This methodology gives an initial indication of theain challenges that transmission system
operators could face if the suggested new linegamiements were not implemented.

The results of the studies exhibit the followingnids:

An invariant set of transmission requirements feenkfound: major “North — South” corridors
appear in all scenarios with several reinforcemah& connect the North of the pan-European
electricity system (North Sea, Scandinavia, UKlalné), and southern countries (Spain and lItaly), to
the central continental area (northern GermanyarhlNetherlands, Belgium and France);

The network extension rate is driven by the inozea generation capacities, especially
renewable energy sources.
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The proposed architectures could be integratechén gresent grid, without introducing a
separated ‘layer’ of transmission grid.

The costs of investment in grid expansion depentherscenarios. They lie between 100 and
400 billion €. However, the study demonstrates thatbenefit for the European economy, resulting
from an optimal use of energy sources, would Igrgeteed these costs in all cases. Indeed, uplto 50
TWh of RES curtailment and 200 mega tons of COXsions would be avoided annually.

How to operate the resulting grid architecture

System operation will be challenged in the futuse tbe major changes expected in the
European electrical system. Three main sourceshahge are identified, each having a potential
impact on the different operating issues:

The increasing penetration of renewable energycesuiRES behave radically differently than
traditional plants ( small power electronics dewselarge synchronous generator ). In four offive
e-Highway2050 scenarios, during some hours, theytlae only generating units connected to the
grid, supplying entirely the European load.

The increasing power exchanges: All the e-Highwa@€cenarios show significant European
power flows on the transmission grid.

The increasing number of connections realized WMDC: HVDC behaves very differently
than AC lines. Today, a few DC lines exist in thedpean system to connect non-synchronous areas
and only one DC link is implemented in parallel®@ lines. In e-Highway2050 scenarios, at least 50
GW of more HVDC are foreseen in addition to the @@8ojects of the TYNDP.

Power flows control

In comparison to flows on AC lines, which are detred by Kirchhoff's laws and the
topology of the system, HVDC lines are connectedpower electronics ( PE ) and can be actively set
by TSOs. The advantage is a better control anckater flexibility. The drawback is that HVDC are
not responding “naturally” to the variations or togencies affecting the power system and thus
efficient coordinated control rules have to be iempénted by TSOs.

Within the project, load flows simulations of thdlftransmission network of the continental
synchronous area were performed for each scenaridwio snapshots: winter peak and summer
offpeak. The model was built from ENTSO-E 2030 guitth the inclusion of the 2050 inter-cluster
reinforcements. For terrestrial reinforcements, strategies were compared: AC and DC. A security
study, comparing “N-1" and “N” situation, was thpearformed. In the simulations performed with AC
reinforcements, the architectures are robust bth WIC reinforcements, overloads appeared when
fixed setting points were assumed. It highlights tieed for smarter control rules of HVDC.

Voltage control

TSOs have to operate the system within securegmlienits. The drastic change in the power
system expected by 2050 will probably need adaptatin the reactive power compensation means.
To assess these issues, AC load flows were testidihwhe project. For the two most extreme
scenarios, Large Scale RES and 100 % RES, no ammnez could be found. The reason is that
existing methodologies and tools are inadequatasily study such different network configurations.
In parallel, in the R & D part of the project, amovative algorithm has been developed to tackle
these problems by automatically adapting the reagtiower compensations. It could be applied in
future studies.

Today, traditional plants are the main contributtwrsvoltage control and their modeling in
simulation tools are mature and quite realistidsTé not the case for wind and solar generatolistwh
are not systematically taking part to reactive powentrol and voltage support although it is
technically feasible. Without this participatiohgetsituation will no longer be manageable with more
RES. This has to be anticipated in network codes samulation tools should be adapted. HVDC
converters also offer new possibilities for voltagatrol.
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Dynamic stability and protection schemes
Traditional plants are synchronous generatorsy theavior is well known by TSOs. On the

contrary, HVDC, wind turbines and solar panels @enected to the AC grid via power electronics.
Their dynamic behavior is completely different. I[Pnénary studies were conducted within the project
but research is still needed to fully assess thaaonof their increasing penetration. The “Migrate”
research project funded by the EC will start wogkam this topic in 2016.
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SUMMARY

The continuous development of OHL Dynamic Tempeeafating imposes the flexibility
also for some basic, old power generation sourgsfor turbo-generators In these circumstances, i
order to examine their availability, the knowledgfethermal reserve of the older machines imposes
also the direct measurement of rotor heating. Tiesgmt paper intend to offer an overview on the
rotor heating of an older turbo-generator operatingifferent regimes, in function of the facilisie
offered by the test stand.

KEYWORDS
Turbo-generator, tests, rotor heating, heating oreasent

1. INTRODUCTION

The rapid growth of renewable energy (wind powed goto voltaic) results in highly
fluctuating grid demands due to changing weatheditimns. The operation of conventional thermal
power plants shifts from base load to medium arakpead to act as a flexible back-up generation
capacity needed to maintain system stability antlishcconsumption needs. The new flexible
operation regime of generators moves to extremk lp@a operation with a high number of start-stop
cycles and high load ramps. For turbo-generatbis,nheans higher stresses and an accelerated aging
with an increased possibility of damages to theegaior main components like stator and rotor
windings. Sudden shut down and long unplanned estaguld be the consequences.

An integrated online monitoring system with diffetenonitoring modules can help to avoid
unexpected trips and optimize outages, by idemifyssues in advance. This can help to facilitage t
timely availability of parts and personnel to addréhose issues.

The relevant specifications for behavior of the pogeneration units connected to the grid are
especially defined in théNetwork Code "Requirements for Grid Connection @pple to all
Generators'{1] and are further explained in a correspondingfiagtion guidelind2].

In a recent article [3], the authors summarized ddelitional stresses supported by end
windings of the turbogenerators due to the new astwcode. Thus, it has been compared the
severeness of additional stresses, which are gedeby the new flexible grid demands, for two
different types of generators (indirectly vs. dibecooled generators). In Table 1 we extracted/ onl
additional stresses for rotors.

" paul.curiac@novaindustrialsa.ro
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Table 1: Effects of new grid demands on generator rotor

Severeness of additional stresses *)

Indirect [Direct
Affected rotor components  [air- water-
cooled |cooled

Physical
consequences
for components

Increased requirements
of new grid code
=)

Overvoltage in parall§High exciter current,

with low frequency High magnetic flu[Rotor winding High  [Mid
1,15 yyat 47,5 Hz densityB

High load ramp of 24 % [Fast and high increg

rated active power per mpf. current!| in coppelComplete rotor winding High  [Low
(0,24 R//min) conductor

High amount of very falPermanent change
load ramps and large a:denamic—mechanical Rotor winding, especially en
or reactive power changelstresses  and  hiwindings covered by retainifrHigh  |Mid

Peak load condition [thermo-mechanical |rings
tension at windings
*) Results based on qualitative analysis

As an example, these are an elevated frequencye rgd¥g5 Hz - 51.5 Hz) and an elevated
voltage range (85% - 115%). This increases theaisktremely high stator magnetization (high flux
densities for high voltages — 115% U at low speed — 47.5 Hz -), resulting in the fation of hot
spots. The rotor must provide this induction, whigsults in elevated rotor currents. Thus,
considering only the effects on the rotor, the aled rotor currents can lead to thermal deformaifon
copper conductors and overheating of the turn &tgn on rotor end winding [3].

Through the presented work it has been obtaine@rerpntally the heating of the critical
points, identified for the rotor of a turbo-generadf 12 MW, 10.6 kV, cos = 0.8 at 3000 rpm which
is cooled symmetrically, axial-radial, with air,anclosed circuit.

First, the heating of the rotor's copper has besarthined, for a no-load steady-state, a three
phase short-circuit regime and a compensation medinhere the rotor current and the voltage are
close to their rated values). Second, several teste conducted, both for steady-state and transien
operation, to determine the iron heating of thersurface in a case of two-phase short-circuis, th
the more so as attempts to calculate by FEM th@eeature distribution on the rotor body surface in
case of machine operating in non- symmetric reguiitenot full satisfy.

2. MEASURING PRINCIPLE

The main scheme used to measure the temperatwegpoint on the rotor, in a steady-state
operation of the tested turbo-generator, is shawkigure 1-a: the copper-constantan wires of the
thermocouple, starting from the measure junctioasspg through the reference junction (with
constant temperature) it reach, by means of aapetiding-contact brush-ring, to a channel otH-s
compensation multichannel temperattgeorder [4]. The constantan-copper contact froenatea of
reference junction creategarasite thermocoupl®,) whose thermo-electric voltage is canceled with
the help of the thermocoupl@.), mounted nearby.
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Fig. 1 Schematic diagram for measuring over-temperatures:
a-in steady-state regime; b-in transient regime

The circuit shown in Figure 1b was used to meath@anachine rotor heating during transient
operation. Since the findings have shown that ie tinexcited, steady state operation, the
measurement junction temperature is the same asférence junction temperature, the measurement
thermocouple being, thus, compensated by its prppexsite thermocouple formed at this junction, it
can be obtained directly, by means of a X-Y millltneeter recorder, the time variation over
temperature value of the measuring point; for #regerature registration of the reference junction i
rotation, it has been used a measuring circuitizedlfrom a nearby mounted thermocouple and
connected, by a compensation cable, to a self-cosgped multichannel temperatuegistrator.

It should be noted that, for the temperature mé&agwrere used thermocouples made of two
conductors of copper, respectively constantan, baemg a diameter of 0.5 mm, and welded together
by immersion in a mercury bath. The thermocouplesewhen calibrated, aged and finally sorted.

In general, it has been preferred analog measutemsruments.

3. THERMOCOUPLES IMPLEMENTATION

Given the important peripheral speed and largeusadif the rotor, a special attention is
required at location and fixation of the thermodespand of their circuits. The temperature values o
the measured points have been obtained by 73 tloceuptes mounted on the turbo- generator rotor,
54 of which were onto the excitation (field) coppend the rest of 19 thermocouples being distribute
as follows [2]:
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16 45 14

Fig. 2 The location of the thermocouples on rotor

- 54 thermocouples belongs to the field windingmap(TC1-TC9, TC11-TC19, TC21-TC29,
TC31-TC39, TC41-TC49, TC51-TC59);

- 6 thermocouples at the closing wedges TC64-TC69);

- 4 thermocouples at wedge-tooth interfaces (T@TR0, TC30, TC40);

- 2 thermocouples on the axis of poles (TC70, TC72)

- 1 thermocouple on the axis of poles (TC71);

- 1 thermocouple on the retaining ring (TC80).

The locations of the thermocouples on the rotoiradizated in Figure 2.

The fixing of the thermocouple junctions in measgrpoints was made by gluing, using
epoxy putty; the coils were previously isolatedhararnish to prevent the possibility that some art
of the measurement system from being energized. &timction of the connections from the
mounting location of the measurement junctionsh® énd of the rotor, was carried out under the
locking wedges of the slots, by two radial chanmetégle under the front ends of the coils, and then
through the hollow shatft.

The special transmission device of the thermo woills from thermocouples placed on rotor to
the registration instrumentation had more than dlkling contacts type brush (Silver-graphite) -grin
(Copper-silver alloy) [5].

4. HEATING MEASUREMENT

The heating measurements have been done firstdingéh method. The normal cooling being
ensured, the machine is subjected to successitmdetie to different types of losses during normal
operation; based on the results from a no-loadnatiéisbut-excitation (GN), a no-load test at ratirgitage
(G), and a 3 phase short-circuit test at ratedeatifSc), the heating in normal operation can lee pr
determined. Second, a direct heating test hasdm®nin a compensation regime (C), with value close
the rated rotor voltage & current. Thus, by havaugess to an additional synchronous machine with
nominal values close to those of the tested maglte principle scheme presented in Figure 3 was
implemented: then, simultaneously, the excitatibrthe tested machine (Ml) was increased and the
excitation of the additional machine (MS) was restlidown to the required values [6].
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Fig. 3 Test stand setup

Fig. 4 Bi-phase short-circuit scheme

To determine the rotor surface heating, additidreglting tests were conducted for permanent
two-phase short-circuit state; to avoid the rislertessive overheating for the end-windings due to

dispersion inverse fields, the short-circuit cutsemere limited to not exceed 30% of the rated
current.

Table 2 Data necessary to achieve the short-circuit beiveghases (transient regime)

08Iy 09K |10k |11k |12 |1.3N |14K |
l2c[A] 1100 | 1235 1375 1515 1655 178% 1786
lom[A] 1080 | 1260 1400 1540 1648 1840 1860
lex[Al 154.0 | 173.5| 192.5| 2125 232.0 2510 251.0
t[s] 155 | 125 | 100 | 85 7.0 6.0 10.0
(Iom/In)°. t[s] | 9.548 | 10.488 10.360] 10.662| 10.055| 10.745| 18.300
2000
:{—I:T ]
1800 /-/-/
- ./I
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Fig. 5 The characteristic of bi-phase short-circuit

300

The variations of the rotor surface heating in ¢lreumstances of the two-phase short-circuit
in transient regime, have been obtained in the itond of the application of a raised initial exation
voltage, for time reduction at touch the shortwircurrent [7].Using the scheme from Fig.4, the
necessary data for realizing of this transientmeg(Table 2) have been obtained on basis of the bi-
phase short-circuit characteristic, built in adwa(lEig. 5) the testing duration for every seleatallie
of current, correspond to tintdrom the energetic relation [8], [9], [10]:

(12/10)% t=10

werel, represent the value of the two-phase short-cimuitent, andy the rated current.
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5. TESTRESULTS

The results have shown finally a heating field imad the rotor copper bar, e.g. as that from
Figure 6. A first finding regarding the proper cemiof the heating tests performed on rotor, isredfe
by the fact that the points that give the coppatihg variation, depends on the square of the atimit
current for all tested permanent regimes, are testrpractically, by a right line (Figure 7).

The temperature rise was measured with the therapbe® placed on the surface of the rotor
iron, and built in different operating regimes,luding the permanent two-phase short-circuit regime
at 0.3ln. Thesemeasurements are summarized in Figure 8 [11].

Fig. € The thermal field of the rotor bar in differensteegimes:
GN-no load, cold run; G-no load, heat run; Sc-3sgtshort-circuit; C-compensation
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In transient two-phase short circuit regime wassteged the variation in time of the heating in
different points on the surface of the rotor's jrthrus, the variation in time of the heating on ploéar
axis is shown in Figure 9.
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Fig. 9 Iron heating variation in the polar axis in a si&mt regime of biphasic short-circuit
For the thermocouples placed on the surface ofdtoe iron, it has been possible to check the

linear character and limit until which is maintainef the temperature increases, for different eslu
of the energetic coefficient (Fig. 10).
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Fig. 10The iron surface heating variation with the squafrthe bi-phase transient short-circuits current
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6. CONCLUSIONS

The resulting conclusions for the construction tgpéhe tested turbo generator are:

- For the excitation winding it is observed, esp#giin a closer regime to the rated one, the
maximum heating occurs at the mid height of the Where ventilation possibilities are smaller; gon
the rotor body, the over temperatures grows tacémer of the machine;

- Maximum temperature gradient is obtained in zohthe end-coil where, due to larger free
spaces, cool air directing may be not well congahll

- The heating of the end-bars is different from awl to another due to unbalanced
ventilation conditions;

- The most heated point of the rotor winding wasrded at the middle of end of the outer coil;

- By a comparative study of the most heated poitt af the average heating of the rotor
winding, in function of the square of excitationr@nt and considering the rotor insulation class, i
can be determined by extrapolation the excitatiorrent limit and thus, it can be establish more
accurate the machine reserves;

- The heating due to eddy currents induced by tiverse field, recorded on the rotor iron
surface at the permanent two-phase short-circsii$ i@e grouped into four temperature domains: the
hottest points are in the polar areas, followedtly wedge-tooth interfaces, the teeth of rotor,
including the inter-poles axis, and the lowest imgalvas measured on the rotor retaining ring;

- Maximum dispersion of the values has been recbmdaneasurement points located on the
wedge-tooth interfaces, this being mainly due taintimg technology;

- The heating recorded in the transient bi -phds@tsircuit regime, maintains the same
grouping of values as in the case of similar peenanegime,;

- The maximum value of heating for the thermocoupben polar axis indicates that, during
the machine operation, the temperature values wuatleopardize the properties of the rotor's iron.
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SUMMARY

The high coercive force of today’s hard magneti¢amals not only makes possible improved
permanent magnets (PMs), but also creates prokblemagnetizing these materials. With increasing
the power of wind generators having rotors equippéth PMs of high energy, became imperative
necessary the energizing of PMs only after therrodonplete assembly.

The paper presents two different cases: A - a ntemmg inductor dedicated to magnetize, at
once, a pair of poles and then, successively,dasieaf pairs of rotor poles for a wind turbine geer
of 1.7 MVA, 20 rpm, and B - an 1 MW - class, lowesg, axial flux machine having a disk rotor with
PMs between two stators, which are wound in a teoth technology, facilitating thus the
magnetizing inductor function of its own armature.

KEYWORDS
PMSG, rare-earth PMs, surface mounted PMs rotaagnetizing inductors

1. INTRODUCTION

The continuous refinement of hard magnetic mateonéhigh-energy has led to a wide host of
their uses in various applications due to theihHigsic magnetic parameters (remnant flux density,
coercive field intensity and maximum energy profiu€hus, the application of rare-earth PMs (e.g.
NdFeB, SmCo) in the construction of electromecha@nimonverters increased exponentially. In
general, it becomes more difficult to magnetizesgick which contains such permanent magnets and
especially rotors of large PM synchronous machieas,wind turbine-generators.

Although there may be various stages during the ufe&turing of a PMSM when the
magnetization can be undertaken, the post-assemdudyetization is preferred since it eliminates the
difficulties associated with handling of pre-magmed components. Practically, surface-mounted
rare-earth PMs on rotors of large synchronous nm@shmust be magnetized as a whole unit or, if not
possible, pole by pole or a pair of poles by a papoles, by using appropriate equipment.

Thus, pulsed field approaches become more atteadtine pulsed excitation current typically
lasts only a few milliseconds and the cost of thistesm power supply is much lower. In such a
system, the excitation field is generated by disging a large capacitor bank into an iron core coil
(magnetizing inductor).

A fully magnetized magnet is considered to be fudaturated. To ensure saturation, it is
necessary to apply an external-magnetizing fieldsuficient strength to fully align the magnetic
domains, which exhibits the highest coercivity; thagnet's weaker domains will follow.

The magnetizing inductor transforms the outputhef tnagnetizer into the magnetic field used
to magnetize the PM’s rotor as a whole. Inductoes available in many forms depending on the
magnet being processed and other factors. Cenpgincations may require that cooling provisions be
provided in the fixture to maintain a safe opemtiemperature.
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2. SPECIFIC PROPERTIES OF THE USED PMs

2.1 Review

In comparison with metallic PMs, the rare-earth P{dspecially NdFeB type)—recently
available from the cost point of view—are offerimgpre advantages (see also Fig. 1):

* Greater power density which leads to the rednatiothe dimensions and weight;

* The intrinsic coercive magnetic field intensitytbe magnetic polarization is greater than the
coercive field of the magnetic flux density whicleams that these magnets may resist more intensive
fields than the metallic ones;

» The small intrinsic recoil permeability of thereaearth PMs makes the stable operation
possible in dynamic conditions;

* The linearity of the demagnetization curve sirigdi the calculus of needed devices.

2.2 Magnetizing Requirements for the PM’s Material

In general, the rare-earth PMs -including NdFeBure about 2500 kA/m for magnetization
(see also Table 1), [1]; the corresponding magniitic density within the magnets rises up to
typically 3 to 5 T peak value, yielding a highlytsated iron circuit during the magnetization prsxe

J(H) = B- HoH Table 1 Actual magnetic materials
- B lJ Material | Coercivity Required
Lot g H. [A/m] magnetizing
,’ Q, § field H[A/m]
1 B(H) =25 AINiCo | 46000 — 130000 | 200000 — 640000
,' o Q_Cj Ceramic| 150000 — 240000 800000 — 960000
1' x %) SmCo 360000 — 960000 1600000 — 8000000
1 E @ NdFeB | 280000 -1 1600000 - 3600000
Ho | AB 2 1000000
Bllc 1 s
1 Brec
) AH ;
1§ Heee Magnetic field ofB _
H—" Magnetic field of J <
E
Fig. 1. The demagnetization curve a 5
the recoil loop of PMs
t*
0 ST
Time [ms]

Fig. 2 The typi@l shape cthe
magnetizing current

By properly saturating the magnet, the flux leatsl resistance to demagnetization indicative of
the particular magnet material will occur. By nobyding proper saturation, the magnet will be more
susceptible to demagnetization from both intermal external influences. If a magnet is to be udeal a
level less than saturation, it must be fully mageet and then subjected to a secondary process of
controlled demagnetization: the PM is artificiadlgmagnetized up to a value which is slightly highan
the highest possible demagnetization field duttiregdperation (conditioning of the PMs).

2.3 Magnetization by Pulse Currents
The electric circuit for magnetization is presentadFig. 3. This LRC circuit consists in

principle of the loading unit for the capacitor kgwith adjustable loading voltageclip to 10 kV)
and the discharge unit with the thyristor Th, tfeefvheeling diode D, and the magnetizing inductor,
MI (with parameters R Lc), [2]. When the thyristor is fired, a condensesctliarge is started, loading
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the magnetizing inductor with a pulse current. Alan (with parametersdg, Lcy) in series with the
thyristor Th, ensures the current limitation inea$ a short-circuit of the magnetizing inductor.
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Fig. 3 Condenser bank discharge magnetizer: T-trafo;
R-rectifier; K1-loading switch; K2—discharging sulit

C — capacitor bank; Th - thyristor; D — flywheebde;
Ml—-magnetizing inductor; Rc, Lc — Ml parameters;, R
L.— choke parameters.

parameters

|,|”

Fig. 4 DS - disconnect. switch; MS - making switch;
AC-aux. breaker; CH- charging unit; ES-connecting
to earth switch; C - cap. bank; Ml — magnet. induct
VD - voltage divider; Sh - shunt; OSC - oscillosepp
R., andL- Choke’s parameters

With the circuit arrangement according to Fig. & tain part of the whole electric energy
W is dissipated as heat in the resistangeaRd Ry Apart from this “exponential pulse current,”
other discharging circuits are used producing “sivee/e pulse currents,” whereas the rest of the
energy, remaining to the end of the positive hdlfthee current sin-wave, is dissipated within an
external resistance outside of the magnetizer'satat. The iron yoke is highly saturated, when 10%
of the peak current is surpassed. Therefore, thgneteer inductor inductance changes a little with

rising current, when it is saturated. Thus, in
saturated.

et fiapproximation, is considered constant and

The following equations describe the exponentidsg@wurrent (Fig. 3) up to the aperiodic

limit (4L > CR) [2]:
ic(t):%exp(—g)sin(ax), O<t<t

i(t)=i. ¢ )exp[—t;f], ' <t<o)

2L . L, 11

=— [ =—"C w=/|-——-
R R, LC 7’

R=R +R  L=L_ +L,

t = (- arctg(wr))i t=

i = (t ()

arctg(wr) <
w

p(—f) = (M)

(1)
)
3)
(4)
(5)
(6)

The typical shape of the magnetizing current iss@néed in Fig. 2. Fig 4 shows the actual

industrial circuit used for magnetization.

3. MAGNETIZING INDUCTOR FOR A RADIAL PMSG

3.1. Architecture & Design of the Magnetizing Indtmr Configuration
Electromagnetically, a large rotor consists of theninated iron yoke and the salient

permanent magnet poles mounted on the periphera aminber of magnets are placed side by side to
make up the pole structure. Normally, the magnedsfiged to the rotor yoke by sticking, using an
epoxy resin-based adhesive [3].
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(both drawings shows a half pole pitch only); 4ne @ole Fig. 6 Rotor & inductor arrangeme for
transversal flux model magnetizing system configuration

The construction of the wind generator under caarsition is summarized in Table 2 [4].

Table 2 Default parameters of the rotor

Rated torque 820 [KNm]
Rated speed 20 [rpm]
Rated Voltage 500 [V]
Number of poles/ phases 160/ 3
External diameter 2560 [mm]
Armature height [mm] 30 [mm]
Armature length  [mm] 490 [mm]
Airgas length [mm] 4.5 [mm]
Magnet height [mm] 7 [mm]
Magnet material Nd Fe B
Remanence at 90° [T] 1.07 [T]

It has to be noted, in the same time, that it isdeel to avoid a wrong magnetization of the

adjacent pole structures by “springing” over thetrgair of poles (see also Fig. 7 and Fig. 8). Thus
we have to first magnetize the pole number n =gktleer with the pole numbern + 3 =4 (n =1, 3,
5,...), then the pole No. 3 together with the pole Bloand so on. Of course, there is more room for a

2D or 3D geometric optimization of the system, e used the variant presented in Fig. 5.
Calculation of the Magnetic Circuit
For a certain maximum value of the magnetic flursity within the magnets along the pole-
axis, it is possible to find the necessary amperest in the same way as an electrical machine
calculation.
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Table 2 Electric discharge circuit parameters

Vo= 5x10V L. = 1.400x10H le= 490 mm
C = 30x1C0F L, = 0.613x16H hs= 67 mm
Wga =375 x 10°J R =0.0929 Q N,= 42tumns

With the parameters of the electric discharge dir@ud inductor (see also Table 3) it has been
obtained the results presented in Table 4.

3.3Power Impulse Magnetizing Simulation
The two-dimensional magnetic flux distribution €lnsively within the permanent magnets -
for the peak value of the impulse current has tdéterminate by FEM analysis and coupled circuit.
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| FRRTARTAANEI / ] - 1000
384 L 500
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Degrees
Fig. 7 The magnetic flux lines for tr Fig. 8 Radial magnetic flux dens & field
peak of impulse current (partial view) intensity on the bottom surface of the magnet

Thus, Fig. 7 shows a partial view of the flux lir@st of the two poles magnetizing inductor
with yoke geometry as presented in Fig. 6. Theati@m of the magnetic flux density, respective of
the magnetic field intensity along the bottom scefaf the PMs is presented in Fig. 8.

Table 4 comparatively presents the analyticallyaoi®d results vs. FEM simulation &
electrical circuitfor the before presented rotor magnetizing.

Table 4 Results of the analytical calculus vs.
FEM & electrical circuit analysis

Units kv kA ms T
Analytical calculation| 5 14.20 | 8.00f 5.00
FEM & circuit | 5 1432 | 801 | 4.90
simulation

Thus, the recommended value of 2500 kA/m is sugzhgsactically along the entire polar
pitch, meaning that it is surely possible to magmein good condition the whole PMs poles. With the

magnetic field intensity ki = 2500 kA/m (see also Fig. 8) the remanence magfiakaensity, B=
1.2 T, must be already reached, [6].
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4. MAGNETIZING INDUCTOR FOR AN AXIAL PMSM

4.1 Structure of the Machine

The defaults of the construction of the machineaurmnsideration are summarized in Table 5
[1]. It consists of two stators and a disk-typeorpas shown in Fig. 9 [2]-[5]. Each toroidal stato
core is wounded from an electrotechnical laminaiédon steel tape; each stator core ring structure
has opened slots on one side (or on both sidesdtors of a multidisc machine).

The two stators are wound in a tooth-coil technpldige., a concentrate winding with a
21/20/3 number of slots/pole/phase) [1], [6]. Orna argue that, in certain conditions, each paihef
PMs’ rotor poles (which are located between foothaoils) could be magnetizéusitu, one by one,
by independently energizing only the coils involvedhis process.

Table £ Default parameters for the axial PMSM

Rated torque 65 [kNm]
Rated speed 160 [rpm]
Rated Voltage 1250 [V]
Number of poles/ phasels 20/ 3
External diameter 1700 [mm]
Armature height 60 [mm]
Armature length 316 [mm]
Airgap length 6 x2 [mm]
Magnet height 8 [mm]
Magnet material Nd Fe B
Remanence at 80 1.05[T]

/ stator core

stator coils

Fig. 9 Scheme of the axial flux machine.

The rotor core is fabricated with nonmagnetic d¢és® steel in a disk form and fixed to the
shaft between the two stators, carrying axially nesged NdFeB magnets forming the poles. The
poles are inserted into holes opened in the ratoe disk; the disk and the PM poles have the same
width and both are covered by a nonmagnetic plakech is also a part of the magnetic air gap).

4.2. Magnetizing Inductor Function of the Stator

The first magnetizing inductor built in order to gmetizein situ, at once, all the magnetic
poles of an axial PMSM (with disk rotor between two stators) has been pregentf?]. This first
approach suggested the idea of using even the meatmature as a magnetizing inductor, when the
machinehas an equal number

Of PM poles and stator teeth approximatghe rotor being locked by inserting nonmagnetic
solid plates between the rotor and the stators). Inctée, one camagnetize only a pair of poles by a

pair of poles.

rotor poles

magnetizing circuit

Fig. 10 Two consecutive rotor poles between four teeth,

As we stated before, the number of teeth exceedsumber of poles by only one unit. Thus, a
relative position can be obtained just from theiglephase, where two consecutive PM rotor poles
are practically located between four corresponttasih-coils (a couple of coils for each stator)isTh
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facilitates a direct magnetization of PM rotor ol energizing only the involved coils (see al&p F
10). In order to preserve the quality of the armatwindings, every pair of the stator tooth-coitsh
to be used only for the corresponding poles’ magaton, consecutively.

Since the small winding overhangs as well as tmpks winding and insulating technique, it is
recommended that the concentrated winding be @smed as a “magnetizing inductor” of the axial
PMSM rotor. An adequate insulation and fixing sgsteas to be considered against transient forces
related to the pulse power magnetizing process.

4.3 Applied Magnetizing Process

Themagnetizing circuit consists of two consecutiveorgtoles between four teeth (Fig. 10).

Fig. 4 shows the part of the actual simplified sgtithtesting circuit used for magnetization,
consisting mainly of the charging unit with a dgustiable loading voltage CH, the capacitor bank C,
the discharging unit with the making switch MS, thiliary circuit breaker AC, and the magnetizing
inductor MI.

The magnetizing procedure is detailed in [7], [8].

Table € Magnetizing inductor (stator coils) & circuit pamaters

Vo= 5x10° V. R.=38300x10°Q N = 20 turns
C =30x10°F L, =1.558x10°H  lyy=162x10"mm

For this system, the LRC circuit and its seconckorihear differential equation, with the
underdamped solution, is considered. Thus, focitoeit equation
2. . _ﬂ
d—2!+Rﬂ+ii =0, the first approx. current peak. zﬁe 24 gceurs att =2
dt dt C w,L 2w,

a=RI/2L), @, =41(LC), w, =4k -a?

Actually, the magnetizing magnetic circuit of thaad PMSM is highly saturated. Therefore,
the tooth-coil inductanck; changes insignificantly with the rising currentuk, for convenience,
is considered constant and saturated for calcglatie discharge current [9].

were:

4.4 Magnetization Analysis of the Axial Rotor

A magnetizer is modeled where a high current idieggo a coil, which causes a magnetic
field to be distributed through the material theto be magnetized. The region to be magnetized is
assumed to be made of a nonmagnetic material. Réilitg very close to that of air is assigned to
that region.

The FEM calculation was done by considering theapeters of the actual magnetizing
inductor (i.e., the tooth-coils involved in the tgoles magnetizing operation are connected in Sgerie
and of the electric discharge circuit, shown in[€ah

The 2-D magnetic flux distribution within the PMstor poles has to be determined by using
a transient FEM and circuit simulation of thesitu magnetizing process of one pair of PMs’rotor
poles (see also Fig. 11) [2], [9].

Fig. 12 shows the magnetizing pulse current obthibg discharging the capacitors bank
directly on the magnetizing inductor.
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Fig. 12 Simulated magnetizing pulse current. Fig. 13 Variation of the radial magnetic fie

along the polar pass in the middle plane of the
PMs’ rotor poles.

The magnetizing flux distribution (for half of thmodel) of the two-pole arrangement of the
axial flux PMSM, discussed before, is shown in Hif). The corresponding magnetic field variation in
the middle plane of the PMs’ rotor poles heighthataverage diameter is shown in Fig. 13.

5. CONCLUSIONS

Firstly, it has been presented a magnetizing inductomimgnetization at once a pair of poles
and then, successively, the rest of pairs of pmea radial flux, wind turbine generator of 1.7 MY
20 rpm, (to magnetize the big rotor at once, mudavrerenergy is needed). Thus, an analytical
calculation method for designing the specific magneg inductor was performed in order to save
magnetizing energy; a computer program contairtiegainalytical formulas was sufficient in order to
obtain, in the same way as an electrical machimejrtductor parameters for a certain rotor diameter
and a chosen iron yoke shape calculation.

The simulation by FEM coupled to the electricatuait revealed, finally, the intricacy of the
whole problem. So, it has to be noticed here thas ineeded to realize an optimum rotor and
magnetizing inductor arrangement for magnetizingteasy configuration in order to protect the
neighboring poles from magnetizing with a strongomg polarity.
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Once the details of the rotor and inductor arrargygrmare established, they may be regarded as
fixed features of the magnetizing inductor desigen, with the presented methods, the design of a
whole family of magnetizing inductors for differenttor dimensions may be done with a short
calculation time.

In conclusion, the results confirm the possibifity a successful magnetization, pair by pair,
of all rotor poles of a large PM synchronous maehin

Secondlyhas been presented the case of a concentratedthg/iwith a sub unitary number of
slots per pole and phase, offering small windingrbengs as well as simple windings and insulating
techniques, which facilitate the construction ofaaial flux PMSM, which does not require a special
magnetization inductor. The tooth-coils of the taare used, also, as independent coils for the
magnetizing inductor.

The large effective air gap allows avoiding theagsd#ic effect of a wide spectrum of tooth-coil
winding fields. Therefore, the proposed axial fR¥MSG has a linear behavior between torque and
current up to a maximum of 200% rated current (4)rdue to the fact that the PMs’ thickness is part
of the magnetic air gap.

On the other hand, in comparison with a machinangagistributed windings, the increased
leakage inductance results in higher winding losses a need for higher inverter rating but with
lower field weakening current in the constant poajeration region.
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SUMMARY
The paper presents solutions for development ofiume@nd large power networks using big
batteries storage systems.

KEYWORDS
Energy Storage, Peak Shaving, Battery, Future Grid

1. INTRODUCTION

According to general definition [1] grid energy itge is a collection of methods used to store
electrical energy on a large scale within an elealtrpower grid. Electrical energy is stored during
times when production (especially from intermittgdwer plants such as renewable electricity
sources such as wind power, tidal power, solar ppesxceeds consumption, and returned to the grid
when production falls below consumption.

Any electrical power grid must adapt energy proaucto energy consumption, both of which
vary drastically over time. According to [1] anynabination of energy storage and demand response
has these advantages:

» fuel-based power plants (i.e. coal, oil, gas, raglean be more efficiently and easily
operated at constant production levels

» electricity generated by (or with the potentialo® generated by) intermittent sources
can be stored and used later, whereas it wouldwise have to be transmitted for sale
elsewhere, or simply wasted

» peak generating or transmission capacity can becestby the total potential of all
storage plus deferrable loads (see demand sidegea@nt), saving expense of this
capacity

» more stable pricing: the cost of the storage andéonand management is included in
pricing so there is less variance in power ratesgdd to customers or alternatively (if
rates are kept stable by law) less loss to théyutiiom expensive on-peak wholesale
power rates when peak demand must be met by inthattelesale power

» emergency preparedness—vital needs can be mdilyedigen with no transmission or
generation going on while non-essential needs eifierictd

Energy derived from photovoltaic and wind sourcekerently varies — the amount of
electrical energy produced varies with time, dayhef week, season, and random factors such as the
weather. Thus, renewables present special chaletgelectric utilities. While hooking up many

Yaugustin.amet@tema-energy.ro
Htraian.chiulan@transelectrica.ro
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wind sources can reduce the variability, solarilg@bly not available at night except when stoned i
molten salt, and tidal power shifts with the moorisnever reliably available on peak demand.

In an electrical power grid without energy storageergy producers must be tuned to energy
production from intermittent energy sources. Wisibgne of the producers like oil and gas plants can
be scaled up when wind power plants shuts downktyjiothers like coal and nuclear plants take
considerable time to adapt.

Energy can be stored in various forms: compressedoatteries flywheel, hydrogen, and
superconducting magnetic energy. Among the mentio@ehnologies batteries are most common.

2. THE STORAGE AND THE GRID

Despite the novel network designs of the electrgradl, its power delivery infrastructures
become aged. Figure 1 a) show the basic networraha where the energy flows directly from
producers to consumers.

As the technology progresses, the electric utdiggks to take advantage of novel approaches
to meet growing energy demand [2]. Utilities arelenpressure to evolve their classic topologies to
accommodate distributed generation. As generatemoines more common from rooftop solar and
wind generators, the differences between distiiouand transmission grids will continue to blur.
Figure 1 b) show a schematic of a such distribat@ork.
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Fig 1.a) — Standard grid topology Fig. 1 b) — Enhanced grid topology
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At present the electrical grid is expected to egdivo the smart grid. This grid uses two-way
flows of electricity and information to create anamated and distributed advanced energy delivery
network [2], Fig.1 c).
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| | i

Starane

Fig.1 c) — Future grid topology

A smart grid would allow the utilities to control parts of ttsystem in real time and the
customers to obtain cheaper, greener and highditygpawer.

3. BIG BATTERY STORAGE SYSTEMS

3.1. Frequency Regulation / Peak energy shaving hErgy Storage for big solar or wind
farm

Power balancing in the high or medium voltage grmomes problematic due to the
increasing impact of renewable energy in the exgstiower grid, thus the frequency is sometimes not
stable enough, therefore a portion of ,backup eyfeggrequested.

Research and development departments of major maetowérs developed systems for
.energy backup”. There are some projects implemgrguch systems into the existing grid in order to
stabilize the frequency. Energy can be storedhbatteries and when needed, can be given back to the
grid. The main technologies involved are lead-aeid Li-lon batteries.

In Fig. 2 there is a schematic of the standardesysind in Fig. 3 there is a schematic of a
redundant system.

In the redundant system each battery bank haswts directional inverter. In case one
inverter fails the entire system is not compromjssazmpared to the standard system. The redundant
system is also equipped with a diesel generatarlmskup power source.

82



@ I Consumers

Transformer

{ Batteries

Fig. 2— Standard battery storage system used for frequegulation or peak energy shaving

DC

( Batteries

— Consumers

Transformer

Batteries

(7]
2
S
()
=
=
©
(aa]

Fig. 3— High redundant battery storage system useddéquency regulation or peak energy shaving

83



3.2. The next step in grid development — Smart Opator

Nowadays the energy flow is bidirectional. More amdre households become also producers.
The growing proportion of distributed generatioanfr renewable sources requires a renovation and
expansion of existing networks. The grid must lexifile in order to remain stable because the
renewable energy is not continuous and cannot éaigied with high accuracy. For better integration
of renewable energies in the intelligent networkusons the concept of "smart operator® was
introduced. A “smart operator” is a black box tlatects the current condition of the network and
optimizes automatically the energy flow. It comnuaies with the grid controller and with the
consumer. The consumer’s’ "smart appliances” amrotbed by the “smart operator” in order to
prioritize the use of electricity from renewableusmes. Figure 4 presents a basic diagram of such a
concept.

Smart

=
Controller operator

DC |
_— <= >
@ Consumers
Transformer

[ Batteries

Fig. 4 — Smart operator

4. CONCLUSIONS

The rapid growth in renewable energy is accelegatire efforts to develop a new electricity
system. With high levels of penetration, renewabhergy increases the need for resources that
contribute to system flexibility such as energyrate, which can help ensure system stability by
matching supply and demand of electricity. Enertgyagge can be deployed throughout electricity
networks in order to facilitate the use of renewadrergy, while producing numerous other benefits,
such as a better load management and increased jpoakty. The future development of energy
networks must also implement bidirectional commatian between consumer and the distributed
producers.
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SUMMARY

The paper presents aspects related to technologichlalso occupational safety and health
(OSH) risk assessment, using an evaluation of cuesees in conjunction with the assessment of the
possibility for the risk occurrence, in the refugted substations belonging to ST Sibiu.

After the introduction in the first part, the paperesents in the second part the aspects,
according with the geographical location of the powransformation substations belonging to the
Transelectrica Sibiu Subsidiary and their rankim¢ghie National Power Grid.

Technological risk assessment is presented in thénd of the paper, emphasizing the risk
exposures in the refurbished substation Brasovthadon-retrofitted substation Déarste. As a case
study the paper analyzes the technological rislogxge in Darste power substation, considering the
prospect of its refurbishment and the implementatibmobile team strategy.

Considering that all power substations belongingi1oSibiu are going to be refurbished, in
the fourth part of the paper presents the occupalisafety and health risk assessment aspects, in
conjunction with dedicated studies.

The final part of the paper contains the conclusiointhe authors on the addressed issues.

KEYWORDS
Technological risk, occupational safety and heaithk, power substations, refurbishment,
transmission grid.

INTRODUCTION

Sibiu Subsidiary (ST Sibiu) is one of the eightsdtaries of Transelectrica SA, and ensures
the operation and maintenance of facilities for powansmission consisting in eight power power
substations and 987 km overhead lines (OHL) atltage level of 220kV and 400kV. As a special
characteristic, over 50% of the total length of R2@nd 400kV overhead lines managed by ST Sibiu
are located in mountainous areas with difficultess; operating in difficult weather conditions, and
having high requirements in terms of operation mmaihtenance. These OHL are used to evacuate the
power produced in large power plants: hydroelegbaever plant Lotru, and thermoelectric power
plants Mintia and lernut.

Inside CNTEE Transelectrica SA, risk managemerdlugting the technological aspects, is
conducted based on a specific operational proceauhizh establishes a general framework of risk
identification, analysis and management at the @mstructure levels. This provides the employees
and management with tools that facilitate speaifék management activities in a controlled and
efficient way that helps fulfilling predeterminedags. In order to prevent the occurrence of risie a
to reduce the impact and probability of their ocence Transelectrica SA established and
implemented the necessary actions, measures ahwlcools [1].

Bvalentin.zaharescu@transelectrica.ro
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Since Transelectrica was founded in 2000, 5 ofgtipewer substations managed by ST Sibiu
have gone through a process of refurbishment asd hhve been the object of a reduction of
operational staff. Through SCADA, the informatiomecessary for the remote control and for
operational supervision of the power transmissioa gre directed inclusively to the center of reenot
control, surveillance and intervention (CTSI) lamhin Sibiu South Power substation. CTSI has the
permanent staff needed for the surveillance, coattin and performing the maneuvers.

CNTEE Transelectrica SA established a perspectae for the transmission grid (RET) for
2012-2021 and a RET development plan for 2014-268ng a rapid pace for refurbishing the
installations. Exposure to risk, seen as a comiosindietween probability and impact represents the
consequences related to the established objecTirasselectrica has to address, in the case of risk
occurrence. In this context, this paper presemisdas of risk assessment within the context of powe
substations refurbishment, reaching aspects ofatiper strategy of refurbished power substations
with no operational staff on site.

Law for Occupational Safety and Health no. 319/2866 Romanian Standards SR EN 12100-
1/2004 contain the principles of risk assessmettietvorkplace. According to their, the employes ha
obligation to achieve and to be in possession rdkaevaluation to the occupational safety andtheal
including for those sensitive risk groups. Alse #mployer has to decide over the protective meadar
be taken and, where appropriate, over the proteetiuipment which mandatory to be used.

THE IMPORTANCE OF ST SIBIU POWER SUBSTATIONS IN THE NATIONAL
POWER GRID

ST Sibiu manages through three operational centeE Brasov, Mures and Sibiu, the
following eight power substations, geographicaityated in five counties, see figure 1:

Power Substation 220/110/20 kV Alba lulia— non rbfshed;

Power Substation 400/110 kV Bow — refurbished;

Power Substation 400/110 kV Darste — non-refurldshe

Power Substation 220/110/20 kV Fantanele — redidi;

Power Substation 220/110/20 kV Gheorgheni — restead;

Power Substation 400/220/110/6 kV lernut — refurbis

Power Substation 400/220/110/20 kV Sibiu Sud —rteéhed,;

Power Substation 220/110/20 kV Ungheni — non-re$indd.
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Figure 1.The importance of ST Sibiu power substation inXlaéional Power Grid
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In 2008, Transelectrica signed a contract with IFisé Electricity Board Supply International,
to elaborate a feasibility study on "The organmatiand operation of remote control system
installations in the Power Transmission Grid". Tkisidy also analyzed the strategies related to
waiving operational staff from refurbished powebstations and setting up mobile teams to service
them. In this context the incident response timeegach power substation has been established in
conjunction with the [3].

According to the Statute for preventive maintenameeequipment and installation from RET,
Annex 2c mentions the importance of the substdtieionging to ST Sibiu, as presented in Figure 1
[2]. It is noted that from the eight power substa$, five have maximum importance degree '0', two
have high importance degree '1' and only one haumeimportance degree '2'. The maximum level
of importance requires according to the study §)],0 minutes incident response time. The only way
to achieve this is through the existence of fivebiteoteams based in the Sibiu Sud, Brasov, lernut,
Alba lulia and Ungheni substations.

THE TECHNOLOGICAL RISK ASSESSMENT
The technological risk assessment as the evaluatiothe impact of the risk occurrence
combined with the evaluation of the likelihood @icarrence was performed in comparison between a
refurbished power substation and a non-refurbisimedd The probability of risk occurrence means the
possibility or eventuality for a risk to occur atite impact represents the consequences, and the
results on the objectives, if the risk would occline combination between the two estimations on a
bi-dimensional scale, the risk matrix, ExposureProbability x Impact are the indicator used to
establish the attitudes towards each problem ifletitas a risk, on a scale with 3 steps (low, mediu
and high), the chances of occurrence for the itledtproblems, and the extent of the consequences.
The Technological risk factors identified are:
. Malfunction / disturbance / unavailability of @2/ and 400kV OHL;
. Malfunction / disturbance / unavailability oftmtation’s primary switchgear;
. Malfunction / disturbance / unavailability o&trsformer units and / or compensation colls;
. Malfunction / disturbance / unavailability ofgpection and automation systems;
. Malfunction / disturbance / unavailability oletkommand-control-monitoring systems;
. Malfunction / disturbance / unavailability otémnal service facilities ac or dc;
. Malfunction / disturbance / unavailability oktprevention and fire extinction facilities;
Malfunction / disturbance / unavailability of mmunications, telecommunications and
telemetry systems.

ONOOUTAWN R

We will present a case study for CE Brasov, witBih Sibiu, consisting in the refurbished
Brasov power substation, having the maximum priorityeleand non-refurbished Darste power
substation, with a high level of priority. Consithgy that the power Darste power substation will be
refurbished and a mobile team based in Brasov psulestation already exists, this team will service
both power substations [5].

3.1. Refurbished 400/110/6kV Brsov power substation

In the process of refurbishing the ST Sibiu sulmtat in order to reach the objective
"Ensuring safety in operation for the managed iizedl in compliance with the conditions set by the
RET Technical Code " risks and the circumstancasaif occurrence were identified and taking into
account including the strategy involving mobilentsaexistence.

The technological risk assessment for g8xa power substation, according to Figure 2
emphasizes that most of the circumstances werdifieenas risk factor F3. "Damage / failure /
unavailability of transformer units and/or compdimacoils”.

87



Inherent Risk

BS ER
: probability | impact| exposure
i SxR
: The inherent risk has a
| low probability and a high
I impact
N F1 ) F2 N F3 N F4 N F5 N F6 N F7 - F8 -

Figure 2. Technological risk exposure in Brasov power stutlmsia
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Figure 2 reveals the low level (S-green) of riskurcence probability, if the risk is treated by
refurbishing the equipment (equipment with highataility), the probability of risk occurrence is
maintained at a low level (S-green).

The power substation is refurbished and remoterctbet from CTSI and there is always a
staff member present in the power substation asihfa member present at the CTSI but the mobile
team strategy is not currently implemented. Schetinhaneuvers require a two persons team due to
the fact that staff presence is necessary in theriex power substation because information from
SCADA do not provide sufficient confirmation (viduand acoustic) and handling primary switching
equipment without verification on the spot can léaéxtensive damage [4].

We emphasize that events occurred in remote ctéedrglower substations leading to the
impossibility of remote maneuvers and in the abseasfcoperative staff in the power substation, this
would have turned into major damage. Also, has besited that without the presence of the staff
that operates the facilities the data and inforamatieeded to assess the equipment status, woutd hav
been insufficient.

We consider necessary to have a member of the topestaff, eventually the person who
ensures the reception of works, a person trainddaathorized to perform at any times shift services
Also, besides the presence of operative staffenpibwer substation, it is necessary to have operati
staff at the CTSI in order to conduct maneuversautdinate the power substation staff [5].

3.2. Non-refurbished 400/110/6kV Déarste power suletion

The technological risk assessment for Darste pewbstation identified a high probability for
7 risk factors F2 + F8, "Equipment exceeding thearmal lifespan kept in service, without the
investments necessary to replace them". Figureaéiost of the circumstances were identified as
risk factor F3 "Damage/failure/unavailability oatrsformer units and/or compensation coilBhe
inherent risk has a medium probability and highactp

Figure 3 also reveals the high level (R-red) ofk risccurrence probability, consisting
principally on “equipment with low reliability” theisk needs to be treated by refurbishing the
equipment (equipment with high reliability), andstlwill reduce the risk level by reducing at a low
level (S-green), the probability of risk occurrence
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Figure 3. Technological risk exposure in Darste power stirst without the mobile team

In the evaluation the residual risks were analyiredontext of refurbishment, and for the
majority of them the risk occurrence probabilitysheen reduced from a medium level (M-yellow)
to the low one (S-green). However there are cir¢cantes in which risk occurrence probability
remains medium (M-yellow) even in the F5. These bancaused by other circumstances, an

example being" the loss of SCADA remote controllfies" [5].
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Figure 4. Technological risk exposure in Darste power sulustavith the mobile team

THE OCCUPATIONAL SAFETY AND HEALTH RISK ASSESSMENT

4.1. The methodology for risk assesment

The evaluation method follow the evaluation prirdgprelated to 7 article from 319/2016 law,
according to which regulations, the risk assessrresatives identifying all risk factors of accidents
and professional diseases and determine the léwidko based on the combination of severity and
probability of maximum foreseeable consequence.

Workplace was assessed as a complex system, sedictun the following elements that
interact: the means of production, work environmevrdrk task, operator. The evaluation starts from
identifying of risk factors for each element of theork system, specifically for the assessed
workplace, level of risk on workplace after deterng the partial risk levels are set for each risk
factor individually.

1. A work accident can be caused due to seveitafaigors involved in the causal chain. The
evaluation takes into account the risk factor whecthe last link in the causal chain.
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2. Assignment to grades of severity is based onicakdriteria for assessing incapacity for
work, issued by the Ministry of Health and Ministf/Labor, Social Solidarity and Family.

Table I. Grades of severity and probability classification

GRAVITY PROBABILITY
Severity , . .| Probability | Accident
Consecuancies Severity of consecuancies
class Class frequency
1 NEGLIGIBLE Incapacity predictable forl once on 10 years
calendar three days

2 SMALL Work incapacity 3-45 days 2 ;2;; on 5 - 10

3 MEDIUM Work incapacity 45-180 days 3 once on 2 years

4 BIG INV. Il deg. 4 once on 1l — 2 years

5 GRAVE INV. Il deg. 5 once on 1 year -
once on 1 month

6 VERY GRAVE | INV. | deg. 6 under —once of
month

7 MAXIMUM DECEASE

3. Classification the probability classes had asra® CEN 812/1985, currently being
established following ranges:

- The probability that it can produce an undesieednt (accident at work or occupational
disease);

- The seriousness of its consequences, namely xpecked and probable of maximum
severity.

Risk = Probability x Severity

4. Evaluation form of employment place is the doentnsummarizing all of the assessment
and includes:

- Identification of the workplace;

- ldentification of assessors;

- Nomination of the identified risk factors and geating concrete form of manifestation
thereof;

- Maximum foreseeable consequence for each righifaedividually;

- Class of severity and probability for each riaktbr individually;

- Partial risk level, based on the combinationedfesity and probability of each risk factor;

- Risk level job as a weighted average of parigl tevels; for weighting is used the rank the
risk factor which is equal to the level of risk.

The overall risk level of the system is calculadsca weighted average of estimated risk levels
for each job or each activity; for weighting is dde rank job or activity that is equal in valueth®
risk level of workplace (activities).

Given studies [6, 7] for evaluation of the levelrisk of injury and occupational disease were
obtained for ST Sibiu substations before and aé&ofitting, the risk levels represented in figlre
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The overall risk level before refurbishme ™

is 3.23 anf after refurbishment is 2.92, decrea: ©  now rerurBisHED / REFURRISHED SUBSTA
by 10%, like in figure 6. _ _ o o
Figure 6. OSH risk level for Sibiu subsidiary

4.2. Refurbished 220/110/20kV Gheorgheni power sutagion
The overall risk level calculated for this workpéafor operational personnel is 2.78, risk level low
to very small, well below their acceptable levetigk (3.5), like in figure 7[7].

i ] ! : L. =
F1 R FS F7 R F1I1 F132 F8 FIT F8 F2Y F23 F25 FIT F29 P FA3 P8 P77 P

risk factor
Figure 7. OSH risk exposure in Gheorgheni power substation
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The result is supported by "Assessment forms", Wwincobserved risk level, included all 40
risk factors, namely:

10,00% 250%

-1 risk factor of level 4: 2,5%
-26 risk factors of level 3: 65,0%
-9 risk factor of level 2: 22,5%
-4 risk factor of level 1: 10,0%,
like in figure 8. [7]

Figure 8. OSH risk factor according with the ldve
From “Assessment forms" is obtain the risk factonsgeneric components of work system,
namely:
. - . 3% ;
-16 risk factors specific for means of productiol” 40%
40%
-6 risk factors specific for work environment 15%
-4 risk factors specific for work task 10%
-14 risk factors specific for operators 35%

10%

LT 15%
like in figure 9. [7] Figure 9. OSH risk factor according with the components
of work system

From “Assessment forms" is obtain the risk factolespending on the severity of the

consequences, namely:

-26 risk factors of level have maximal possible
consequences "DEATH" 65%

- 10 risk factors of level have maximal possible
consequences “ Work incapacity 3-45 days ” 25%
- 4 risk factors of level have maximal possible
consequences “NEGLIGIBLE” 10% like in

figure 10. [7] Figure 10.OSH risk factor according with the severity of
the consequences

CONCLUSIONS

Technological risk management is a process thailveg the entire company staff and is
managed by the company administration. Risks they affect the company and the activities are
being identified and assessed. The identified rigksst be controlled and maintained within
acceptable limits by monitoring them, reviewing rth@nd reporting them continuous in order to
achieve the company objectives.

As a result of the refurbishment of 62.5% of tr@nsfation substations within CNTEE
Transelectrica SA, ST Sibiu, exposure to technalalgiisk has decreased, confirming the necessity
and effectiveness of an accelerated pace of reshirii . In our evaluation the residual risks deseea
in the context of refurbishing together with thduetion of the risk occurrence probability for most
the risks from the medium voltage level to the hmitage level. However there are circumstances, in
which the risk occurrence probability is still atreedium level, even considering the implementation
of mobile team strategy.

The importance each power substation has in NdtiBoaver Grid determines the way to
allocate operative staff is allocated in a refunbid substation. Within the ST Sibiu 62.5% of the
substations have the highest level of priority, #rd requires the presence of permanent statfien t
substation. Considering the analyzed scenariosrirefeto the implementation of mobile teams for
interventions in the substations within ST Sibiand-term perspective requires a reassessment in
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terms of the implications of human and materialoueses after the refurbishment of the three
substations and reevaluation of the priority lenfehose substations within National Power Grid.

Detailed analysis of the four components of theknsystem: the means of production, the
tasks of work, the operator and the work environtmesich conclude the non-expression of OSH
(occupational safety and health) risk factors. Thidue both professionalism of operators and those
who manage the business, of covering content dfstagork, experience gained in tackling all
problems.
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SUMMARY

Transposition of phase conductors of overhead ingsson lines in order to reduce
asymmetries produced to the sets of three-phasages and currents in normal operating regimes,
usually applies to lines with lengths greater thiam values imposed by regulations. The solution is
relatively rare in electrical transmission networkisie to relatively small lengths of power lines,
which is why transposed lines remain sources oklamce mismatch. These asymmetries sometimes
have consequences that can seem paradoxical, aneiaf is shown in this article. It is the effedt o
active power transfer between the phases of a fhinase lines, produced due to the inductive and
capacitive coupling between them, present in tleetet fields respectively the magnetic fields
formed around the three phase conductors. If thegplings, which are associated, by modeling, with
inductive mutual impedances, respectively capaitmpedances, are asymmetrical, active power
transfer between phases also become unbalancedtingsadditional active power flow on phase
conductors, but with different values and sensbss @rticle highlights the effect of the asymmettic
capacitive coupling between the phases of powessinéssion lines, considering for this the no load
stationary operating conditions. Being an unbaldnegime, it was studied by power flow calculation
using phase amounts. In this regard it was firderd@ined the equivalent primitive impedances
matrices, applying the modified Carson's equati@s.using the method of Kron's reduction, the
equivalent primitive matrices impedances were theduced to the equivalent impedance phase
matrices. In order to minimize modeling errors, time is represented by a chain of six octopoles,
which correspond to sections of equal length. Nucaéranalysis of stationary no load operating
conditions, demonstrates that on two of the phéisesoverhead line takes active power from the
network, that delivers back to the network on thiedtphase. On the whole three phases the sum of
the active powers at the beginning of the line ltssof a value much smaller than the phase active
power being actually consumed power (absorbedjesponding to line losses, determined by the no
load currents flow. This can be only positive (aeamgd). In practice they were encountered situations
where, in such a regime, the measurement systemilétsat the beginning of the line indicates that
the line generates (produces debit) active poweerfg). For such a phenomenon that it is not
possible, the indication was attributed to the roemment system errors. But the error is not
indicating of a negative active power, when it @sipive, but a negative indication of the amount of
active power redistributed by the line between thetwork phases, value determined by the
asymmetry of the measurement errors of the elensiisled on different phases.

Yadrian.pana@upt.ro
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1. INTRODUCTION

Load unbalances and / or power system elementyagot impedances asymmetry resulting
from their structural asymmetries, causes voltagglances in consuming buses of the networks.

The most important f equivalent phase impedancgsrastries are produced by overhead lines,
being as greater as the lengths of the lines gteehiPhase transposition of these lines is pegdramly
if the values of their length exceed the limit bktlned by norms. This operation reduces the unbalm
steady-state operating conditions but not the igatsor nonsinusoidal steady-state.

Most high voltage overhead power lines are nobsg las to require phase’s transposition, so
that for normal operating regimes, they remain irtggt sources of unbalance. For numerical
determination of the effect of unbalance impedascecessary to use a modeling phase.

2. THREE-PHASE MODELLING OF ELECTRICAL OVERHEAD LIN ES

Three-phase modelling of overhead transmissiors lisebased on the determination of the
phase series impedance matrix, respectively pHase sadmittances matrix. The unbalanced power-
flow results accuracy depends on the impedance aamdittance phase power flow calculation
accuracy [1-3]. The correct establishing of theresgpions for the series or shunt, self or mutual,
equivalent parameters is difficult because eacldegactor lies in both its electric and magnetic feeld
and electric and magnetic fields of the other camahs, the full set of conductors being close ® th
ground, whose potential is zero.

The mathematical model used in the case study mexddn this article is based on the
relations of self and mutual primitive impedancedcalation and o respectively self and mutual
admittance calculation established by Carson. Tiwerihe calculation of power flow on a three-phase
unbalanced power line having asymmetric load edentaparameters, primitive impedance and
admittance are transformed in phase impedances addittances, by using the Krohn's
transformation method [6]. The entire mathematicatiel is detailed in the appendix.

Because most high-voltage lines have lengths sm#ilen the quarter wavelength of the
electromagnetic wave that propagates along thendelimy them by equivalent nominal electrical
circuit with concentrated parameters is sufficigipilecise. However, to minimize calculation ernors
the presented application, modeling the line waderiay considering six equal sections, which allows
calculation of both the untransposed line and tinesp transposition in two versions, with or without
phases return at the end of the line on the pasitimom its beginning.

3. CASE STUDY
U For the numerical evaluation of the effects of ghas
: impedance and admittances (susceptances) matmnxnastyies on

\ the steady state operating condition of a highag#t overhead
line, a concrete case of an untransposed line o210 kV rated
voltage is considered. The line is a single circhitilt with steel
reinforced concrete towers, having triangular ph@sangement.
The energized conductors are ACSR type, with 4501
section and the steel protective conductor is bednthving 95
mm? cross section (Fig.1). The line has a total lergftii20 km
and for calculating the normal operation conditioagquivalent
three-phase circuit was used, realized as a chiaix @quivalent
octopoles, corresponding to three equal length satgrmodeled
with concentrated parameters (Fig. 2). In ordecatculate the
geometric characteristics and the phase impedameasix,
respectively the phase admittances matrix, Math@#B used.

Using for the used amounts the same notation ahen
mathematical model presented above, results theniolg values,
in international system of measurement units:

2500

24000

'+6

Fig. 1. Tower of the overhead line
studied.
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2330416 13466632 2330416 27.11827 27.11827 (12777283 1622545 7.02253
pp = | 1263057 2330416 13466632 1758124 304227 | km/yF Pape = | 1622345 1266683 1622545 | km/uF
304227 2701827 1758124 157.57325 2632782 | 702253 1622545 127.77283)

| 17.58124  27.11827 304227 2632782 137.57323)

." = 7 —
Ir' 0.00797  —0.00098 _0_00031"\ 1 2.30531x 10 < =308 = 10 08461 = 10 S'

Cabe :=pabc_1= —0.00098 0.00815 —0.00098 | pF/m
| —0.00031 —0.00098 0.00797 )

—7 = — 7
Yabe = | —3.08i% 107 25%i% 1070 —308i% 107 | HSkm
| T B R
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For each section of the line, the values of thavedgnts concentrated parameters are equal to
one sixth of nomminale values to be determinecheyeiquations:

[Zavc] = L Zand + [Yand = L Eﬁ_yabc:| (20)
[labC]l [labc ]5 [labc :|6 [labc:|7
—1 ----—1 1
] E[Zabcj T g[labc] gl:Zabc:I
Vared ¢ ]| |[Zanc]; )| anely [l | | Koy

T T -

Fig. 2. Three-phase equivalent circuit of the studied, lot#ained by concatenation of six identical octepo

For the considered no load operating condition ah de first highlighted the effect of
equivalent capacities (admittances) unbalance.th®rcalculation of currents and voltages in the
sevent nodes (sections) that delimitates the gjresats, voltages and currents in the node (the
end of the line, Fig. 4) have been assumed to lmvkn The equations (19) and (6) were then
successively applied, making the calculation bykieaed power flow calculation:

[Lascls *[Lavd* S and Wapc],,  M=7-1 (21)

1
\iabc]m_l = |:\_/ abc] m + g[zabc] [FJ abc] m-1 m=7.1 (22)

At the beginning node of the line especially ingtirey are the active and reactive powers per
phase and on the three-phase on whole, for whoselaigon the known equations are applied:

S1=Man =R+ jQ i=ab,c (23)
R= Re(\_/il D_il) » Qi = Im(\—/il D_il) i=abc (24)
The main obtained results are presented below.
(128172 1281113 [127.989" [127.807 [127.564Y (127261 [126.8977
Vabey = | 128172 | KV Vabeg = | 128.115 [KV Vabes =| 128 [V Vabey = | 127820 |kV Vabey = | 1276 | KV Vabey = | 127315 |V Vabey = | 126972 | &V
l 128172 | 128.113) | 127995 ) | 127.818 ) | 127.582) | 127288 ) 1126935 )
[0 (6054 (139043 (20848 {27781 (34.702)
Iabey= | 0 [ A Iabeg = | 733 | A Tabes = | 14696 | A Iabey =| 22036 | A Iabcy =| 29366 | A Iabey = | 36682 [ A
Lo/ \ 6054 ) | 13.004 ) | 20848 \ 27782 ) | 34704
[41.606)
Isbcy = | 43983 [ A
| 4161 )
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The rms values of the voltages increase towaretiaeof the line, which was expected due to
the no load operating condition, characterized byrantti effect. Currents on the phase conductors
have pronounced capacitive character, and theivahges increase towards the beginning of the line
which was also expected.

The study was done in order to evaluate the effettphase impedances and admitances
asymmetry on the power flow in steady state opegatbnditions. It can be seen that in terms of rms
values of voltages and currents, the unbalanceinermThe asymmetry of the currents phase shift
related to the corresponding voltages is howeverenpponounced and is reflected in pronounced
unbalance of active powers on the three phasdgdirte. For the beginning of the line results:

Pabe; = Ref"vabcll-labcll 1077 =-3471721 KW Qabey = Im/ \'abcll-labclu- 10~ =-5268288  KVAr
)/

Pabc, = Re[Vabe; -Tabc, |10~ = 3833 kW Qabey =1Im/ Vabey -labcy |-107 ~ = -3384574  kVAr
27 VT 2Ty PR O R )

Pabc, = Re[Vabey -Iabc, |10~ = 339427 kW Qabey =1Im/ Vabey -Iabe; |-107 ~ = -3269.464  kVAr
37U 3 ) R N )

Pabnzl1 + Pabnzl1 + Pabcy_ = 17.639 EW Qabcll + Q:{‘t:m:l1 + Qabey = -16122.323 kVAr

F a3 & 2

Reactive power unbalance does not seem unusualthlatitof the active powers seem
downright strange. Thus, it appears that on thesgdia(2) and c(3) the active powers are positive
(incoming, taken by the line from the network) aod the phasa(1) the active power is negative
(outgoing, delivered by the line to the networl)his effect is the consequence of the phase mutual
inductance unbalance and especially mutual caphettyeen the phase conductors (mutual capacitive
susceptances). It's a confirmation of a known #axording to which a three-phase load consisting of
only capacitors of different values of capacities delta connection, leads to active power
redistribution between the network phases. Thuswanof the phases this receiver receives (takes)
active power from the network, which it deliversckdo the network on the third phase [7], without
affecting the active power balance on the thres@han whole.

In the case of the studied line, the active powene beginning of the line on the three-phases
on whole has a value much smaller than on the gh@e Py, * R, + R, =17,639 kw). This power

has the physically sense of a consumed power flmser) and corresponds to the sum of Joule-Lenz
losses produced on the energized conductors dindneperating in no load conditions.

In practice, it can happen that the measuring systetalled in the substation at the beginning
of the line, although very accurate in other opegatconditions may indicate a negative power
(energy) in no load operating conditions. This does mean that the line generates active power
(energy), but the sum of the powers (energieskteduted between network phases is negative, due
to the asymmetry of the measurement errors of yees components installed on different phases.
Of these elements, the most likely are the curtearisformers, known that at low values of the
currents have large measurement errors for botharmdsngle.

The problem disappears if the conductors are tesesh The values of active and reactive
powers at the beginning of the line for the twoesasf transposition (with or without come back) are
shown below.

Pabc, = Re Vabc, -Iabe -1IJ'_3 =351 W Qabe, = Im Vabe; -Tabe, |-107 ~ = —3373.520 kVAr
LU L) S T U T )

Pabc, = Re[Vabe, Tabc, |-107° =772 kW  Qabe; =ImVabey Tabey |10 ° = -5373.833 KVAr
R U R ) 27 L 2 )

Pabe, = Re[Vabe, Tabe, |-107 = 4361 KW  Qabcy = ImVabey Tabcy |10 ° = -3374.136 KVAr
370 T T ) 37 s )

Pabey +Pabey + Pabe; = 17593 kW Qabe; +Qabey + Qaber, = -16121498 KVAr
< 3 F 2
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Pabc, = Re| Vabe, labc, |10 ~ =2.167 ¥W Qabc, = Im{ Vabey -Tabey |-107° = —5373478 KVAr
1 | Vabey labey 1  Vabey -labey
I N Y. I U TS,

Pabc; = Re/Vabe, labey |10~ =8088 KW  Qabe, o= Im/Vabe, -labc, |10~ = —5373.533 KkVAr
27T 2 ) 27 U 2 )

Pabc; = Re/Vabc, -labc; |-107° = 7347 kW  Qabe, = Im{ Vabe, -labc; |-107° = —5374552 kVAr
3 \ 3 3) 3 \ 3 3/

Pabcll + Pabey + Pabey = 17.601 EW Qabcll + Qabey_ + Qabey = -16121.563 EVAr
F- 2 F- 2

4. CONCLUSIONS

In order to evaluate the effects of equivalent phmspedances asymmetry and equivalent
phase admitances of an overhead transmissionitsneore accurate three-phase modeling is needed.
In the case study analyzed in this paper is nurakyiadlemonstrated, by using a mathematical
modeling widely accepted, that an overhead linetrastsposed operating in no load condition causes
a pronounced unbalance in active power on phagescapacitive susceptances asymmetry between
the line phases leads to a redistribution of povietsveen the phases of network. On two of the
phases the line receives active power from the odtwwhich delivers back to the network. Such
unbalance should not change the power balanceeotintee phases on whole, but in such a situation if
in the metering system of powers (energies) therani asymmetry of measurement errors of the
elements installed on different phases, the unahaifect of metering the active power delivered by
the line operating in no load conditions may occCllie elements the most likely to produce these
measurement errors are the current transformerairkrio have large measurement errors, for both
rms values and phase in the case of low and verclorents compared with their rated current.

APPENDIX

The modified Carson relations applied to an overhea electrical line. The Krohn's
reduction method.

A. Primitive impedance matrix and phase impedancatnx for overhead lines

The calculation of self and mutual primitive impadas for an overhead line having any
number of conductors is done taking into accouat #ach conductor is placed in its own variable
magnetic field and in the variable magnetic fiaddishe other conductors. The Carson's equations are
often used in practice [1-4], [6]. These were déeddased on a technique based on the conductor
images, using the simplifying assumptions that gheund is a solid uniform, infinite size, with a
uniform surface perfectly flat on the outside arttbge electrical resistivity is constant. Also timel e
effect which is introduced by grounding the neutahductor is reduced for the frequencies that are
found in the network and can therefore be neglecsemne additional mathematical simplifications
led to modified Carson's equations, which provedteosufficiently accurate and is therefore widely
used in the modeling of both the overhead and gndend lines [4], [6].

The modified Carson's equations for self and mufprahitive impedance calculation for
overhead lines are:
1. p

1
E +k +§|n—fj 1)

zP =+ K Of + j[ksz(InG

P =k Of + jk, Of| In—— + ke+=In2
2P =K 0t+ ik, [nD” o znf] @)

where z is the self-impedance of conducian ohm/mile,_ziJP - mutual impedance between

conductors andj in ohm/mile,r; - resistance of conductoin ohm/mile, f - frequency in hertzD;
- distance between conducioand conducton in feet, GMR - geometric mean radius of conducitor

in feet, o - resistivity of earth in ohfth, k, k,, k; - constants, having the valugg:=1.58836110°,
k, =2.0223701C°, ks = 7.678E.
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In Fig. Al is presented a section of unit of lengtha three phase overhead line, with three
phase conductors (denotadb, c)and two groundedyf neutral conductorsi( si n,). Self and mutual
primitive impedances are presented on the figure.

Applying Kirchhoff's voltage law for the circuit iRig.1, one can write the equation matrix (3):

- - = p ,p _p zP ZP
Zagw K'ag Zaa Zab Zgc,“an; Zany | 1 I
|4 v, 2P P gPazh oz ;a
Y bg Y bg Zba Zbb Zbc, =bn; =bn, 1y
_ ! 1 p P . I
ch B ch * zfa sz zfc : ch] zc’lz ]_C (3)
|4 V' TP TP TplpT T Ip T L
S| T | Zna b ZnetZngny gy | | [
' 1 1 1“1 11 12
angj ang P P p'_p p L="2
- - - z z V4 1z z
=nya =nyb =nyc,=nyn; =nyn,

L, Ziq
—ag lb ng }ng \Zé?a K‘ag
Fg L zf, }Zé’c \ ,/ Zan b
e ———— ..o
ch ln] Ztl;m >§(l:7n1 \ /z[l;”/ K'cg
--------------- - —
Vg L, zfj”g >g’1;1"7j£f”7 —:”Ig
Vo e g — Vg

Fig. Al. Section of a three phase overhead line and prienithpedances.

The matrix from equation (3) can be written by panning:

Rt el

thus it can be written the self and mutual pring@timpedance matrix:
2] (2]
Pl=
e ©

For most applications, however, it is necessary phase impedance matrix. Primitive
impedance matrix transformation into a phase impeels matrix can be done by applying Kron's
reduction method [5]. It can be applied when thetrad conductor (or protective conductor) is
connected to ground so that the voltages betweentWlo points are zero at both ends of the
considered section:

[Vng]=0 and[V'ng]=0

Thus, equatin (4) can be reduced to:
[\labc] = [\_/'abc] +[_Zabc] I:[]_I abc] (6)



[1 ] In expression (6) is identified the phase

—abe L impedance matrix that can be determined by an

— [zabc] - expression that uses elements of the primitive
— impedance matrix [5]:

- -1
(zanel = 2] [ 20|42 4] 9
[Zabc:l [Kabc] The phase impedance matrix is a square matrix
of size 3 x 3:
— — Zaa Zap Zac
Fig. A2. Simplified three-phase electrical equivalent [;abc] = | Zba Zob—pc (8)
circuit associated to the phase impedances matrix . | Zca Zob Zec

In the equivalent electrical circuit for
three-phase unit of length of the line (Fig. A2)e tphase impedance matrix allows computing the
voltage drop and hence the network buses voltdyeaspplying (6).

B. Primitive potential coefficient matrix and phasspacitance matrix for overhead lines

In order to determine the phase shunt admittandeixria needed the determination of the
potential of a conductor belonging to an overheael, Wwhich is placed in the own electric field and
the electric fields caused by the other conductBysapplying the method of the images to ground
surface of the electric charges of conductors eflthe, one can determine the expression of the
voltage drop between conductor and ground [6]. &ach conductor, its potential relative to the
ground is influenced by electrical charges of ahductors through the self and mutual potential
coefficients. For a three-phase line with threesph@onductors and two neutral conductors (or ground

conductors), we can write the equation:
B _ P ' P P
Vag péja Pap pclz]c : pa”] p"”z q
p P P ipP  pP “
Vig Pba Pbb Phe! Pon; Pbn, | | gy
- 1P p
I;"g T\ Pha_Per pc)Pen Pen, | 5 ‘ ©)
p p p ' p p n;
ang pn,a pn,b pn,c:pn,n, pn,nz q
L7 n2g] p P PP P "2
_pnza Pub pnzc:pnznl pnznz_

Appropriate partitioning the matrices in equatidp (ve can write in a compacted form:

| L ] @

The primitive potential coefficients matrix is sgeane, size 5 x 5:
oF ][ ]
Pi=
o -

The primitive potential coefficients expressiong aleducted based on the same concept of
Carson, using the conductors’ images [6]:

s

_ Si

P =k Efn—Rq (12)
S.

pf’ = ky = (13)

1]
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where pf is the self potential coefficient, Tn mile/microda, pf- mutual potential
coefficient, in mile/ microfarads; - distance from conducterand its image, in feet5; - distance
from conductori and the image of conductgr in feet, RD, - radius of conductor, in feet, Dj -
distance from conductorto conductoy, in feet,k,= 11.17689 - constant resulting from consideration
of air relative permittivity to the amount of;;, = 1.424 18 F/mile.

The neutral conductor is grounde{&ng] =0 so the primitive potential coefficients matrix can

be reduced, using Kron's reduction method [6]htofghase potential coefficients matrix, by applying
the equation:

[Pasc) =[ 0P |- 2] o] "0 0] (14)

Relaia (9) se poate acum reduce la (15)
[Vabc] :[ pabc] [[]qab(] (15)

Is obtained immediately the phase capacities magrigressed in plF/mile, being the inverse of
the phase potential coefficients matrix:

[Cabc] :[ pabc]_:L (16)
Caa Cab Cac

[Cabc] =] Cba Cbb Chc (17)
Cea Ceb Ccc

According to a widely accepted practice, most
often the shunt conductance of an overhead
transmission line can be neglected, so that foptiese
shunt admittances matrix expressed in pS/mile,lteesu
the equations:

[iabc ] [lﬁ\bc ]

[V ate ] [y } In the electrical equivalent circuit for the unift o
- —abe length of the line, the phase admittance matrix
H:l determines the capacitive currents and their douion

= = to the current values on the phase conductors.

Fig. A3. Simplified three-phase electrical  According to the notations in Fig. A3, we can write
equivalent circuit associated to the phase

admittances matrix
oo =[Uabel *[ Voo [TV are] — (19) [ Vo] =0+ | Bolfcane] (18)
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SUMMARY

The paper tells about disconnecting switch busstearand bus charging currents at the rated
voltages of 220 and 400 kV. CIGRE Study Committ@&ndade an International survey on switching
requirements for Bus-transfer switching of Discartimey Switch, Bus-charging switching of
Disconnecting Switch, Induced current switchingzafthing Switch, at the rated voltages of 72.5-362
kV and Romania participated of it. The survey wamtknow the difference between practice and
standard value for switching requirements.

We will present the switching condition for Romaaiad the conclusion of the CIGRE survey.
Even though DS Bus-charging currents at 420 kV AKseeds the existing standard value in one
country, most of the currents at the rated voltafyjesn 123 kV to 550 kV, especially for GIS
applications, are covered by the standard valubks.tiansmission lines are designed to carry twice
capacity corresponding to the capacity under dowbnleuits condition, when a single circuit is
suspended due to a fault.

Both Electromagnetically (EM) & ElectrostaticalliE$) Induced currents by Earthing switch
(ES) significantly exceeds the standard valuese@ajly for the cases of higher nominal current.
CIGRE will investigate the filed experience whetlseich ES have any reliability problems on the
requirements. [1]

KEYWORDS
Disconnecting Switch, Earthing Switch, Bus chargiugrent

1. BUS-TRANSFER CURRENT SWITCHING BY DISCONNECTING SWICH

For disconnecting switch the capability to havingraaking depending of the magnitude of
the load transferred, the size of the loop betwheriocation of the bus coupling and the discororect
switch to be operated. [1]

When is designed a station is need to know thechimit) requirements for DS used to transfer
load currents from one bus system to another. Athgodisconnectors shall comply with the bus
transfer requirements of IEC 62271 — 102 Annex2B. |

U ioan.hategan@ transelectrica.ro
2 emilia.stoicescu@transelectrica.ro
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Fig.1.1Bus transfer current switching [1]

For Romania the usually bus transfer parametersrequirements for a 220 kV systems is
presented in Table 1.1 and for a 110 kV systempseisented in table 1.2.

Table 1.1:Bus-transfer parameters and requirements 220 kV [1]

Voltage level 220 kV
Design / Country Romania
Busbar arrangement / schem®ouble busbar arrangement
Single line diagram For all CB/DS/ES - same nominal current.(1600 2000A)
* typical or maximum values
of nominal currents through =
the CBs and DSs I
P ¥

Rated voltage 220 kV
Rated current 1600 or 2000 A
Rated frequency 50 Hz
Specified bus-transfer voltage220 kV
Rated voltage of DS 245 kV
Rated current of DS 1600 or 2000 A
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Table 1.2 Bus-transfer parameters and requirements 110QLkV [

Voltage level 110 kV

Design / Country Romania

Busbar arrangement / schem®ouble busbar arrangement

Single line diagram For all CB/DS/ES - same nominal current. (1600 2000A)
* typical or maximum values

of nominal currents through

the CBs and DSs

Rated voltage 110 kv
Rated current 1600 or 2000 A
Rated frequency 50 Hz
Rated voltage of DS 123 kv
Rated current of DS 1600 or 2000 A

2. BUS-CHARGING CURRENT SWITCHING BY DISCONNECTING SWITCH (DS)

It's important to know the current interruption eddity of DS when de-energizing long
busbars or other energized parts, for example $ogth of cables, etc.

For Romania the usually bus charging current anatea@ value for 220 kV and 110 kV
systems is presented in Table 2.1.

Table 2.1Bus-charging current and related value [3]

Voltage level 220 kV 110 kV

Country Romania Romania
Rated voltage(kV) 220 110

Rated current(A) 1600 or 2000 1600 or 2000
Rated frequency(Hz) 50 50
Bus-charging current(A) 1600 or 2000 1600 or 2000

3. INDUCED CURRENT SWITCHING BY EARTHING SWITCH (ES )

In the case of multiple configurations of overhéahsmission lines, current may circulate in
de-energized and earthed lines as a result of it@aand inductive coupling with adjacent energize
lines [1].

ES applied to earth these lines shall thereforedmable of assuring the following service
conditions [1]:

— making and breaking of a capacitive current wkie® earth connection is open at one
termination and ES is performed at the other teatiom;

— making and breaking of an inductive current whienline is earthed at one termination and
ES is performed at the other termination;

— carrying continuously the capacitive and indueiurrents.
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L=K; -1
Vi=Ky o1 1

Fig 3.1Electromagnetic Induction (Inductive current) frarallel lines

L=Ki+Vel
V=K,V

Fig 3.2 Electrostatic Induction (Capacitive current) frparallel lines

For Romania the usually induced current parametedsrequirements for 220 kV and 110 kV
systems is presented in Table 3.1.

Table 3.1Induced current parameters and requirements

Voltage level 220 kV | Tower design
Country ROMANIA

Arrangement Double circuit

Rated voltage 220 kV [ I
Rated current 1600 or 2000 A O re O
Rated frequency 50 Hz * _
Maximum length of double circu|t116 km 0] e '3
line -
Electromagnetically* . O re—iD
Induced current and voltag 80/2000 A/ |-

evaluation \% .
Electrostatically* Ty ¥y

Induced current and voltag 2/6000 A/

evaluation V
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Voltage level 110 kV | Tower design
Country ROMANIA ¥ *
Arrangement Double circuit s0 s
Rated voltage 110 kv iy OO
Rated current 1600 or 2000 A S Siuu
Rated frequency 50 Hz | § e m
Electromagnetically* " J e e
Induced current and voltag 80 /2000 Al =
evaluation % 13-
Electrostatically* c
Induced current and voltag 2/ 6000 Al ¥
evaluation \%

CONCLUSION

Regarding CIGRE international surveys on switchieguirements for Bus-transfer switching
of Disconnecting Switch, Bus-charging switchingdd$connecting Switch, Induced current switching
of Earthing Switch even though DS Bus-charging ents at 420 kV AIS exceeds the existing
standard value in one country, most of the curramtthe rated voltages from 123 kV to 550 kV,
especially for GIS applications, are covered by #t@ndard values. The transmission lines are
designed to carry twice capacity correspondingnéodapacity under double circuits condition, when a
single circuit is suspended due to a fault. [1]

Both Electromagnetically (EM) & ElectrostaticalliE$) Induced currents by Earthing switch
(ES) significantly exceeds the standard valuese@ajly for the cases of higher nominal current.
CIGRE will investigate the filed experience whetlseich ES have any reliability problems on the
requirements. [1]

In Romania the requirements for disconnectors cygrtipg bus transfer requirements of IEC
62271 — 102 Annex B and the earthing switches cprti induced current switching requirements
of IEC 62271-102 Annex C.

If an earth switch is combined with a disconneasera single unit, the rated short — time
withstand current of the earth switch shall beeast equal to that of the disconnector.
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SUMMARY

Assessing the level of competition and transpareimcythe electricity market requires
continuous monitoring and evaluation of the behawfomarket participants. Market surveillance can
prevent the abuse of dominance or market powerctiddy market consists of the regulated market
and the competitive market and energy transactemeswholesale or retail. Opening the electricity
market is achieved by progressively increasingcm@mpetitive market share. The paper presents in a
synthetic manner, components of the competitivekebaior electricity and evolution the main
indicators for assessing the level of competitiartlee balancing and ancillary services markets.

KEYWORDS
Competitive electricity market, market concentmatindices, ancillary services market,
balancing market.

1. INTRODUCTION

Ancillary services are some operational reservewices procured by the Transmission
System Operator (TSO) for keeping a balance betws@pply and demand, stabilizing the
transmission system and maintaining the power gual an economical basis in any competitive
electricity market environment. The term ancillagrvices are used to refer to a variety of opematio
beyond generation and transmission that are refjugemaintain grid stability and security. These
services generally include, frequency control, spig reserves and operating reserves [1], [2], [3].

The electric power system has two unique requirésn@rnich must be continuously and
exactly satisfied in order to maintain overall gyststability and reliability. Energy and capacitg a
the basic products customers really use. But enanglycapacity alone are not sufficient to reliably
operate the power system. A series of ancillaryises are required that provide the system operator
with the resources needed to maintain the instaotas and continuous balance between generation
and load, to manage transmission line flows. Tiseseices are required under normal conditions and
when contingencies happen. Ancillary services plewide the resources needed to restart the power
system if the system operator is unable to mainthé generation/load balance and the system
collapses. Restructuring and the introduction ahpetitive generation markets has required thaethes
services be clearly defined and monetized. Markat® been created for several ancillary services in
order to minimize the cost of maintaining reliatyilj4].

To maintain a stable operating state of the trassiom system, the following actions are
needed: to control the frequency of the systentawtrol the voltage of the system; to control the

Yatanasoae@eed.usv.ro
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stability of the system; to control the load of tinetwork; to restart the system in certain
circumstances.

These system needs could be satisfied using th@nsalg ancillary services (the control of
network load is handled by other means than angifiarvices) [5]:

1. Maintaining frequency: frequency control; spinnireserve; remote automatic generation

control; emergency control actions;

2. Maintaining voltage: voltage control;

3. Maintaining stability: frequency control; spinningserve; emergency control actions;

4. Restarting system: black start capacity.

System frequency is a fundamental indicator of possestem health. It can be observed
everywhere on the power system and provides an diatee indication of the balance between
generation and load.

Control of voltage is tightly connected to reactpewer control. Voltage can be controlled
through voltage control, reactive power controlwpo factor control or by a combination of two of
these, so they are often referred to as voltageiveapower control. The need for reactive power
varies as demand varies and as the sources ofagemevary. As reactive power is not viable to be
transmitted over long distances in transmissiorwog, its production is distributed across the
system, usually closer to the locations where iteeded. Voltage stability is the ability of a powe
system to maintain steady acceptable voltages|atestvork nodes in the system under normal
operating conditions and after being subjecteddsturbance.

The Balancing MarkefBM) covers the differences between notified piithn and forecasted
consumption. Thus, the balance between demand keudrigity production is determined on a
commercial basis, in real time. For imbalancestigipants assume financial responsibility.

The Ancillary Services Mark¢ ASM) operates on types of reserves, secondasy,téatiary
and slow tertiary. Ancillary services market is tmarket where contracts are concluded between
producers qualified to provide every type of aeyl service and the Transmission System Operator
(TSO), aiming at providing the National Power Sgste€NPS), against payment, with production
capacities that can be mobilized at the requesitehational dispatcher, under conditions deterthine
by the technical capabilities of those productioitsi(according to the types of ancillary serviéas
which they were qualified).

2. INDICATORS OF MARKET CONCENTRATION

The competitive level in the electricity market cha assessed by a set of transparent and
relevant indicators:

a) rate of market concentration;

b) the Herfindahl-Hirschman Index (HHI);

c) Pivotal Supplier Index (PSI) or Residual Suppliettdx (RSI)

The market concentration is determined by the nunabeexisting market participants and
their market shares. The rate of market conceontrat reflected in the market share of the largest
market participant (¢ or the sum of the market shares of the firstetparticipants (¢). According
to practices and documents elaborated at the Eandgaion level, values of&an be interpreted as:

- values higher than 20% may be concern for compatiti

- avalue higher than 40% may suggest the existeih@e&lominant position;

- avalue higher than 50% indicates a dominant mateition.

Values G can be interpreted as:

- Cstends to 0%, perfect competition;

- 40%<G<70%, moderately concentrated market;
- 70%<G<100%,excessively concentrated market.
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For each market, the Herfindahl-Hirschman Indexagulated by summing the squares of
participants’ market shares:
2

N
HHI () = _zl[Q 0] (1)
J:

whereQj(i) is the market share of the j participant, initkiene period.

TheHHI is interpreted as:

- HHI tends to 0, perfect competition;

- HHI<1000, unconcentrated market;

- 1000<HHI<1800, moderately concentrated market;

- HHI>1800, high market concentration;

- HHI=10000, monopoly.

The Pivotal Supplier Index at system level is dedirfor each producer/market participant,
with the formula:
) = CARot () - CAR()
J CERERKE )
where:

CAP(i) — total capacity available in the system in hiour

CAR(i) — available power of producer/market participainthouri;

CERERE(i)- total system load in time interval

The RSI is a form of PSI, calculated for the latgesoducer (seller) of each period. To
customize different markets, PSI/RSI can be detegthbased on the quantities offered/sold hourly by
market participants, according to the formula:

N
2 Q) -Qj(i)
r /RSIj(i)zk:lN— 3)
2 Vi (i)
k=1

(2)

where:
Quj(i) — quantity offered by the producer/ participgfito market in hour,
V(i) —quantity soldby the producer/participaktto market in hour.

3. THE EVOLUTION OF THE CONCENTRATION INDEXES ON TH E BALANCING
AND ANCILLARY SERVICES MARKETS

The current structure of the power generation seeftects the successive reorganizations that
took place in recent years and led to a reducederdration on the wholesale electricity market.
Figure 1 shows market shares of producers withatlisiable units according to the delivered energy
in the year 20015.
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Fig. 1. The market shares of producers with dispatchatits in 2015 (source: ANRE)
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The C1 indicator has value of 27.11%, the C3 indichas value of 68.73% and HHI has
value of 1680. These values can be interpretedoasseme for competition respectively correspond
to a moderately concentrated markets. The markettate at generation level it provides against a

baseline on the degree of competition existindnengower market.
On the Balancing Marketis traded balancing power corresponding to thkfiohg types of

control:

e secondary regulation (automatically activated irximaim of 15 minutes);
« fast tertiary (manually activated in maximum ofrbfutes);
» slow tertiary control (start time and load takeowe¥ hours).

Figure 2-9 shows comparative the annual valuesi@icbncentration indicators for the 2009-
2015 period determined on the energy actually dedg by producers on the balancing market for
each type of regulation and direction. The valuethe concentration indicators show a prevailing
participant and an excessive concentration of gharnzing market for all types of regulation.
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Fig. 2. The evolution of the concentration indexes on Beilag Market (Secondary regulation - upward) (pssoeg data
from website: http://www.anre.ro)
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Fig. 3. The evolution of the concentration indexes on Beilag Market (Secondary regulation - downward) ¢essing
data from website: http://www.anre.ro)

Fast tertiary (upward)

Fast tertiary (upward)

7000 High - 100
6000 igh concentration 80 Dominant position
5000 _
= 4000 S, 60
T 3000 =140 B " L
2000 O 0 Worrying position for competitic
1000 Competitive market
0 0

2009 2010 2011 2012 2013 2014 2015

2009 2010 2011 2012 2013 2014 2015

Fig. 4. The evolution of the concentration indexes on Beileg Market (Fast tertiary - upward) (processiatadrom
website: http://www.anre.ro)
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Fig. 5. The evolution of the concentration indexes on Beilag Market (Fast tertiary - downward) (processiaga from
website: http://www.anre.ro)
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Fig. 6. The evolution of the concentration indexes on Beilag Market (Slow tertiary - upward) (processiragadfrom
website: http://www.anre.ro)
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Fig. 7. The evolution of the concentration indexes on Beilag Market (Slow tertiary - downward) (processiaga from
website: http://www.anre.ro)

The Ancillary Services Marketis the market where contracts are concluded betwee
producers qualified to provide every type of aleill service and the Transmission System Operator
(TSO), aiming at providing the National Power Sgste@NPS), against payment, with production
capacities that can be mobilized at the requesiiehational dispatcher, under conditions deterthine
by the technical capabilities of those productimitsi(according to the types of ancillary servibas
which they were qualified); contracts require afigrthe capacities on the balancing market, and the
possible amounts of energy produced/reduced ajedub settlement on the balancing market.

The ancillary services market operates on typesesdérves secondary, fast tertiary and slow
tertiary that the TSO is contracting on regulatedc@mpetitive (based on auctions) from generators
that are qualified for this type of services. Ag toncentration on the ancillary services market is
constantly high (the hydro producer is able to tevmost of these services at a higher qualityg, th
reserve is primarily ensured through regulated remts concluded between producers and the
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Transmission System Operator. In the table 1 isgns the annual concentration indicators for the

Ancillary Services Market in the period 2009-2015.

Table 1. The annual concentration indicators for the AacillServices Market

Year/Component Secondary reserve Fast tertiary Low tertiary
regulation reserve regulation reserve regulation

2009

Regulated component Cl[%] | 62.2 80.2 71.7
C3[%] | 88.7 90.4 100
C1[%] | - - 42.1

Competitive component | C3 [%] | - - 82.7
HHI - - 2869

2010

Regulated component Cl[%] | 71.3 83.0 44.2
C3[%] | 92.5 90.0 90.2
C1[%] | - - -

Competitive component | C3 [%] | - - -
HHI - - -

2011

Regulated component Cl[%] | 56.1 80.2 40.2
C3[%] | 83.5 88.3 84.7
C1[%] | - 77.0 63.4

Competitive component | C3 [%] | - 93.3 96.5
HHI - 6089 4815

2012

Regulated component C1l[%] | 53.0 82.5 46.5
C31[%] | 98.9 93.2 89.3
C1[%] | 93.9 98.4 51.6

Competitive component | C3 [%] | 100 100 88.0
HHI 8858 9679 3500

2013

Regulated component Cl[%] | 52.0 81.0 53.4
C3[%] | 99.0 92.6 100
C1[%] | 98.8 - 40.8

Competitive component | C3 [%] | 100 - 83.3
HHI 9759 - 2772

2014

Regulated component Cl[%] | 76.5 75 51.4
C3[%] | 100 100 100
C1[%] | 88.2 86.3 -

Competitive component | C3 [%] | 97.0 95.7 -
HHI 7822 7497 -

2015

Regulated component | C1[%] | 77.2 63.6 63.9
C3[%] | 100 100 77.3
C1l[%] | 73.5 89.7 74.2

Competitive component | C3 [%] | 94.8 94.0 94.1
HHI 5728 8070 5756

Source: ANRE
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To cover differences between the planned valuepsumption and production respectively
and their values occurring in real time, TSO opegathe balancing market, buy or sell energy in the
order determined prices by offerings of the dispalbde producers. The participants who causes
imbalances pay for energy shortage the price iaguftom the increase in accepted offers on the
balancing market and receive for excess energytice resulting from in accepted offers to drop on
the balancing market.

Figure 8 shows the monthly average prices for ianhee settlement recorded by the balance
responsible parties (surplus price and deficitgrior July 2005 - December 2015, compared to the
market closing price on the day ahead market.
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Fig.8. The monthly average prices on BM (surplus pricg éeficit price) and DAM (source: ANRE)

Guaranteed access to the network is ensured foeldwricity contracted and sold on the
electricity market that is benefiting from the soppsystem for renewable energy sources. Priority
access to the network is ensured for electricitytaxted and sold at regulated price (generated in
power plants with an installed capacity of lessequal 1 MW per plant or in the case of high
efficiency cogeneration from biomass, 2 MW per plan

The transmission system operator and/or distributiperators ensure the transmission,
distribution, as well as priority dispatching oktklectricity generated from renewable sourceslior
renewable energy sources generators, regardlesapaitity, on the basis of transparent and non-
discriminatory criteria, with the possibility of anding the notifications within the business day,
according to the ANRE approved methodology. Thetéition or interruption of electricity production
from renewable energy sources shall be applied iongxceptional cases where this is necessary for
ensuring the stability and security of the NatioRalver System.

Production units using dispatchable renewable ssusre responsible for payment of the
imbalances created.
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The monitoring reports submitted by TSO show tiharé were intervals trading they were
ordered power cuts wind power plants and photoimjiawer plants recorded as dispatchable units to
the balancing market. The reason was always gettirg balance between production and
consumption and framing the balance amount schddule

4. CONCLUSIONS

The values of the concentration indicators showrevgiling participant and an excessive
concentration of the balancing market for all typésegulation.

In order to maintain the level of safety for in thPS operation, in the conditions the
significant increase the number of power plantsnffrenewable sources, the ancillary system services
are achieved both through market mechanisms asaweiirough regulated contracts.

For the ancillary services market is distinguisltiee high concentration level for all three
types of reserves, both on the regulated compoaemton the auction. It is noted that most of the
gquantities purchased for secondary and fast tgnegulation reserves on the competitive component
have been made available by the hydro producer.

There are frequent situations in which to coverdigcit of the system power and achieving a
sufficient reserves of fast tertiary regulationpetak times starts were ordered or keep operating
dispatchable thermal units. These situations hadethe occurrence of intervals dispatching with
excess power or increase thereof. Thereby havdtedsior these hourly intervals both selections
growth as well as the reduction of power, genegatimsts on the balancing market.

Also, it was found that the production of electsfodf the wind power it was poor in relation
with the values notified in most hourly intervalis has resulted a large amount of energy selected
on the balancing market. Thereby, the energy traahetthe balancing market in the year 2015 it had a
market share of 8.25% of the total generation gnerg
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SUMMARY

The advance in the field of augmented reality (ARpws newer approaches to traditional
activities, such as service, maintenance or intdgiwe in various field operations. The idea of this
paper is to present the design for an innovative pAd&form which is currently under development
and is designed to be used in Electrical Poweriddimt Field data from sensors and additional
information stored in QR tags placed on equipmemngstransmitted to a server and from here to the
AR equipments carried by the intervention personhekhis case, real time data can be displayed,
enhancing the perception of team members and prngvatditional info that can help them to fulfill
their mission.

KEYWORDS
Augmented reality, wireless sensors, monitoringfpian.

I. INTRODUCTION

Augmented Reality used for inspection, service mrahtenance of Electrical Power Stations
equipments is an innovative solution that is ndtfgand on the Romanian market. However, certain
services are used for industrial inspection andicerat least internationally, in different indtuigk or
military applications.

Augmented Reality (AR) is a concept that involvage&ment of perception of an observer on
the environment by superimposing in real-time static or dynamic digital content over a particular
subject. The added content can be in the form xif sound, images, video, static or animated 3D
models, etc. Unlike virtual reality, augmented itgadoes not create a simulation of the environment
Instead, using a real object or space and incaotipgréechnology, supplements the context given, in
order to improve the cognitive process of the ubtst often, to access and explore the augmented
reality are used mobile devices such as smart egasgablets, smart phones, document chambers or
PCs equipped with a video camera.

Car manufacturers, such as BMW or Mercedes Benzimraft manufacturers, such as
Rockwell and Boeing, use augmented reality systéomsinspection and service, but not for
commercial purposes, as they are not intendedafef§-[4].

There are other areas offering applicability to raegted reality solutions: tourism,
architecture, archaeology, medicine, military ovigation, but they are partial solutions that engplo
mainly visual information. Developments of produsteh as Vuzix Glass are available for purchase,
both as standard and improved versions, Head-upkis manufactured by Laster Technologies,
Atari, Epson, Microvision etc. All these productsush operate using hardware and software
platforms, the cost of which is not public, beintll sunder development by various research
consortiums and projects.
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The use of AR in critical infrastructure allows teanembers, such fire workers, medical or
rescue personnel to enhance their perceptions @rithie more info about the intervention they
perform. One should consider that most of the tisugh interventions take place in unknown areas
where is harder to perform exercises for trainingppses, due to the complex nature of Electrical
Power Stations.

II. DESCRIPTION OF THE SOLUTION

Such an innovative product aims to develop a telcigyofor distribution of additional visual
information to maintenance or intervention tearhspugh individual AR glasses, allowing members
of the maintenance teams better plant operatiaterfavisualization of hazards in interventions, and
improved response times compared to normal operafioe platform has several features that give it
a character of innovation on the Romanian marleeit, @an be seen in the figure 1.

F 2 Data send to
— field teams
i ,,AJ _ Augmented reality |
f’;‘f’ equipment
dndio s Operational team t
W =
Data acquisition a H
1 [ Data processing

Wireless semsors i /
P"'“‘" in criticul < Augmented reality platform |
infrastructures

Figure 1. General structure of the monitoring platform

The components of the platform are:

* a measurement sub-system, consisting in severastgpwireless sensors for temperature,
mechanical effort, displacement, current, vibradiagic;

e a communication sub-system, allowing bi-directiomethange of data between sensors and
platform and between platform and AR equipments;

» aserver, responsible for data processing opesatiad for database storage of events;

* AR equipments, such as: VUZIX glasses or immersaiiets, to allow reception of data
directly to intervention teams on the field [5],[6]

Electrical Power Stations and their equipments Wwél identified through Quick Response
(QR) codes to allow additional viewing of additibf@atures: running, temperature, explosion or fire
hazard, crack or slip hazard, vibrations, corrosetg. In addition, in the area, wireless tempeeatu
sensors, mechanical strength sensors, presencersesimoke detectors, etc. will be installed, which
would enable field acquisition of additional infaation for the maintenance or intervention teams.

All this stream of data would be managed by a sethe augmented reality platform, where
data will be stored and processed. From here, ¢iirdAR glasses, text information will be sent to
maintenance teams, which in turn would send tes#reer their own information, as messages.

Such technical solution allows the field operatokhow a lot of additional information during
missions, facilitates his/her training process, amintenance becomes much easier. Moreover, any
dangerous situations could be easily avoided, @sdpetor intervention staff, fire fighters, SMURD,
gendarmes, who are to act in a relatively unknorea.a

An analysis of the other products of the same typehe automotive or military industry,
shows some technical specifications and charatitsrithat the market requires from such products:

By using the augmented reality, staff can perfoasks in a more efficient, faster and safe
manner. The innovative advantage offered by theofiseigmented reality applications consists in the
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provision of technology support for training sotuts, employing 3D e-learning with "zero" risk in
case of operating errors, and to offer the possilof repeating the drill until the trainees leatre
necessary skills and competences, by understatidéngperations, techniques and procedures to be
applied at a different level.

Some clear advantages can be obtained from hegardiag the training of various
intervention teams, maintenance or even operattiers in Electrical Power Stations.

Creation of scenarios of operation, service andhteaance of installations involves various
types of display solutions (hardware and softwafd}. display solutions available on the market
today are multiple, providing users with differemxiperiences. Most suitable for this project as:

Using a series of infrared emitters, state-of-&ew projectors, active or passive stereoscopic
glasses and position trackers, the result obtaisied complete immersion of the user in the virtual
world in which objects levitate in space. 6DOF @l@magnetic trackers are implemented to monitor
the position and orientation of the user, and aexluo calculate a stereoscopic perspective tlatsl
the user to move free around the objects levitaitingpace. Peripherals, such as, for example, the
Force Feedback devices and virtual gloves areriated as an option within the system.

Figue 2. Augmented reality in monitoring equipment

lll. FEATURES OF THE TRANSMISSION NETWORK

One important part of the AR platform is the commation sub-system. The design of
WIMAX architecture seems to be the most feasibléutsm available because of low power
consumption and readiness to use without sophistiazonfiguration procedures [7],[8].

To achieve the project objectives, it is esseriitinthe telecommunication system to meet the
following requirements:

a. Performance: the network should allow simultaisetoansfer of all data streams without the
risk of congestion. Moreover, in applications foata collection from sensors for critical
infrastructure, it is essential that informatioropagation times to be minimal, in order to avoid a
delayed response. Not least, it is essential thasiissions are correct and complete — any loss of
information or submission of incoherent informati@nunacceptable in the monitoring systems of
critical infrastructure.

b. Flexibility: there are many types of sensorarfravhich data must be collected and the
transmission network must be adaptable to any ehtiSimilarly, there are several applications and
interfaces that need to take, interpret and disfilaydata collected - and similarly, the networksimu
provide the necessary communications for them

c. Scalability: communications system must allownreection of any number of sensory
systems without modification of the main infrastire or architecture. Adding a network element
must mean just connection of the element to thevarét core through the relevant circuit, without
requiring substantial changes.
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d. Increased availability: it is obvious that foronitoring Electrical Power Stations, the
network should ensure maximum availability. Suchiliency and redundancy systems should be
available and implemented throughout the network.

e. Seamlessness: the network must be easily lmaltfigured, expanded, managed and
monitored. Thus, at least at the level of modulesewels, it is necessary that the equipment and
technologies used to integrate seamlessly anarpliy network complexity.

f. Fast installation and commissioning of senscteys.

g. Installation in any situation, environmental diions, relief, of monitoring sensors of any
type of objective within critical infrastructure.

IV. DRAWBACKS

There are several problems that need to be clnifigen implementing an AR platform. One of
the problems that occur testing the functionalityhe AR platform is the distance at which the VNZI
glasses are able to operate. Several tests hamentsge, placing a QR code generating the desariptio
of an electrical engine, having larger printed aces applied on the engine: first a normal QR @ajde
2.5 cnf, then a larger one at 10 £and finally an even larger one, at 20°dsee table 1).

For each essay, the camera sensitivity was tetieshtain certain information decoding the
seen QR code on the electrical engine. As one baaree, the camera has clear distance limitations,
when it reach the maximum range at which QR codebeacorrectly interpreted.

For the first QR code surface of 2.5%r distance of 5 m is the maximum distance at whic
correct info about engine was displayed, for thmed QR surface of 10 dralmost 6 m are obtained
and for the last one, a QR code surface of 2§ omaximum distance was increased to almost 8 m, as
presented in figure 3. The tests were performedaytight, at a perpendicular direction to the agubli
OR code.

This result is not the best expected by users,Usecauch distances are being considered small
ones in Electrical Power Stations. Also, the distacan be drastically reduced if smoke or bad
lighting is present in fire situations or if QR @grinting area is deteriorated. Also, there ateiot
drawbacks that can be taken into account: for exanifpthe entrance of team members in the area
covered by a specific QR code is not perpendicidathe code printed surface, the AR equipment
can't read the QR code. The same is valid alseifttam member is moving too fast and the camera
mounted on AR equipment is not focusing on the Q&ec

Table 1.Behavior of system sensitivity

OR surf. 2.5 cm2 OR surf. 10 cm2 OR surf. 25 cm2

Distance [m] | Sensitivity 2.5 cm2 [%] Sensitivity &2 [%] | Sensitivity 25 cm2 [%]
0,50 100,00 100,00 100,00

1,00 99,00 99,00 100,00

1,50 98,00 99,00 100,00

2,00 97,00 99,00 100,00

2,50 96,00 98,00 100,00

3,00 95,00 98,00 100,00

3,50 90,00 97,00 99,00

4,00 84,00 95,00 98,00

4,50 78,00 94,00 97,00

5,00 65,00 90,00 96,00

5,50 40,00 80,00 95,00

6,00 20,00 60,00 92,00

6,50 10,00 40,00 85,00

7,00 5,00 30,00 70,00

7,50 0,00 20,00 60,00

8,00 0,00 5,00 40,00

119



Sensitivity [%]
120.00

100.00

—Sensitivity 2.5
20.00 - cm?2 [%]
§0.00 \\\ = Sensitivity 10

cm2 [%]

4000
Sensitivity 25
em2 [%]
20,00 \\
0,00 T

0,00 2,00 400 6,00 8,00 10,

Distance [m]
00

-20.00

Figure 3. Variation of AR equipment sensitivity in functianf distance and QR area

A certain success however was obtained when idm fsensors retransmitted to the server
was displayed on the VUZIX glasses lenses. Theesystas tested only for temperature sensors, but
current temperature was displayed as a text patsam the lenses surface.

Also, a certain delay can be mentioned in showirigrmation from the platform. Depending
of the nature of information and of communicatigstem problems in certain areas, a delay between
5 and 15 s was obtained. There were significari¢mihces if the text message was coming directly
from the AR platform or it was acquired from serssdransmitted to platform, processed there then
retransmitted to the VUZIX AR sub-system. This aesng time should be taken into account when
dynamic regimes occur, especially in hazardousvetgions.

V. CONCLUSIONS

The design of an AR platform for inspection, manatece and intervention in Electrical Power
Stations should verify some strict conditions, idey to become a successful example. First oftadl,
architecture of the system should be kept as siaplgossible, using integrated sensors, that s&tad d
automatically to the platform, in order to allowgher flexibility in implementation. On the platform
the format of data must be indexed, to allow ati@stsfer to the AR sub-system.

Although AR equipments can substantially enhanaenténformation in certain intervention
scenarios, until now the platform is far more dvgafor inspection or maintenance operations, when
parameters in the environment vary slowly or renz@instant and the moving speed of team members
is reduced, allowing QR code readings by camer@dRoéquipments.

In laboratory tests, all sub-systems proved welditectional info was exchanged from
sensors to platform and from platform to AR equiptsgbut with a certain delay in answering time,
going up to 15 s, when dynamic regimes involvinghperature sensors were simulated. This
drawback can be critical in dangerous situatiomns,research team is currently working to improve
this parameter.

Also, even if QR codes applied to sensitive paftsquipment in Electrical Power Stations can
be correctly read by VUZIX AR glasses, the distaatevhich the system works is reduced, under 8
m, regardless of QR effective area. In real intetiem situations of smoke, gas or steam vapors, thi
distance can be reduced even further.

A test that was giving good results was the trassion of sensors signals to platform and
from here to AR equipments.

At this moment, the research team of the projecwiazking to ensure portability of
information to other AR equipments, such as taldelaptops, to increase the flexibility of the &y
and to allow a certain ease in control of mainteeasr intervention scenarios.

Taking into account all these facts, one can affinat use of AR equipments for inspecting
Electrical Power Stations has a significant potdnéind can give a considerable advantage in
dangerous interventions, but further tests musidmelucted and improvements are needed in order to
obtain a viable system.
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SUMMARY

The monitoring solutions of Energy Installationgttlare today implemented in the field are
based either on human inspection of each equipmieatre conducted from a central point where
information from the network is gathered. Both $iolus have long term availability and are used with
success, but some future issues could affect #itiency. Costs and resources are more and more
implied to fulfill this task so an innovative salt based on self piloted drones can become aeviabl
alternative, especially in wide areas or in difficierrain conditions. Monitoring and integratiniget
information in an intelligent platform can provideetter understanding of problems in electrical
networks or faster answering times if an unexpeetezht occur.

KEYWORDS
Drones, electrical rechargeable system, high styabideo cameras, flight plan.

I. INTRODUCTION

Energy production, transport and distribution equepts are subject to many depreciation
factors and their status must be well known atimies. Thus, different monitoring methods should be
implemented and put into practice. One particulanitoring method is to use self piloted drones,
with highly stabilized high resolution video camerand supported software capable to process
acquired data.

Such a system should be able to obtain informatdnout transformers status, about
insulations and electrical line status or aboutd@ar effect by filming the equipments from short
range, with or without the presence of a humanatpeiof the drone. Then the images are stored into
a server where additional image processing cane®nmed, in order to obtain more information
about the phenomena. Similar systems are begiriaibg used in Canada, U.S. Austria or Germany,
providing economy in manpower and resources foctetal companies and customers alike and
replacing the experienced personnel needed elsewig4]

Il. DESCRIPTION OF THE SOLUTION

The monitoring solution can be used in two différearsions of the drone system. It can be
done either using a rapid inspection of the equiptméirough a direct flight to the area of inteyest
followed by a complete high resolution 360° mow#her an advanced monitoring flight that implies
use of drone stabilizer system in order to obtaiadgimages of the equipment. Each case will mean a
fleet of ready-to-go drones, a transporting sysaeh a base station for flight, taking into accatimat
an electrical drone can fly for about 30-40 minuteEpending of atmospheric conditions and load.
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Fig. 1. Rapid inspection drone ,Light” fleet

Rapid inspection of Energy Installations:
* UAV (Unmanned Aerial Vehicle) multi-copter/ fleetithv transporter and base station for
24/7 monitoring solutions with a pay load of makgl
» Vertical take-off or transporter/charger system bade station
» Multi sensorial inspection (Video, ultrasounds dé&tm, audio detection, IR camera)
* GPS positioning system
* Automated or semi automated flight plan
» Ground control station
» Data process block
* Homing navigation system
* Recharging Kit

g Ly

Y 3

Fig. 2 Advanced monitoring ,Heavy” drone

Advanced Monitoring of Energy Installations:

 UAV (Unmanned Aerial Vehicle) multi-copter/ fleetitv transporter and base station for
24/7 monitoring solutions with a payload of max@ k

» Vertical take-off or transporter/charger system hade

» Multi sensorial inspection (Video, ultrasounds d&ten, audio detection, IR camera, UV
camera)

* GPS positioning system

* Automated or semi automated flight plan

* Ground control station and communication features
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» Data process block
* Homing navigation system and human navigation obntr
» Recharging Kit, including wireless rechargeablaisohs

Ill. FEATURES OF THE MONITORING SOLUTION

In function of the flight solution chosen, the dajiag type of drone should allow a flexibility
of fly missions through increasing fly time, desies in recharge time, even through rapid recharge,
where infrastructure allow this.

The technical solutions for electrical recharge garo different types, such as:

Battery re-charge at base station or at the tratepplatform, either changing the depleted
battery with a fully charged one, either using wigeharge;

Electrical re-charge using electromagnetic indurtivireless type, providing the base station
with a circular recharging circuit, able to deveklpelectromagnetic field strong enough;

Fig. 3Fast recharging system for light drone

The charging systems must also take into accoupplementary consumption of high
performance video cameras and stability systenegatkto achieve good resolution images.

IV. FLIGHT PLAN

There is another aspect also important that nebé taken into account in such situations, the
so called flight plan. In the launching moment afrane, it must save in the internal memory the GPS
coordinates of the destination, where the monit@gdipment is stored and the GPS coordinates of
the base station, for a safe return of the dromeaverage drone is capable of cruising at 25 kowh f
30 - 40 minutes, so effective range is betweenol80t km. Wind, air currents, air temperature and
atmospheric conditions affect this range and afahdesign of the flight plan is required. If the
monitored problem persist, another drone shouldelely to operate and will be launched when the
first one has used more than 50% of battery endrigys, a permanent aerial monitoring system will
be able to send images or to store them for fudhatysis.

V. CONCLUSIONS

The use of automated drones for monitoring eleattiiestallation is at first steps elsewhere
around the globe, due to the fact that better casnand drones become available each day. The most
important aspect is to have a good flight planabetd with a certain fleet of drones, both light fo
fast inspection and heavy for advanced monitoriatvities. The recharging systems used by
electrical drones can provide a certain flexibjlityhile remaining eco-friendly, especially if suyesl
equipments are located in lived zones or restriateds.

124



BIBLIOGRAPHY

[1] http://www.theverge.com/2013/2/1/3940898/dagigapixel-drone-surveillance-camera-
revealed

[2] http://www.zdnet.com/blog/robotics/

[3] Dempsey, Martin E. (9 April 2010). "Eyes of the AmU.S. Army Roadmap for Unmanned
Aircraft Systems 2010-2035"(PDF). U.S. Army. Reteié 6 March 2011.

[4] Pasztor, Andy; Emshwiller, John (21 April 2012prone Use Takes Off on the Home Front".
The Wall Street Journal.

125



CIGRE Regional South-East European Conference RSEE2016 (3rd edition)
October 10th - 12th 2016 University "Politehnica” d Bucharest, Romania

#75

Integrated monitoring and control system for real-ime estimation of operational state over the
entire electrical networks' assembly

C. MOLDOVEANU, A. VASILE, M. AVRAMESCU, A. TAVA, I. IONITA, G. IOSIF
NOVA INDUSTRIAL S.A.
Romania

SUMMARY

The paper describes the necessity of on-line mongoof power systems and the
specifications that a complete integrated monitprisystem must meet. These findings are
exemplified by SIMCEC system, Romanian integratezhitoring system for the entire power grid
assembly (with the features and advantages tipaegents), its utility and the results of seveeatd
carried out on the monitoring system itself. Theafipart contains conclusions and recommendations
to support and improve network monitoring and nmenance.

KEYWORDS
Integrated Monitoring System, Smart Grids, Metrglog

1. INTRODUCTION

High voltage primary equipment from power substaidqe.g.power transformers, shunt
reactors, circuit breakers, switchgears, currerdrisformers, voltage transformers, surge arregters
and high voltage overhead power lines have a nrajerin the power system and are vital for the
operational safety of the system.

The major purpose of the monitoring systems isdtect any modification of the technical
condition of the equipment and electrical instadlas in operation, with direct results in the
prevention of catastrophic defects, maintenancenigation, extending the equipment’s' life time,
better usage of power facilities, increasing religband operational safety of substations andchhig
voltage power lines, increase of the physicalilifiet reducing the likelihood of unexpected incident
leading to electricity transfer / distribution distinuation.

The main solution that meets the needs mentioned ate is the use of intelligent systems
for on and off-line monitoring for power substatiors (for the primary electrical equipment in
substations, namelypower transformers, shunt reactors, circuit breakedisconnectors, current
transformers, voltage transformers, surge arresterd high voltage power lings

2. REQUIREMENTS FOR AN INTEGRATED MONITORING SYSTEM IN SIMCEC
The SIMCEC Romanian systewas designed as an integrated software system dedatied
to monitoring the momentary technical condition ofthe National Power Systemallowing:

* real-time monitoring of network status parameterscdived from dedicated sensor
networks), e.g.: the operating parameters of pynedectrical equipment in substations
(power transformers, shunt reactors, circuit bregkdisconnectors, current transformers,
surge arresters) and the high voltage overheadpoves, etc.

* monitoring systems' integration at substation, aegi branches or company (system
operator) level,
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» storing data locally or centrally (regional centebranch / company) in a dedicated
database;

e automatic data processing and analysis;

» diagnosing of the momentary technical conditiomtigh dedicated software;

» alerting system operator for special preset sibnagti

» systems dynamic mapping providing momentary orohisal information about the main
components' technical momentary condition of thevgrosystem (primary equipment and
high voltage power lines), etc.

The SIMCEC system is a complex software system thatovides:

» online data (through the EMCSIT sensor array & sensr networks) regarding status
and operating parameters of the assets of high valge national power systenthigh-
voltage transformers, shunt reactors, circuit bregk disconnectors, current transformers,
voltage transformers, surge arresters and overhieasb rated at 110 kV, 220 kV, 400 kV,
750 kV)

» analysis of the online data, together with offlinedata for momentary technical
condition diagnosis on the monitored assets (for epational management decisions,
etc.),

e an unigue data base on the monitored operating agse(database that may serve to
statistical analysis, forecasting the developmenisimort, medium and / or long term
management decisions, etc.),

» alerting operation personnel for abnormal operating situations (preset for agrrar
failure events.

The software system ensures real-time informationrothe current status of the electrical
networks' assembly, enables operating risk assessntghelps establishing urgency, nature and
hierarchy of maintenance works.

The software system ensures the completeness andreotness of operation's verification
from a technical point of view, rapid assessment dhe equipment' and installations' momentary
technical condition, data storage (historical datajn a SINGLE database, modern, flexible and
operational nationwide.

The system is designed and built to run exclusivelys a web application

This makes it portable to any platform regardldssp@rating system used.

Users can access and use the expert system fromharg/ on the local network with a
compatibleweb browserusing access rights received at their first regiigin on the system.

The system has a client-server architecture wittelh server, a central database and clients
based in different geographical regions.

Both central servers and client servers belong tde same local networkThis architecture
was chosen taking into account the following eletsien

- experience from similar projects;
- lower infrastructure costs;
high performance in system utilization;
reliability;
the easiness of implementing future software upggad

Using theWEB technology built systemis simple, the user having access to an intuitive
graphical interface, friendly and easy to use. Goeas the system, the user is required to useaonly
compatible Web browseGpogle Chrome v.32 / v.9 Internet Explorer / MazHirefox V.26.

In order to have a complete picture of the mondoeguipment conditiorSIMCEC system
accesses data measured on-lifeia existing monitoring equipment type EMCSIT / O¥) and off-
line (via prophylactic measurements for equipment digagne obtained from existing expert
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systems), bringing them to the same denominatentralized in a single point but available
anywhere within the network.

SIMCEC system achieves its objectives by pursumegtivo following directions:
Porting / rebuilding from scratch existing specific applications (for (auto) power
transformers and shunt reactors, circuit breakergrrent and / or voltage transformers,
surge arresters and high voltage power linds) bringing them to the same level and by
using web technologies (which offer more in termsfgoortability, upgradability and
software maintenance);
Centralizing all monitoring systems with the same riterface and under a single
database, thus creating a dynamic map of the systeas a whole

The SIMCEC system is built using web technologiaSH, Ajax, JavaScript, JQuery and
HTML) that make all the monitoring systems in opera#igailable to the user.

The relational database model used in the SIMCEE walemented with the help of the
ORACLE database management system.

This work was carried out through the program: Remtships in priority areas - PN I,
developed with the support of MEN (Ministry of Na#l Education) - UEFISCDI (the Executive
Agency for Higher Education, Research, Developraadtinnovation), project no. 33/2014. "

3. SIMCEC SYSTEM FUNCTIONS
SIMCEC software main window includes (as shown iguFe 1): an expandable-tree-type

menu offering details about tteompany, branches, centers, stations and instahatf the power
system, and a map of the geographical region whitthhighlight the selected item in the tree menu.
The launch of the software is accomplished by @mgethe appropriate address in a web
browser, from a terminal locatedin the Ethernetvoek that hosts the SIMCEC system.
The following figure shows the representation af thee menu expanded to the substation
level and the selected substation automaticallgitexdt on the map. This page has zoom in, zoom out

and pan facilities or can be reset using the tgiptfizoom out" button.

Sistem integrat de monitorizare si control pentru
SIMCE(C estimarea completa in timp real a starii functionale a

ansamblului retelelor electrice
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Figure 1. Automatic location of the selected items on the map

The "Launch client" button takes the user to andgauthorization screen, that allows access
for viewing or interacting with the web monitorirgystem defined for the selected substation
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(SIMCEC Substation), that is loaded in the web m®wwindow after the security checks have been
cleared.

4. SIMCEC - SUBSTATION MONITORING

SIMCEC Substation starts with the dynamic schemathef monitored substation. The
challenge was to draw dynamically the circuitshef station's single-line diagram and interactinthwi
them, all with web technologies

The result of implementing single-line diagram daftation using ASP, JavaScript, JQuery and
Ajax can be seen in the next figure. The diagrafiovis accurately the single-line diagram of
Gradiste substation, Romania and consists of elmmespresenting: breakers, disconnectors,
transformers, surge arresters, grounding knivess|ibars and links to the ground.

Statia 220 / 110 kV GRADISTE

o = =] m = @

Figure 2. Dynamic Single-line substation diagram

The dynamic part of the data structure attachedaith element was made to include both
electrical and graphics properties and links tepttems.

With elements structured this way (and considetimg neighbors of each element)it was
possible to create an oriented graph, that candwigated starting from voltage transformers that
indicate the presence of voltage on the line amsidering the open or closed state of the switchgea
thus creating energized dynamically colored areas.

This is exemplified in the above figure, the calised for the energized area being black (the
color can be replaced with any other color or colattached to different voltage levels: 400kV,
220kV, 110kV).

5. SIMCEC - PRIMARY EQUIPMENT MONITORING

This section refers to an universal software fadr iatlividual device types:breakers,
disconnectors, current / voltage transformers, suagresters SIMCEC EMCSIT (data are retrieved
from different EMCSIT online monitoring equipment).

The software has anique standardized structure the differences being given by the types
of the measured parameters and the specific operatieach type of primary equipment.

In order to build the web pages for the primaryipoent, the specifications of EMCSIT on-
line monitoring devices were taken into accounggirg astandardized visual aspect for all types of
primary equipment.

The main window contains an area with informatielated to device and location, a generic
drawing of the monitored device, a section of thenitored values, a section of monitored contact
states, the positionopen/closed, connected/disconneliteal list of events and a label with the
monitored equipment’s general technological statejenu that provides access to historical data or
other settings.

For example, in the case of the circuit breakerfdllewing are monitored:

- the line currents;

- the currents through the tripping and closing ¢oils

- the level of supply voltage;

- number of operations from the installation or frtma last technical revision;

129



- SF6 gas alarm;
- circuit breaker state opened/closed.
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Figure 3. SIMCEC EMCSIT main page - circuit breakers' case

In order to help the user to have a detailed aismlysthe device, the web page provides a
history of the measured data. Historical data mayiltkered by date (start date / end date), through
two "date-time picker" elements. The software dlas a section where it may be drawn a chart, for a
total of 1 up to 5 parameters simultaneously orstrae chart.

The system also records every so-called “event”dach monitored device. This “event”
represents:

» complete recordings with a high sampling rater circuit breakers, disconnectors, current

and/or voltage transformers,

e circuit opening/closing operatiorfsr the circuit breakers and disconnectors

» over currents and over voltagés the current and/or voltage transformers.

Such an “event” can be seen in the next screerugpiveb page created with JQuery and
HTML Canvas technologies. The web page has a dowmdlist from which the events can be
selected for viewing, it also has the possibildysave the charts in “png” format or the data isvc
format, a plain text formatted file type, accepbgdmost of the spreadsheet editors..

Sistem integrat de monitorizare si control pentru
SIMCEC estimarea completain timp real a starii functionale a
ansamblului retelelor electrice
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Figure 4. Events - EMCSIT | — circuit breaker closing undead
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Each monitored equipment has stored in the databaset of limits for each monitored
parameter. They define normal operation, pre-aldmashold and alarm threshold for the selected
parameters.

At every query addressed to the monitoring equigmire system compares the measured
values with preset limits and decides whether drtaalarm the user, that the system exceeded the
alarm thresholdand exited the normal operatiorestat

The next figure presents an alarm case for a tibmeiaker for which the monitoring system
notifies the user that the supply voltage has Sigantly decreased, its value being in the alarmezo

Sistem integrat de monitorizare si control pentru

/'/@J@ SIMICE(C estimarea completa in timp real a starii functionale a

INDUSTRIAL SA ansamblului retelelor electrice

NOVA INDUSTRIAL Statia Gradiste Intreruptor [-AT1 EMCSIT I Data ultimului pachet achizitionat:26/03/2016 12:35:17 23630

PAGINAPRINCIPALA  ISTORICMARIMI ~ GRAFICMARIMI EVENIMENTE ~LANSARE TRANSPOWER WEB ~ ADMINISTRARE  IESIRE

Stafea tehnica a echipamentului la : 26/03/2016 12:35:17 Intreruptor [-AT1
S Pozitie Intreruptor . \/&1
o

[DESCHIS]
INDUSTRIAL SA

Jat limit:

: & i fa i
*Lmita de Ty MARIMI MASURATE
= a ce ensiune operativa -185.7 Ved)
Numar functionari intreruptor 51
STARI CONTACTE EUENIMENTE

—— Dataveniment =
24/03/2016 07:05.06.0780 Deschidere

23/03/2016 08:31:28.227300 Inchidere
21/03/2016 13:36:15.673320 Des chids

Figure 5. Analysis of the monitored parameters - alarm feraperative voltage for a circuit breaker

6. SIMCEC — TRANSFORMER MONITORING

This section refers to the application for (autapsformers and shunt reactors (TRAFOMON
5 Web - SIMCEC component).

TRAFOMON 5 — Web, component of SIMCEC system, i sbftware interface designed for
the on-line monitoring of power transformers anghhvoltage shunt reactors, ensuring on-line data
acquisition regarding:

a) Operating condition: transformer meets / doesmeet the standards of operation; it is
connected / disconnected to / from grid;

b) Operating parameters: currents, overloads, ge#tavoltage increase, frequency, power
factor; powers: active, reactive, apparent ; temfpees, winding temperatures, oil temperature, hot
spot temperature, power quality, etc.;

c) Operating condition for the active part (corifdings + inner connections);

d) The moisture level of insulation by: on-line mesement of water-in-oil content and
determination of the water content in the solidilaton;

e) Operating condition of the cooling system,

f) The insulation condition of high voltage bushsngquipped with tap for measuring the
power / dissipation factor;

g) The operating condition of the on-load tap clea{@LTC); etc.

TRAFOMON 5 — Web, component of SIMCEC system cafledata from Trafomon 5 on-line
monitoring equipment.

This web software module is designed in a similaywo those dedicated to the other primary
equipment from a substation (see cap.5), with a&gemrawing of the device, the main parameters
values placed intuitively around the transformerktéo symbolize the different sensor positions and
the technical states of monitored components.
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Figure 6. SIMCEC TRAFOMON Main Screen

The main difference is that the transformer momipisubsystem consists of several smaller
modules that can be added or removed from theainitbnfiguration. Each module has its own
momentary state placed on the upper part of the s@een and associated web pages for momentary
data, historical data and events.

The modules included in the Trafomon subsystem are:

- Analog module, responsible with voltage, currepivpr and frequency acquisition;

- Digital module, responsible for the digital (1 or Slates of monitored contacts as well as
the alarm relays that go off when certain limits sgached;

- SMT module, responsible with bushing monitoring;

- EFBR module that monitors the temperatures of ilwestormer unit evaluating at the same
time the efficiency of the cooling units;

- CBR module that starts the cooling units autom#yicahen the oil reaches a certain
temperature and switches between the cooling imidsder to achieve a uniform operation
time of all the cooling units;

- CRS module that monitors the on-line tap changepsration and record the motor’s
current and voltage curve for every tap change;

- DGA module that analyzes the gases dissolved iarallits water content;

- PD module that “listens” for partial dischargesidiesthe transformer unit’s tank through an
acoustic method;

- Disturbance module that records the harmonic disttg as well as the fast rise or fall
phenomena in voltages and currents;

- Video module that provides transformer unit visigpectrum surveillance.

The SIMCEC System also includes an overhead lineitoring system - SIMCEC LEA. This
subsystem focuses on monitoring the parametenseobverhead power lines as well as the integrity
and safety of the towers supporting them.

7. CONCLUSIONS
An integrated monitoring and control system forl4t@ae estimation of operational state (as

the one presented in current paper) offers a yngad complete vision over the whole power system
providing teh system is entirely on-line monitored.
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The web-based system is user friendly, the useimbaaccess to an intuitive and easy to
exploit graphical interface.

The software system guarantees real-time availofi necessary information regarding the
momentary state of the power system and allowsogerating risk assessment and determining the
urgency, the nature and the hierarchy of maintemavarks.

The system checks the operation completeness amelcttess from a technical standpoint,
assures a fast evaluation of equipment and ing8talel momentary technical condition, stores the
data regarding the operation in a unique, modéegrible and nationwide operational database.
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SUMMARY

Power systems can have many hidden faults andieagsroblem is discovered, the cause that
created the disturbance can be very hard to findnitddring power transformers disturbances is an
important aspect in solving this type of electripabblems because it can provide real time analysis
and automatic identification of faults. The intgdnt equipment for monitoring power transformers
disturbances in the transmission and distributiowgr systems - NOVA P01 was created to address
the type of problems mentioned before, to proviole,request, data about the sequence of events,
dynamic faults and disturbances and to set spdiifits, to ensure that they can be used in anatyzi
events. Equipment includes/and is not limited toileyraph, digital fault recorder, protection rgta
and transient recorder.

KEYWORDS
Energy, power quality, Smart Grid, online monitgripower transformer disturbances.

1. INTRODUCTION

In transport and power distribution systems oftppear disturbances and faults for various

reasons such as:

- atmospheric conditions (lightning surges that camse the insulation piercing at electrical
components of the power transmission or distrilbugad),

- events caused by changes in the technical condifitime equipment or high voltage power
lines,

- a line conductor breakage due to overload (thermm&chanical, etc.) or aging, which
causes the fall to the ground of the conductorréfioee mono-phased short-circuits) or
short circuiting of conductors on different pha@ésee-phased short-circuits);

- failure of primary equipment (power transformenmcuit breaker, etc.) from a substation
which may cause changing parameters of the powéramsit and / or operating system
configuration change;

- disturbances in power source characterized by dhgnipe parameters of voltage and
current produced (RMS values, peak frequency, haitspetc.);

- etc.

Nova P01 equipment aims to detect, store and amahg evolution in time of wave currents
and voltages of high power transformers.

Y cmoldoveanu@novaindustrialsa.ro
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This paper refers to the an intelligent equipmeot fnonitoring power transformers
disturbances in the transmission and distributiowgr systems, in particular to a device that ersable
detection, analysis, recording and transmissiomformation on current and voltage perturbations or
power quality at some point of the system (linesobstation) to a central monitoring and control,
operational dispatch center and / or the controhr@f a power station.

The device is designed to be integrated into theABW GRIDS monitoring and online
management system of disturbances and quality wkepdgin transport and distribution systems), in
order to improve / increase the power security #m quality of transmission and distribution
electricity.

Also the equipment can be integrated into SCADA r@peg systems and SCADA
Monitoring systems, respectively.

2. NOVA P01 — POWER QUALITY MONITORING AND ENERGY C ONSUMPTION
CONTROL AND MANAGEMENT

2.1 Motivation
In transport and power distribution systems, byuwlisances or faults is understood any kind
(or nature) of abnormality in AC or in the generati transmission and distribution of power
electricity.
- Voltage dips, interruptions and increases are etssidered voltage disturbances (of short
time) in AC systems.
- Voltage dips are short reductions of voltage, tegfrom milliseconds to seconds.
- Voltage increases are small increases in voltagting from milliseconds to seconds.
- Voltage interruptions are more severe declinehignamount of tension. The threshold for
voltage interruptions is usually less than 10%atéd voltage.

Disturbances and malfunctions can generate sigmficcosts and repairs. Every year,
significant funds are lost because of disturbances.

For example, increasing voltage can cause theatenl piercing of some components of the
power supply, the effect being gradual, cumulatRewer outages are more severe declines in power
voltage supply, that can cause inoperative of egaig or can damage the equipment, due to
overstressing at reinstatement / starting up.

In particular, power substations also have theecsgg problems. Among them we may
mention lack of integration of the data collectaceatly, or from transducers regarding waves of
current and voltage through the power transformerdimgs, also lack of data transmission to the
operation management center of transmission orilgigsion of electricity. These problems were
solved through an automated process for acquisifioocessing, display and storage of the data,
creating reports and establishing a communicatiostopol for transmitting data to any type of
operation management center.

2.2 Features

In order to remove the disadvantages presentedeatamintelligent device for monitoring
power transformers disturbancesin power transportation and distribution systenas weeded. The
solution is an equipment that required the follayvamaracteristics:

- acquire and processes the automatic current wawesfand voltage on the three phases of
the transformer windings, by sampling sinusoiddtage or current signals, synchronized
with a high-speed sampling, namely 512/256/128 $asnfm time sinusoidal signal;

- analyze any transient fault and disturbance afiggtiower transformer;

- collect fault records and specify their parameters;

- provide data on the sequence of recorded eventdtsfand disturbances dynamic
functioning of protection systems (post inciderdlgmes, post failure);
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- monitor power quality parameters at the input teats and output transformer
respectively;

- ensure the possibility of measured data synchrtnizawith time reference data
management center / information related to thestrassion or distribution of electricity;

- determines and monitors their online losses ofttaesformer, thereby streamlining own
technological consumption in the transport systemistribution of electricity;

- store in its memory equipment, sinusoidal wave fraf current and voltage signals
monitored online;

- provide automatic identification of faults characted by voltage dips, voltage increases,
power failure, the time of the duration of the eyen

- real-time data transmission to management centasuned data / information related to the
transmission or distribution of electricity or fir@nsumers.

Fig. 1. NOVA P01 equipment

NOVA P01 is an intelligent electronic device, SMARAGRID compatible, which provides
simultaneous detection, description of disturbameélse functioning of power transformers and shunt
reactors in transport systems and / or distribudibelectricity:

- monitoring in synchronized real time, waves of eatrand voltage transiting a power
transformer (by sampling at different speeds, gréseminimize the amount of data
required to be processed according to the purpioaeadysis)

- data analysis that helps define the nature andacteistics of dynamic disturbances and/or
faults inside the transformer or in the systemsTifiaccomplished:

o0 by analyzing power quality parameters
0 by storing sequential digital information.

The device enables the analysis of events requdatg capture with high resolution and of
events requiring data capture with lower resolution

Events with high resolution (such as spikes in Yiare made with a relatively high sampling rate
(512 samples / a period sine wave), while eventewfresolution (such as those characterized by slo
changes over time, type sag and swell) are madieanidwer sampling rate (256 or 128 samples /& sin
wave period). Events such low resolution can béucag and stored for a longer period of time.

The preset speed of sampling data is optimizeditormze the amount of data used for the
processing and storing of data for a specific emeipt.

Conventional architectures do not ensure the cappfithe waveform with multiple sample
rates (functioning as a data-logger on acquisigonl archiving the data), due to the operations
required for both processing and management of gedormance limitations), and for waveform
data storage (memory limitation on bandwidth argbcéty respectively).
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Moreover, NOVA P01 displays all the values in riz@le. In the graphics section, the channels
can be selected in any combination and each tymharnel has its own axis. All these features are
also available in a remote location in the samall@ezea network, after installing the NOVA P01
client application.

The device, works as logger of defects, data logger, oscillograph, p@w quality monitor,
all of them combined into a Dynamic Disturbance Rearder (DDR). The device can monitor:

* RMS values for:

- phase voltages compared to neutral phase: mininfumplits;
- phase currents compared to neutral phase: atdeaptits;
- aresidual current or neutral: minimum 3 inputs

« frequency;

* active power, reactive power and deforming poareall three phases and total power;

* power quality parameters;

* THD and harmonics up to 49 harmonics;

The device may aggregate RMS values measured at2bB2or 128 points per period and
store them at a minimum rate of 50 measurementsguemd.

The Time stamp recorded for the defect (Failureigtegion - FR) has an accuracy of £ 10
microseconds UTC,; If a defect occurs, the equiproantrecord at least 10 records up to 50 periotis ea

 The machine can store recorded data for a peoind0-30 days, and power quality
parameters (128 samples / period each channel).

This work was carried out through the program: Retships in priority areas - PN I,
developed with the support of MEN (Ministry of Matl Education) - UEFISCDI (the Executive
Agency for Higher Education, Research, Developraadtinnovation), project no. 33/2014.

3. RESULTS

3.1 Displaying processed data

The NOVA P01 software application has three distsactions:

- Measurement section — shows if a measurement gagress, and when it started; from
here a user can start a measurement or can stop it

- Graphic area — shows all the voltages and curtbatsare monitored

- Real time data section — contains all the dataieedj@rom the hardware in real time
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Fig. 2. NOVA P01 software application
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The “real time section” also contains processedrmhtion about power quality.

Power quality monitoring is done on 6 channelsséhroltages and three currents.

Information categories were chosen by measurenaausired or calculated. In this structure

was implemented with tabs for each category ofrmétion in the field of power quality, as follows:

- V/ A/ Hz (Root Mean Square (RMS) values, pealestifactor, both for voltage and
current, and for each phase, etc.);

- Harmonics - (Total Harmonic Distortion THD- alongthv harmonics for voltages and
currents for each phase separately)

- Power / Energy - (active power (W), apparent po(sX), reactive power (VAR) power
factor (power factor), Co® and energy types respectively)

- Unbalance / Phasors (unbalance and phasor diagraga¢h phase separately)

- Power quality events (dips, swells, interrupts)

All the real time values are represented as shaiomnb

Faza R Faza 5§ Faza T

RMS [V] 50.0145 50.0173 50.0212
PEAK V] 70.7233 70.7318 70.7337
CREST FACTOR[] 1.4167 1.4165 1.4165
Freq [Hz] 50.1875

RMS [A] 0.0211 0.0166 0.0228
PEAK [A] 0.0310 0.0251 0.0307

CREST FACTOR[] 1.4653 14712 1.4076

Fig. 3. Example of real time values display

Regarding storage, there is an organized storagetste on the equipment hard drive, that is
based on measurements folders and type of aggoagatiannels and time information. Thus, when it
receives a notice of exceeding the trigger limitnirthe analysis module, a predefined number of
values recorded before the notice of appearanse;Glled pre-trigger and a number predefined of
values after the time of the event occurrencel(phie exceeding), are extracted from the buffer.

These values are saved with the timestamp of taetdGSM time).

In the figure below is presented a section of anmgiag for 24 channels.
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Fig. 4. Waveform graphic

3.2 Advantages and usability
An advantage of the equipment is the fact thatrdviges possibility for upgrading and
integration into SCADA monitoring and control syste for power transmission and distribution,
regardless of their complexity.
Also the equipment is highly user oriented, throtlghfollowing actions:
- creating a database on the disturbances in poamsfarmers or power quality transformer
terminals and update it with new records;
- presenting the evolution of the monitored measurgsyéor the selected time interval;
- possibility to select how many waveforms are re@nésd simultaneously on the chart;
- possibility to set alarms when each of the predeitezd variation thresholds are exceeded
for every monitored channel,
- creating a log of alerts and events.

If a measurement is running, screenshots can be fnach the software application and there
is the possibility to store the selected waveform.

Also, historical analysis of the data is availafihetable format and chart format).

Another advantage of NOVA POl is that it can beeased from a remote location. A client
application can be used from anywhere in same m&twith the equipment (and implicit with the
server application).

This way, a user can see in real time what is haipgein substation from a remote location.
Moreover, several clients can access the data fnenserver at the same time and even transfer files
on client local hard disk.

4. CONCLUSIONS
NOVA PO1 provides bidirectional communication, reémalata center management and/or
remote end user access, thereby enabling:
- monitoring transport and power distribution systdrom a remote location;
- eliminating operational personnel travel for daiperational activities;
- synchronization of the time reference for severahsurement systems monitored by the
data management center;

- updating parameters of the software module on greffiiency.
- the equipment provides local and remote readirmnbhe monitored data.
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The device ensures a high capacity data storagenéasured and processed data, including
waveforms for a minimum period of 30 days, allowiagalysis and extraction of data in storage
memory.

Multiple equipments NOVA PO1 installed in differgmints in the electrical grid can be used
to compare fluctuations of various inputs or preeesdata.
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SUMMARY

The numerical simulation software and procedur¢hefelectromagnetic field distribution in
high voltage (HV) substations and analysis of thenhn exposure is presented in this paper. The
authors developed a computer aided design softy@rE) which is able to retrieve the 3D
coordinates of the substation constitutive comptsand function on the specific loads, computes the
spatial distribution of the electromagnetic fielthe specific elements of the HV substation (e.g.
towers, breakers, circuit conductors, bus barastoamers, etc.) were built-up by the authors aseth
dimensional (3D) CAD models and stored in a datsebander the SolidWorks environment. The
examples of both 3D CAD and CAE approaches are dstraded on the 3D models of 110kV Cluj-
Sud substations and cell 2 of 400kVadalin substations. The simulated electromagneticdfiel
distributions are represented over the 3D modelkh®fsubstations in order to visualize and spot the
high concentration zones with the electromagnegic fand make comparisons with the professional
human exposure limits. A comparison between thesoreanents performed in situ and simulated
electric field is made.

KEYWORDS
CAD/CAE modeling, high voltage substations, electagnetic field, human exposure.

1. INTRODUCTION

The electromagnetic field interferences (EMI) reser® unknown factors to both human health
and malfunction of the electrical devices. In orttefulfill both health regulations and standarels).

[1] and [2] an EMI map becomes a very importanttrimeent. Such a map would require
instrumentation, measurements methodologies andnagd computational models for numerical
simulation. From all presented means, the numerstaulation has several advantages for the
electromagnetic field distribution study producedtbe HV substations because it does not require
investment in measurement devices and operativeopeel and can easily analyze complex working
scenarios covering both substation yard and itghi@rhoods.

The majority of the simulation software used fag tomputation of the electromagnetic field
distribution produced by the high voltage substai@re based on the chard simulation method
(CSM) in combination with Finite Difference Methad@rDM), Finite Element Method (FEM),
Boundary Element Method (BEM) or combinations ads¢d methods (FDM-CSM, FEM-CSM, BEM-
CSM) for the computation of the electric field [8}lor a semi analytical method as described in [11-
14] for the computation of the magnetic field.

" calin.munteanu@ethm.utcluj.ro
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This paper presents an advanced CAD-CAE computatidtware and methodology for the
electromagnetic field computation produced by H\bstations and power lines. Regarding the
previous works [12-14], the methodology introdud@edhis paper has the advantage that the input of
3D coordinates of substation constitutive compasi€atg. terminals and conductors) is made via a
graphic user interface, customizable for two CADvimmments - SolidWorks and AutoCAD. An
integrated solver of the electromagnetic field spatistribution was implemented in the new CAE
software. The computation approach used in thisspatiows representation of the electric field
distribution on horizontal and transversal sliceealy on the 3D CAD model. Hence, it is easy to
highlight the high intensity field zones and dissube human exposure with respect to the actual
legislation.

The substation constitutive components were byilby the authors as 3D CAD models and
stored in a data base under the SolidWorks CADrenmient. Cluj-Sud 110kV and 400kVa@lin
substations 3D model were built up in order to destiate the computation methodology. The results
are compared with in situ measurements. Finally,electric and magnetic field results are compared
with standard human exposure limits.

2. COMPUTATIONAL MODEL

The electromagnetic field computation approachgraed in the CAE software requires the
approximation of the complete substation struchyestraight finite conductor segments. Hence in a
first step, the 3D coordinates and gauge of thatatibn electrical equipment and power lines need t
be collected. The simulation algorithm structurprissented in Figure 1.

Data Input:

Automatic analysis of CAD models
(SolidWorks and AutoCAD macros)

S

Electromagnetic field solver:

Conductors Assembling the Solving the
discretization system matrix system matrix

NS

Results visualization

Figure 1: The structure of the computational algorithm.

2.1. Data Input

The 3D substation model is analyzed in order toieet the (X, y, z) coordinates of the
electrical terminals and conductors.

The coordinates of the equipment terminals and woiods are collected via a CAD/CAE
customized interfaces, see Figure 2 (a) and (bg ihterfaces were developed under two CAD
environments -SoildWorks and AutoCAD. They are gesd based on specific CAD system features
used for the substation design. The interfacesvadletting the number of discretization segments of
each a conductor direction, the diameter of segsneag, voltage, current and phase of each circuit.
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Figure 2: (a), (b) CAD/CAE interfaces for collecting theardinates of the substation constitutive elemeajs;
previsualization of the conductor direction supsgzbover the 3D CAD model.

In order to check the correctitude of the colleatiada it is possible to preview the retrieved
data in terms of conductor direction and/or positid the equipment terminals superposed over the
3D CAD model of the substation, see Figure 2 (c).

2.2. Electromagnetic Field Solver

The electromagnetic field solver discretizes thessation conductors using finite straight
segments (see Figure 3), assembles the systenx mwitrithe contribution of each conductor segment
and solves the matrix.

Both the electric and magnetic field distributioere validated in [12-14] a brief description
of the computation procedure will be briefly presehin the following.

The electric field is finally computed from the ¢bha density contribution of each
discretization conductor element, according todbeductor phase angle. The same principle is used
for the computation of the magnetic field but usthg currents through each conductor instead of
charge density. The advantage of the magnetic fielthe electric field computational algorithm is
that the current is constant through a completalgoior length while the charge density distributes
on each discretization segment along a completdumiar length. The disadvantage of the magnetic
field to the electric field computational algorithmthat the current through the conductors may var
in time (amplitude and phase) function of the poles loads while the voltage is always maintained
constant. Hence, in order to compute the magnigid @istribution electricity distribution company
should provide the exact power line loads.

Figure 3: Discretization of the conductors in straight finitenductor segments.

2.3. Results Visualization
The simulated components of the electromagnetid fage superposed over the 3D CAD

model in order to visualize and identify the areath the dangerous electromagnetic field levels
inside the substation, see Figure 4.
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Figure 4: Example of electric field visualization in a sliparallel to the ground.

3. 3D CAD MODELS LIBRARY

Based on the specific technical descriptions a dehlibrary (e.g. bypass bus bars, breakers,
transformers) was build up fully parametrized ie ®olidWorks CAD software environment [5], see
Figure 5. Even from the design phase, parametetead of fixed dimensions were used for the
definition of the 3D CAD model library componenie parameters list allows a fast modification
and reconfiguration of the models. Being standadliand parameterized, the 3D CAD library
components can be used for the virtual construaifamy substation type.

= B
110kV High voltage breaker 3D model of a high voltage
picture breaker
400kV High voltage separator 3D model of a high voltage
picture separator

Figure 5: 3D CAD model library components built in SolidWerk

4. STUDY CASE 1 - COMPUTATION OF THE ELECTRIC FIELD DISTRIBUTION
BASED ON THE 3D CAD MODEL OF 110 KV CLUJ-SUD SUBSTATION

Cluj-Sud 110 kV high voltage substation represantgmportant hub for the Cluj-Napoca city
area. A complete overview of the 3D SolidWorks mlodk the Cluj-Sud 110 kV high voltage
substation is shown in Figure 16 (a) [12]. In Feya6 (b). is presented the schematic overview @f th
electrical circuits used to build the computationaddel. On the same figure the access personnel
lanes are marked with letters from A to F.
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Figure 6: (a) 3D SolidWorks model of the 110kV Cluj-Sud hightagle substation; (b) the schematic overview of the
electrical circuits and the access personnel |AnieskF.

The exposure limits to electromagnetic fields awangfied by two EU documents [1] and [2].
Both above mentioned documents have been transpos#dte Romanian legislation resulting two
governmental documents [16] and [17]. Accordinghiese documents, the occupational exposure limit to
the electric field is 10 kV/m at 50Hz. This limita particularly checked during the performed aealyln
Figure 7 (a) is represented the strength of thetredield at 1.7 m and (b) 3 m above the grousattom).
The highest field values were found in the neighbod of the line bays, bus-bars circuit breakes an
disconnectors, see Figure 8 (a) and (b). It canodtieed that there are large areas inside substatiere
the occupational exposure limit is exceeded but starting from 3 m above the ground.

= T T [ [T

EKV/m]: 0.1 0.20.30.40.50.60‘70.80.1 152253354455 6 7 ElkV/iml: 0102030405060.70. . 1522533544556 6 7 8 9 101112
(@) (b)

Figure 7: Electric field distribution: (a) 1.7 m above theound and (b) 3 m above the ground.

The highest value of the electric field strengthdgiced along the lane B and is 6.5 kV/m, see
Figure 6 (c). It occurs in the neighborhood of ihéerrupters, but it still does not exceed the
E[kVim] E[kV/m]

professional exposure limits.
Il i

6 8 101214 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62
x[m]

[N}

—

(a) (b) (c)
Figure 8: Detail of the electric field distribution arouttte bus-bars circuit breakers: (a) 1.8m and (bpBowve the
ground; (c) Electric field distribution at 1.7m atpthe lane B.
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5. STUDY CASE 1 - COMPUTATION OF THE ELECTROMAGNETI C FIELD
DISTRIBUTION BASED ON THE 3D CAD MODEL OF 400 KV G ADALIN SUBSTATION

The 400 kV Gdalin substation represents an important energy liuheoRomanian energetic
system providing interconnection between three ngm Transylvanian substations: lernut, Cluj
East and Rgori. Munteanuet. al. computed and analyzed in [11] the electric fietsherated by the
Rosiori substation.

After substation retrofitting and upgrading theotlie field measurements were performed
along the main ally of cell 2. The 3D SolidWorks aeb and 2D schematic view of the electrical
circuits that describe cell 2 are presented inféigu (a) and (b).

Fs
¥ ol
%

(a) (b)
Figure 9: (a) The 3D SolidWorks CAD model of cell 2 (the laneestathe electric field measurements were perforisied
marked in dark grey) (b) the electrical circuitscefl 2, with the main alley marked by an arrow.

The electric field measurements have been perfomvigda field meter device HI 3604 ELF
with the measuring loop set horizontally. All measuents were taken at 1.7 m height from the soil
surface being considered the most critical humaposure zone [1, 2] to the power frequency
electromagnetic field. A good agreement between shmulated electric field intensity and
measurements can be noticed in Figure 10 (b). Tdeekt deviation is less than 15%. The highest
value of the electric field does not exceed 10 kWiok is the highest limit for the professional
exposure at 50Hz in controlled environment. Theusation results are shown in Figure 10 (a)
through a cross-section along the central alldyignire 10 (b).

E[kV/m]
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(b)
Figure 10: (a) Comparison between the simulated electric S&ldngth at 1.7m above the ground along the ddatra
and measurements; (b) the electric field map thiaugross-section along the central lane.

The currents through the substation buss bars wakaown. Hence, the computation of the
magnetic field was performed considering a hypathétsituation e.g. a constant curraatl00A
through each buss bar. The simulation results eitlagnetic field distribution is presented in Feur
11 (a) at 1.7m above the ground and Figure 1lhflough a cross-section along the central lane.
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Figure 11: The magnetic field map in cross-sections: (a). atl above the ground and (b) through a crosseseatong

the central lane.

No measurements were available for the magnetig¢ éiensity. The maximum magnetic field
density resulted from simulation is 4uT. The limigsg. 500 pT) [1-2] for the professional exposure
in the magnetic field are not exceeded.

CONCLUSIONS

A 3D CAD/CAE Modeling software and methodology fdhe computation of the
Electromagnetic Field Distribution in HV Substatiorwas presented. The CAE environment
developed in this paper interacts with the 3D CADde of the substation, retrieves (X, y, 2)
coordinates of the electrical terminals and conahsctallows setting the specific loads and computes
the electromagnetic field spatial distribution. Ally parameterized and reconfigurable 3D CAD
model library with the specific substation congtitee components was built-up under the SolidWorks
CAD environment. The 3D SolidWorks substation conmgrus allow fast design and configuration of
the substation computational models. Both 3D CAQ &AE approaches were outlined on the 3D
CAD models of 110kV Cluj-Sud substation and celb2400kV Gidalin substation. The comparisons
between the simulated electric field and measurésnalong the central lane of cell 2 of 400kV
Gadalin substation are in a very good agreement. Thaulgsited electromagnetic field values do not
exceed the professional human exposure limits imrothed environment.
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SUMMARY

The numerical simulation procedure for the evatratnd mitigation of the electromagnetic
field interferences generated by the high voltdtgr@ating current power lines (HVAC) on the buried
metallic structures (e.g. pipelines networks) iesented. The benefits of the software tool in
investigation of the personnel safety will be highted with the example of safety elements design.

KEYWORDS
High voltage alternating current power lines, umggennd metallic pipeline networks,
electromagnetic field interference, simulation w@aite, personnel safety.

1. INTRODUCTION

Simulation technologies represent nowadays comrools for the optimal processes design.
An important application of the simulation techrgiles is the investigation of the hidden phenomena
created by the electromagnetic field interferen@sll) between the HVAC and the underground
metallic pipeline networks that may affect both lamhealth and good functioning of the related
equipment.

Besides the well-known DC or AC corrosion phenomehthe buried metallic structures [1]-
[6] (which can lead in time to important damagesgey serious effect of the stray induced currénts
represented by the shock hazard for the persoiihdB].

The stray induced currents are basically genetayeitie HVAC in the neighborhood metallic
structures via three mechanisms:

Capacitive or electrostatic coupling, when the HVA@Gd victim metallic structure behaves
like the capacitor armatures; this coupling holdly dor the metallic structures above the ground,;

Inductive interference, when the HVAC and victim taikc structure behaves like the
transformer primary and secondary coils respegtjvel

Resistive or conductive interference related toARefault currents (e.g. phase to ground) that
flow towards the metallic underground pipelineswuctures.

The simulation technology applied in this papersute simulation software tools developed
in [9]. The software suite for the AC interferenmediction and solution techniques to mitigate the
unwanted effects allows modeling complex HVAC anetatiic pipeline networks with no restrictions
on geometry and electrical connections. The sofivikais been presented in [7]-[11].

2. COMPUTATIONAL MODEL
The computational approach can handle both conguatid inductive coupling mechanisms.

Y marius.purcar@ethm.utcluj.ro
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2.1. Resistive coupling
The pipelines buried in the ground can be seeargg lelectrodes surrounded by an immense

electrolyte. Assuming, for simplification, that teeare no concentration gradients, Ohm’s law holds
and electrochemical cells can be described by thpldce equation with non-linear boundary
conditions governed by the electrochemical reastairthe electrodes (pipe surfaces) [12].

The model is applied in solving the conductive congmt during the fault to earth (e.g. phase to
ground). It considers the complete ground half-spalere the earth surface is modeled as an insulato
The inhomogeneity of the soil is modeled using @ layer soil approach [13], see Figure 1.

Earth surface
P _
Soil; the external problem 4

Coatin

Boundary between Finite
3 internal and external | thickness

Metal internal
problem problem D
Internal pipe boundary ]
I
The second layer Infnite
thickness

Figure 1: Pipe cross section: internal and external domaimled through coating [7], [10].

2.2. Inductive coupling
The model computes the induced electromotive foEEq&EMF) along the arbitrary closed

contourl’, see Figure 2 left, formed by the HVAC’s and pipelnetworks according to Maxwell’s

second equation [11].
Based on the EMF formulation (7), the induced \g@t and currents are later calculated by

assembling and solving the well-known transmisdioe model (TLM) from each elememt see
Figure 2 right,

zdx I+(dl/dx).dx

Leond

XPOPIAPIHA

Figure 2: Division of source and victim wire in piecewisadar segments (left); TLM for the pipeline-eartbottical
circuit (right).

The numerical approach requires the pipeline seqterameters (e.g. diameter, coating, soil
resistivity, etc.) and HVAC parameters (voltagetrent, phase transposition, sag, tower geometries
etc.). More details on the numerical implementatgpecific boundary conditions, modeling of fault
and inductive interference can be found in [7],][40d [11].

3. STUDY CASE - AC INTERFERENCE BETWEEN THE HVACs AND PIPELINES

IN THE SAME CORRIDOR
This example has been in detailed presented inTBis study will highlight the specific
mitigation procedure regarding the phase to grounthe neighbourhood of the pipeline at a valve

station.
The pipeline under consideration has a diamete&r2oihch, is polyethylene coated and about

90 km long. The pipeline is influenced by 4 diffetr@ower lines: L, Ly, Ls and L, with voltages of
110, 220 to 380 kV, see Figure 3.
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L, 380 kv

Figure 3: Studied configuration: blue = pipeline, red = HEZA

The power lines 2 and 3 have common towers. Tlaggtstate and fault current parameters of
the HVAC's are presented in Tables 1 and 2.

Table 1: Steady-State full and average load parameters

- Max load | Average load
HVAC  V[kV] Circuits (Al (Al
Ly 380 2 4000 1200 (30%)
L, 380 2 4000 1200 (30%)
L3 220 2 2000 600 (30%)
Ly 110 1 500 250 (50%)
Table 2 Fault parameters
HVAC |I11[KA] |l12:1[KA] |12[kKA] |112[kA] | Fault Duration
L, 46 5 47 3 5
L, 56 0 47 11 5
Ls 35 4 30 7 5
Ly 14 3 10 2.5 5

In Table 3 are summarized the results of the 8 imgriscenarios and compared with the
maximum allowed AC voltage during steady-state @mhis 15V) and faults interference (coating
stress limit which is 2000V) with respect to thepswt on the personnel exposure and safety [1].

According to the results presented in Table 3 dlewving conclusions can be drawn:

All steady state scenarios (average and full leeded the 15V maximum allowable limit; the
highest induced voltage is 96 V (when the contrilubdf all HVAC's during full load are considered);

During single phase to ground fault of circuit 2tlké power line L1 the maximum allowable
coating stress voltage is exceeded;

Table 3 Results for the ss and fault scenarious

Scenario Power Line|Load VvV  allowed|V max |Allowed?
1 All Averaqe 15 3C No

2 All Full 15 96 No

3 L1 Full circuit 2/ 15 81 No

4 L2 Full circuit 1/ 15 41 No

5 L3 Full circuit 1/15 29 No

6 L1 Fault circuit 2000 2215 | No

7 L2 Fault circuit 2000 186 Yes

8 L3 Fault circuit 2000 1110 Yes
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The AC induced voltage along the pipeline for thk tbad of the power transmission lines is
represented in Fig. 4.
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Figure 4: AC induced voltage along the pipeline versus thé 4afe limit during steady-state for all powerekn
at full load.

The highest induced voltage in the pipeline (asira sf resistive and inductive components)
occurs during the fault (phase to ground) of cir@udf power line, L, see Figure 5.
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Figure 5: Pipeline voltages during fault of circuit 2 of pemline L.

The highest touch potential is 460V and occurhatvalve station in Figure 6 left. The touch
potential exceed the 367V safe limit which is cédted for zero soil resistivity and a fault duratiof
maximum 5 cycles (50 Hz each). The earth potemis@ around the tower poles and pipeline is
presented in Figure 6 right.
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Fiure 6: Detail of the faulted tower and location of théweastation where the touch potential exceeds dlfe lgmit
(left); earth potential rise around the tower patasards the pipeline (right).
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In order to reduce the touch potential below thie éiaits a gradient control mat (2x2m) is
foreseen at the valve, see Figure 7 (left).

T G
ot s

Figu 7: Detail of the faulted and gradient control mat h/e station (left); earth potential rise arouhe tower poles
towards the pipeline (right).

The gradient control mat distorts the earth poamise and reduce it up to 120V at the valve
station. The earth potential rise around the tqvedes and pipeline is presented in Figure 7.

CONCLUSIONS

In this paper a software technology for the elentgnetic field interference prediction has
been presented. The computational technology s @biodel both resistive and inductive coupling
mechanisms, between multiple HVAC'’s and pipelinemogks. Both steady-state and fault scenarios
of all power lines are simulated and assessed m#pect to the impact on the working personnel
safety. It could be noticed that during the average full load working conditions the highest
induced voltage is 96 V, hence, exceeding the 1&ftg limit. In case of the single phase fault
scenarios only if the fault occurs in circuit 2pmiwer line L1 the maximum allowable stress voltage
2000V is exceeded. A gradient control mat is rezfliiat the valve station in order to mitigate the
touch potential below the safe limits.
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SUMMARY

The analysis of the new pan-European code higldightne new requirements which must be
reflected, in the shortest time from approvalhe Grid Code and secondary legislation in Romania.

The paper presents analysis of the main aspecthedfpaneuropean connection codes,
highlighting them backbone and the newest concept requirements. The requirements of this
Regulation shall apply from three years after mation time necessary to adapt national legislation
for no exhaustive requirements.

KEYWORDS

Grid code, power control, ancillary services, aetpower control, reactive power control,
voltage control, power factor, low voltage ride ahgh, requirements for generation, demand
requirements.

I. INTRODUCTION

The need of developing a common European Code ctinnalerives both from the European
Council decisions 714/2009 and especially fromnbed of having common technical requirements in
Europe. Ensuring the same level of technical resguénts for all producers and consumers of
electricity is a beneficial process for equipmeranufacturers and network operators / system with
the obvious intention of ensuring constant quabtythe product “electricity” in a single market. A
single European electricity market can become wiabhly if there are some single European
requirements whose compliance can be guarantegdbgnthe entities (producers and consumers)
using equipment that complies with standards aclohieal requirements of common connection.

The development of codes of connection and operatith the European regulatory nature
such as Pan-European Grid Code ultimately cong&ibotachieving a degree of reliability and a high
power quality in the entire European network ane@ual treatment of consumers.

At this time, in Europe is working five synchronosgstems (Continental Europe, Nordel,
England, Ireland and the Baltic States) with défarrequirements for users’ connection (producers,
distributors and consumers) and power-frequencytrabriules. Consequently, the performance
provided by each synchronous system is differehe differences between operating rules of those
five European power systems are based on natufatatices of size, development, interconnection
with other systems, types of block control thatidhem.

Ydoina.ilisiu@transelectrica.ro
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1.1. The law basis

The Directive 2009/72/CE of European Parliament@adncil of 13 July 2009 with regarding of
common rules for internal electricity market poittie need for enhanced cooperation and coordination
between transmission system operators in the ENESPace to create common network codes. These
Pan-European Codes should provide an effectiverangparent access to cross-border transport rietwor
to ensure coordinated planning and future-oriemgéetinological development of the transport system,
including interconnection capacity building and iemvmental protection.

The Transmission system operators (TSOs) are, cord@nce with Article 12 of Directive
2009/72/EC, responsible for high and very high oetwoperation for long distance, with transport and
supply of electricity including the consumers direconnected and for distributors. In additionte
transport task, TSO responsibility is to ensurestaurity, to a high level of reliability and qumgli

By developing the Code of generating sources cdiorecENTSO-E aims to establish some
clear and objective requirements for connectiongeherators to the grid, in order to achieve a
competition based on the same technical requireggriengosed on equipment suppliers. In this way,
are created the premises of the efficient functigrof the internal electricity market in terms afes
operation of the system even if the renewable gngrgduction is increasing.

1.2. Mandatory of Pan-European Codes

Pan-European codes, including that for generatodscmnsumers / dealers connection, have
European regulatory nature. Thus, Code connectidh ceme into force on the twentieth day
following its publication in the Official Journaf ¢the European Union. No later than ten years after
entry into force of this grid Code, all existingitsnmust comply with all provisions of the network
code or to receive a derogation decision from taevark operator about the provisions for which
they do not comply. Exemptions are issued and nethéyg the network operator so that within five
years all generating units that do not comply vatmequirement, to resolve nonconformities from
Code or by an exemption or by an improving perfarosa

The application forms for the analysis of non-confities will be submitted for each network
operator no later than six months after entry fotce of the Network Code. Network operator must
notify the applicant the decision granting the eggon and should have a record of all exemptions
granted.

The request for exemption, submitted in writingth® network operator, will include the
following information: identification of the requésg applicant, describing the reason why he wants
to change the provision / Network Code parametemfnich is seeking the exemption. The network
operator must keep a register of all derogatioasitgd and provide to ENTSO-E the records updated
at least every 6 months.

II. THE STRUCTURE OF GENERATORS CODE CONNECTION

The code is designed so that each type of gendgatated by output power, the requirements
thus classified in terms of management system (kenye of technical data and provide the
monitoring of production sources), the requiremefuts active power control and behaviour at
frequency variations, the requirements related ditage stability (voltage control at the point of
connection, reactive power control) and group behavrequirements for emergency / restoration,
this category including also the requirements fobUstness" in operation, given by the behaviour in
defects case.

2.1. Classification of generating units

Classification of generating unit is based on \g#tdevel from the point of connection and
unit capacity [MW]. The generating units, in thege of this Code connection, are classified in four
groups A, B, C and D as follows:

(a) connection point below 110 kV and maximum cégaaf 0,8 kW or more (type A);
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(b) connection point below 110 kV and maximum cayaat or above a threshold proposed
by each relevant TSO in accordance with the proeedaid out in paragraph 3 (type B). This
threshold shall not be above the limits for typpdver-generating modules contained in Table 1;

(c) connection point below 110 kV and maximum céiyaat or above a threshold specified by
each relevant TSO in accordance with paragraply@: (€). This threshold shall not be above the
limits for type C power-generating modules contdireTable 1;

(d) connection point at 110 kV or above (type D)dwer-generating module is also of type D if
its connection point is below 110 kV and its maximcapacity is at or above a threshold specifiectiwhi
shall not be above the limit for type D power-gatiag modules contained in Table 1.

Limit for maximum capacity Limit for maximum capacity Limit for maximum capacity
Synchronous areas threshold from which a power- | threshold from which a power- | threshold from which a power-
generating module is of type B | generating module is of type C | generating module is of type D

Continental Europe 1 MW 50 MW 75 MW

Table 1 Limits for thresholds for type B, C and D powemgeating modules

The connection requirements are presented stastitigtype A units being developed to type
D units. This structure and the idea of developieguirements for small groups, defined as non-
dispatchable units to the grid code are new andiregpecial technical rules necessary for distedu
generation. In this sense the Grid code must bptaddor each TSO.

2.2. Specific requirements

2.2.1. Behaviour on the frequency variations

The main novelty is imposing some specific requigats and responsibilities to small units
(class A), requirements that doesn’t exist in nmadshetwork codes. Of these the most important are
related to the requirement of remaining in operatiwger a wide range of frequency: 47.5 Hz -51.5 Hz
and on frequency variation equal with 2Hz/s.

Another novelty is the assessment for units typeaAd B is the requirement of imitated
reaction to the frequency deviation. That means tihase units must react only to high frequency
deviation (greater than 50 Hz) or for frequencigsaler than 50 Hz. From C class is required a
complet reaction to the frequency deviation duatiglomains as in Figure 1 and Table 2:

Parametrii Intervalele | Intervalele [%]
[mHz]

Puterea activa raportata
la capacitatea maxima - 2-10 %

Abaterea relativa de

frecventa 10-500 mHz 0.02-1.0 %
Domeniulde

insensibilitate la 20-30 mHz 0.04-0.06 %
frecventa

Statism S1 _ 2.20 %
Statism S2 _ 2.12 %

Figure 1. Frequency-active power response for generators  Table 2. Values for parameters from Figure no.1
type C

In terms of control schemes and their settings,pitetection schemes and their settings are
read as follows:

- Schemes and generated power control device get{(RAV and power regulators) must be
coordinated and agreed between the network opeaatbthe operator of the unit, especially on one
of these situations: isolated operation and deatieci of local and inter area oscillations.
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- Beginning with type C generating units, the asfpower of the unit must be controllable. In
this respect, the unit control system must be @bkeceive a reference value (setpoint), implengnte
either manually or automatically by remote-contdlequipment by the system operator.

- The system operator is entitled to require to uh# to produce any power in the range of
minimum and maximum set.

Each generating unit must be able to activate ttieeepower reserve according to the above
figure and table parameters specified by the TSO.

TSO sets: the droop values, insensitivity bandsthdédands in frequency response and
frequency inflection points. Accuracy of frequenegponse measurements of active power must be
greater than 10 mHz.

Each generating unit must be able to provide divea@ower reserve for a period specified by
the TSO of each synchronous area between 15 miB@nun.

Requirements regarding the operation in voltaggtfemcy domain for units connected to a
voltage level higher than 110 kV.

U/Un [ur]
115 ‘ ‘

60 min
11 I

Nelimitat

0.9

0.85

08

90 min

> 90 min
conditiiimpuse de

TSO

90 min

180 min

cerinte locale
ale TSO

30 min

47 475 48 48.5 49 49.5 50 50.05 51 515 52

Figure 2. Requirements regarding the operation in voltagetfency domain for units connected to a voltagel leigher
than 110 kV

2.2.2. Requirements for system protection and autoation

In terms of protection and automation system, begimwith type B generators is provided
explicit the coordination of the setting with netkaperator. Also, the line connecting the genearato
protection must meet the network operator. Alse,lihe connecting of the generator protection must
respect the requirements of the network operatetwibrk operator is entitled to request automatic
like RAR-M type for radial connection schemes, &&R-M or RAR-T for loop connection schemes.

Responsibility for the application of torsion, rigitional arrangements which requires up to
50% maximum torque capacity, are considered norava should not result in dangerous
applications. For such requests occurred duringantimee-phase shortcircuits the generator producer
takes the necessary measures.

[ll. PARTICIPATION TO SYSTEM RESTORATION

The restoration capacity in terms of starting th&tesm without power source is not required,
but TSO has the right to require this capabilitydome units.

A unit with ability of restoration must start in tame range specified by TSO and can
synchronize with another system in the frequendy Blee generator unit must be able to control
automatically the voltage and to operate in the esaime with other generating units when the
network is isolated or during the system restorat® generator unit must pass from interconnected
system to isolated system without using any swiiglsignal to identify an isolated network.

The isolated on their own services of generatintgswperation is required from type C units.
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Generating units whose start time is greater tHtamutes must be able to isolate on their
services when the connection with the network &, lisom any point of operation of the PQ diagram
without using additional signal. The minimum iseltun time is set by the TSO.

IV. THE REQUIREMENTS OF SYNCHRONOUS GENERATING UNIT S REGARDING
THE VOLTAGE STABILITY

Each synchronous generating unit must be equippdd am automatic control in order to
provide a constant voltage across the generata. eXeitation system of the generating unit must
contain a device for preventing / damping poweiilladion (PSS). The output signal from the PSS
should be limited to less than £ 10% of the outpltage signal of the generating unit at the AVR
entrance and PSS operation must not lead to ifisgaliPSS must go out of service when the
generating unit operates at less than 10% of Pmax.

Reactive power and voltage control is achievedhm $ynchronous generating units-type D
according with the diagram:
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Figure 3. U-Q/Pmax profile of a synchronous generating unit

And for a wind power plant type D according to thowing diagram (which highlights the
need for the zero reactive power exchange withsistem at zero active power delivered to the
system):

Pip.
pu Outer Envelope

1.000

.900
800 Inner Envelope

700

600

500 Q/Py.x Range

400

.300

under-excited | over-excited

200 operation | operation

100

S e e e e

QP

.000
o

o o
=1 =1
& al

40 = = - - - - - - e - - - - - -

=3 o
o o =1

60
-.500
400
100
.000
500

0l

o]

Consumption (lead) Production (lag)

Figure 4. U-Q/Pmax profile of a wind power plant
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4.1. Requirements for reactive power control on wid power plants

Wind power plant type C and D should be able tarobhe voltage at the point of common
connection with the reactive power exchange witiefarence value of voltage between 0.95 pu and
1.05 pu in steps of 0.01 or less p.u. with a skoip2% to 7% in steps less than or equal to 0.5%. Th
setpoint can be operated with or without a deadhanide range of £ 10% of nominal voltage of the
network in steps less than 0.5%.

4.2. Robustness of generators

A novelty brought by this code is the requiremehfault ride through begining with units
from class B. The minimum requirement imposed tochyonous units is represented in Figure 5 with
the range of values from table 3.

Ulp.u. 4

0 Lelear trec trec2 trecs tfsec

Figure 5. Fault-ride-through profile of a power-generatingdule

The diagram represents the lower limit of a voltagainst-time profile of the voltage at the
connection point, expressed as the ratio of itsaatalue and its reference 1 pu value before nguri
and after a fault. Uret is the retained voltagehatconnection point during a fault, tclear is itgtant
when the fault has been cleared. Urecl, Urec2]ltrieec2 and trec3 specify certain points of lower
limits of voltage recovery after fault clearance.

Voltage parameters (pu) Time parameters (seconds)
U 0,05-0,3 LI 0,14-0,15 (or 0,14-0,25 if system protection and secure opera-
tion so require)
U 0,7-0,9 to b
U U toa t. 0.7
U, 085-09and = U, it l.-L.5

Table 3 Parameters for Figure 5 for fault-ride-througpatfaility of synchronous power-generationg modules

The requirement refers to the fact that synchrommumeerating units must remain connected to
the network for short-term deeps and interruptisym(metric or asymmetric faults) like those in
Figure 5, with range of values in table 3.

The same requirement also applies to wind generatinits, but with the parameters from
Table no. 4
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Voltage parameters (pu) Time parameters (seconds)

U.: 0,05-0,15 b 0,14-0,15 (or 0,14-0,25 if system protection and secure opera-
tion so require)

U\.lﬂ!dr: l"‘l(‘l_U"i 2 lr idear

Utear Lot t

Tec mecl

U |085 s | 1,5-3,0

Table 4. Parameters for Figure 5 for fault-ride-throughataifity of power park modules

V. EXCHANGE OF INFORMATIONS
This chapter comes to regulate exchange data #wnblne and off line exchange between the
TSO a generating unit. These requests are prasentdass B. Most important rules are:

- TSO and network operator defines exactly the Iistiata to be transmitted on line and
offline;

- Generator unit will be equipped in accordance stdndards approved by TSO or network
operator to transmit information in real time ospevent, for a certain period.

- Real-time information is necessary to monitor the,exchange of information including:

- signal condition of primary control operating unit;

- scheduled active power (power saw);

- measured active power;

- droop value;

- available power including wind and solar power daif they operate in limitation.

- generating unit must be equipment to record théowahg parameters: voltage, active
power, reactive power, frequency and harmonics. 3éitings of recording equipment,
including criteria for release and registrationipgrshall be determined by the operating
system and TSO.

Changes/upgrades/replacements to unit equipmemnthwiould have a significant impact on
network and interconnection between systems suctudsnes, generators, converters, high voltage
equipment, protection or control (hardware andveariée) will be notified to the network operator, for
it to set before the PIF, the required settings.

VI. MATHEMATICAL MODELS AND SIMULATIONS

Each system operator is entitled to request sinomahodels. These should be provided in the
format required by the system operator, highligiptine behaviour of generating unit in steady state
and dynamic behaviour (short-term and long-termsitgonal) in the common point of connection. In
order to dynamic simulation the model must contdi@ following sub-models: speed and active
power control, voltage control, including PSS, &tibn system and the limitations, models for the
generator and converter protection. System Operasyr require additional requirements for models
for dynamic and static systems, studies of groupratpr to demonstrate the dynamic and static
performance.

VII. TESTING COMPLIANCE WITH CODE REQUIREMENTS

System Operator has the right to require testoofptiance with network code requirements
or national legislation.

The group operator is responsible for testing,ceoadance with the conditions of the network
code, being responsible for personnel and plamtypafuring tests. Costs with tests will be borne by
the group operator. Decision regarding participatd the system operator to the tests and how this
participation will be, is at the sole discretiontleé transmission system operator.

Generating unit must prove the technical abilitycemtinuously vary of the active power in
order to contribute to frequency control and mustak the tuning parameters such as insensitivity,
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droop, dead band, control bandwidth, and dynami@amaters, including response to frequency
variations. Tests are performed by applying fregyesteps in order to activate at least 10% of the
maximum active power exchange, taking into accdhatdead band and droop settings. Simulated
frequency deviation signals are injected simultaisgoon both speed and power regulators, if those
exist. Tests are considered good if they meetdhewing requirements: test results for both dynami
parameters and for the steady state are in acamedaith the requirements of the Code and there are
no unredeemed oscillations after shifting stepaasp.

VIIl. CONCLUSIONS
After the enter in force (at 17.05.2016) of thewmk code on requirements for grid
connection of generators, as Regulation 613/20i#Selectrica starts the developing of a Technical
Norm for establish the no exhaustive requiremepéigied in the Code and the local requirements.
Those norms will include, at least:
1. Classification of generating units in four clasge®, C and D.
2. Introduction of fault ride through requirement waolly for RES (as it was in NT 30 and NT
51) but also for classic units (synchronous) witv Ipower (Class B and C, between 0.8
kW and 10 MW).
3. Introducing of the requirements for voltage contbyl imposing areas like U-Q/Pmax
adjustment, for both RES power plants and classiis.u
4. Data exchange between the generating unit and BS€stablished both for online and
offline information including the obligation to pride the TSO of the mathematical model
of the unit.
5. Settlement of the obligation to perform tests vgiimulated signals to prove compliance of
the unit / wind power plant with code requirements.
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SUMMARY

Large Wind parks connected in a same connectiont g Fantanele Est, Fantanele Vest and
Cogealac (600 MW) connected in S 400/110 kV TadeeNerbund and Land Power (225+84 MW)
connected in 400/110 kv Rahman and Crucea Nordygugar+N.B. Targusor (108+119.6+59.8
MW) in Substation 400/110 kV Stupina, offer a vgkacontrol in them connection point at 400 kV
level. Paper deals with stability and control issoéthose wind farms. All wind farms provide three
types of control: active power control in relatibiswith the balancing market, the voltage con#ol
400 kV level and, in some cases, reactive powetrgbat level of each feeder connected into 110kV.
The paper deals with the voltage control at 400deél. Detailed dynamic model of the wind farm an
equivalent of the transmission system are preserited test results and the behavior in normal
operation. Paper used wind turbine models (withatde speed and pitch control) and generators

models (generators with full power converters),tagé/reactive power controller models and tap
changers.

KEYWORDS

Wind power plant, Conformity tests, Voltage andctea power control, voltage controller
model

INTRODUCTION

Paper deals with control issues of large wind fartgpically behaviour from voltage and
reactive power control point of view.

Wind farms Fantanele and Cogealac are presenteglaas Wind farms from Stupina due to
different type of tyrbines and voltage controllefithe paper describes principles of voltage and
reactive power control in both substations. Theumegnents for wind farm grid connection regarding
reactive power supply are also described.

Results of conformity tests and real operationpaesented in last Section.

CEE Fantanele and cogealac example

The 400 kV Tariverde substation is designed to hmower substation for the wind power
plants (WPP) in the area, WPP Fantanele East hastatled capacity of 85 MW (34 turbines of 2.5
MW), WPP Fantanele West 260 MW (104 turbines of W) and WPP Cogealac 255 MW (102
turbines of 2.5 MW). One - line diagram is showirig. 1.
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Fig. 1. Simplified one line diagram of 400/110 kV Tariverd

The specificity of this WPP is the intermediate mection point in 110 kV which cannot be
considered as a public connection point becauséralé WPPs have the same owner. In this case the
connection point was considered the 400 kV wheeedt three WPPs must fulfill the connection
requirements. As regards the voltage and reactosep control, the main requirements should
ensure:

» less than 0.95 capacitive/inductive power factomi@aximum active power,

» zero reactive power interchange with the systeoase of no active power produced and,

» the reactive power and the voltage control for ads®y set point automatically recived

from National Dispatch Center [1].

The fulfilling of connection requirements startgtwihe reactive study which provides the V/Q
capacity control of WPPs.

The type of wind turbines (WT) is GE 2.5x| from t@eneral Electric manufacturer and it is
the largest wind park of GE on shore from Euro@(MW). The general P-Q curve is represented in
Fig. 2 where WIindFREE of WT can providd.2 MVAr from P=0 to Pmax, and all others WTs
provide 0.9 cap. <cgx 0.9 ind. capacity (red lines). In order to fulflhe Requirement of Romanian
Code of Wind Farm connection to the grid: “zeroctee@ power in connection point in case of zero
active power produced”. WPP Fantanele East is ggdipvith 6 WindFREE WT, WPP Fantanele
West is equipped with 36 WindFREE WT and WPP Caged equipped with 38 WindFREE WT.
The condition of Q=0 at P=0 must be reached by éaetier (Fantanele Est, West and Cogealac) at
level of 100kV connection.
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Fig. 2. P-Q capability of WT General Electric

All this reactive power capacity must be provideding the voltage or reactive power control.

The reactive capacity relative to 400 kV connecpaint must be carried out both for WPP
Fantanele and Cogealac. The theoretical P-Q disggfamWPP Fantanele East and WF Fantanele
West is seen Fig. 3.
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Wind Farm P-Q Diagram

!

500000

Fig. 3. P-Q diagram for WPP Fantanele East and West irk¥0fbnnection point

The GE controllefWFMS - wind farm management system) was desigoecbntrol both
voltage and reactive power of each wind park abltage level of 110 kV. It controls the reactive
power produced by each WT. Tap changing on thesftoamers 110/33 kV are solved by means of
autonomous automatics. These controls are notcgarifi for 400 kV voltage control, therefore the
control of the tap changer of the three 400/110tkAhsformers is also necessary. The complete
voltage regulation is realized by a superior auttonanamed ASRU.

The WFMS of the each WPP are supervised by onag®ltontroller called ASRU (EGU
provider). The principal ASRU schema is presentetthe Fig. 4.

Ureg400

Nor-sensivity o Ureg11C
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+Dreg max\ preg4oc +
‘ duict @ Whnd farm
Uset400 C ol control system
! -Dreg max

o Uset110
L|m|t£t|on due to voltage

on lower lewels

Fig. 4. Schema of the voltage regulation in the 400 k\ivieade substation

The ASRU is the first level of hierarchical voltagentrol. Its task is to track, with closed
loop, voltage set point sent from NDC (National @2isch Centre) on the level of 400 kV. The
elements controlled by the ASRU are:

- Reactive power controllers of each wind farmsetpoint for WFMS of each WF;

- The tap control of 110/33 kV transformers whickeldmg to each wind farm
respectively;

- The tap control of 400/110 kV transformers.

The tap control of 110/33 kV transformers can liegrated either into the ASRU control loop
command or into the reactive power control of thedaurbines (WFMS), or by individual controller
according dispatcher decision.

The general admitted insensitivity in the 400 k\tage control is £0.5 kV and it is the sum of
all insensitivities in slave control loops.

The control hierarchy is: the WFMS of all WPPs fast, the taps of 110/33 kV transformers
are controlled afterwards and the tap positiond0if/110 kV transformers are controlled finally (all
three 400/110 kV transformers are operated in [gdm@h one 110 kV bus bar).

In the taps control ASRU considers some insengjtinglated to the kb,=110 kV voltage:
dead band 5%, band of reaction without delay 9%maagimum reaction delay 180s.

Above mentioned principle of the ASRU was slightjanged. Proportional regulator is
replaced by PI controller, which distribute reaetipower demand (based on relationship reactive
power-voltage/coefficient) among particular WFM3ieTamount of required reactive power set point
is calculated in accordance with wind condition awdilable active and reactive power of each WF.
If reactive power is not available, the requireaiteol action is not possible and the control aci®n
stopped.
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Take in consideration that this wind farm compostthree WPPs and total installed power of
600 MW represents the largest onshore wind farnh W&E wind turbines, the voltage and reactive
power control represent the largest voltage coritnoh wind farm controlling a total reactive power
in the range of -300 to +450 MVAr. After the comsiaing tests, the voltage control of this
connection point operates continuously.

CEE Crucea and Targusor example

The 400/110 kV Stupina substation is designed ta lp@wer substation for the wind power
plants (WPPs) in the area, WPP Crucea Nord hassalled capacity of 108 MW (36 turbines of 3
MW), WPP Targusor 119.6 MW (52 turbines of 2.3 M#id WPP Nicolae-Balcescu Targusor 59.8
MW (26 turbines of 2.3 MW). One - line diagram Iwn in Fig. 1.

Isaccea<—‘ —» Varna

400 kv
400/110 k T1 @ T @ T3 Stupina
110 kV | ' 110 kV
Targusor N.B. Targusor Crucea Nord

Fig. 5. Simplified one line diagram of Substation 400/X10Stupina

All this reactive power capacity must be provideding the voltage or reactive power control.
The reactive capacity relative to 400 kV conneci@mint must be carried out both for WPP
Targusor and WPP Crucea Nord. The theoretical HaQraims for WPP connected in Substation

Stupina are seen in Fig. 3.
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Fig. 6. P-Q diagram for WPP Targusor, N.B. Targusor arut€a Nord in 400 kV connection point
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The wind power plant will be brought out into thartsmission system of Transelectrica on the
voltage level of 400 kV in the substation 400/124 Ktupina. The substation Stupina 400/121 kV
actually consists of:

- Two bus bars 400 kV

- Two main transformers 400/121 kV (250 MVAr) T12 @quipped with tap controllers

- Two bus bars 121 kV — System 12

CEE Crucea Nord is connected directly in 400 k\VcleEaind power plant will have in its area
its own substation and transformer 121/30 kV wap thanger regulation under load. Usually, tap
changers (121/30kV) are in automatic mode conuloly a local rely and monitored by Joint
controller (JC) provided by Siemens.

Joint Control (JC) controls only main transformap thanger of S400/121 kV Stupina. Joint
control is a first level of hierarchical control @bltage and reactive power at 400kV bus bar. JC
operate at:

1) Level of 121kV bus bar and send to each WPPiredj@ set point (Q1, Q2).

2) Level of 400kV (WPP Crucea Nord) and send tosystem required Q set point (Q3)
for CEE Crucea.

JC manages reactive power injected to bus bar #aolh main transformer and tap changer
position. Reactive control makes the distributidrremactive power for each wind farm according to

each WF maximum capability from PQ diagram.
When JC is in remote mode, receive set point froBNDof TSO; in local mode receive

setpoint from local Joint control operator.

Schema of the JC controller is shown in Fig. 7.
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Compliance test results
Tests of voltage control have been performed onhbhe bars BB1-400 kV — Substation
Stupina 400/110 kV.

The tests have been performed for the followingagions:

All the 3 WPP under JC control and the voltage I&ipn was performed with command of
the JC from DET Bucuresti and Local Dispatch Ce(iarC EGPR). Another test was performed as
WPP Crucea Nord being under JC control, and WPRuUBar and WPP N.B. Targusor working
independently with reactive power control; the &gk control has been verified with Local JC
command (Figure 8);

All the 3 WPP under Local JC control; the reactpmwer has been equally distributed
between the 3 WPP. The parameters have been recordee following locations: - In the Station
Stupina, on the 400 kV bus bar, trafo T3 (Figurel®}he Substation Crucea Nord on the 110 kV bus
bars. The ramp rates of the reactive power: 6 M/ 18 MVAr/min and 36 MVAr/min.
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Fig. 9. Tests of voltage control in Stupina Substation/400 kV

The following conclusions resulted from the perfedests:

- WPP Crucea Nord being under JC is able to asaloee or together with the other 2 WPP,
the voltage regulation on the 400 kV bus bars, @ling to the voltage set point

- WPP Crucea Nord being under JC is able to asaloee or together with the other 2 WPP,
the reactive power regulation on the 400 kV bus baccording to the reactive power set point

- JC divides proportionally with installed poweetheactive power set points between the 3
WPP.
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Normal operation records
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Fig.10. This figure highlights the controllability of ttf&WPP in the CP to almost zero active power. Thetree power
absorbed by the three power plants is between d4.85 MVAr. It finds the influence of connectiorigdonnection of
200 MVAr inductor on voltage control of 400/110 Bdbstation Varna.
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Fig. 11.Highlights the capability to regulate the voltaggigtions in conditions of big active power vamat in WPP
Fantanele and Cogealac

CONCLUSIONS

Voltage control represents the normal operationer@RES connected in high voltage grid. For
substations where are connected more than one WPYRP (photovoltaic power plant) is mandatory to
create a secondary voltage controller. The papalyzes two different controllers and substation
topology. For both the time real results confirm torrectness and efficiency on voltage variations.

Current practice highlights that only two voltage points are necessary to be used during the
day and those can be scheduled.

The secondary voltage control needs to be improfengnain substations being the necessary
level for the third voltage control.
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SUMMARY

The paper gives a detailed presentation of thedetmmputing model and how it could help to
solve the challenges that occur out of the needrediting intelligent cities (SmartCity), intelligen
energetic grids (Smart Grids), efficient transpiota systems, as well as efficient human interactio
and adequate analysis or interpretation of the ldage amount in various fields. Presentation of the
CityNext concept.
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INTRODUCTION

The Smart City concept is trying to include mukigecure technological solutions in view of
a better management of the resources and the néadwodern city. These technologies can lead to a
better crisis management in situations such agaladisasters or arsons, by minimizing the reaction
time of all the factors involved, due to the simunkous access to information. A facile access to
certain resources may lead to the accomplishmethi®tlesired goal.

For this purpose, cloud technologies provide compled secure solutions that could help the
exchange of information among different factorsoired. A SmartCity model can be designed
around public services such as: the energetic Isecdous governmental entities, the transpontatio
system, health, schools, buildings and agricult8teeh a model cannot be created without an efficien
informatics and communication infrastructure (Imh@tion and Communication Technologies — ICT).

Next, we will concentrate on these 2 directions elgmhow such an informatics model that
would manage the information received from thedexinvolved could be developed and how these
factors can interact using a modern and efficiel@dommunication system. At Smart City Expo
World Congress 2015 in Barcelona the importancasifig digital systems in the main sectors of a
city has been underpinned “If you can digitize #malogue, you can digitize the city, and now we are
seeing the application of the internet of thingsTjl smart apps and the amazing ability of the @lou
to store, manipulate and analyze the massive v@whdata”. [5]

Ybtatu@teletrans.ro
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“Cloud-computing” concept — SmartCity implementation

The National Institute of Standards and Technolgoses the following definition of cloud
computing:

“Cloud computing is a model for enabling ubiquitpe®nvenient, on-demand network access
to a shared pool of configurable computing resoar@@g., networks, servers, storage, applications,
and services) that can be rapidly provisioned agl@ased with minimal management effort or service
provider interaction.”[16]

The creation of a unitary platform for smart citging cloud computing technology which
would include the information provided by the vaisdactors stated above could be a viable solution.
A major benefit of this technology with direct retan to the SmartCity concept would be that ther use
does not need a very highly-performing computesriter to operate a complex database, even if such
operations need such systems. The access to ctouthde very easily and the users in various
locations can take advantage of the great powgratessing data without investing very much in
technology or employee training. Cloud computingoines four technologies, namely: virtualization
technologies, security, and programming and dataag@ament.

The model of services provision
Cloud computing is implemented in three modelst Ssfservice (SaaS), Platform as service
(PaaS) and Infrastructure as Service (laaS). [86hEnodel offers different calculation services.

» Saas- offers business applications used individuallgiotultaneously by more companies.
The best example is the e-mail services relyinghensame principle: the provider hosts all
the programs and all the data in a certain locatioa it offers the final user the access to
them by means of the internet. In this model thentt do not buy the software but they
rent it for use paying only for as much as they. Wsially the service is full, including the
hardware, the software and the support. The useabeess to the service by any authorized
means.

* laas — offers on-line processing or data storage capadihis service is ideal for big
companies that need a great power of processingrgrbig storage capacities for a certain
project (in testing media- for example). laas Hees ¢apacity to process and store data, to
offer networking and other fundamental calculati@sources, allowing the clients to
implement and run various types of software whiaynmclude operation systems as well.

* Paas - Offers a medium of development for applicatiorvedepers. They offer tool
packages and standards for development, as weis@goution and payment channels. This
allows for the fast programming of software applmas and the distribution on several pre-
established channels, in order to efficiently attrdients. The development platforms are
hosted in cloud and they are accessed by meanbkrofser.

The implementation model

The cloud computing models are offered to the tdien three forms of implementation:
public, private and hybrid.

The private cloud model(internal) is used, for example, by a companyah cepresent more
departments within the same company. In order tprave the way of using the work stations
virtualization, the already existent servers aredush private cloud also involves the provision and
the measurement of components which will allow floe rapid changing of components where
necessary.

The public cloud model(external) is based on providing the resources bgma of internet,
simultaneously for more users, the clients share¢his way, the applications, the processing power,
and the storage capacity.

The hybrid cloud model is a combination of the models mentioned aboves @Gbmpanies
can run applications in the public cloud, while ttega and the private applications are storeden th
private cloud.
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Advantages/Disadvantages

Avantages Disadvantages
Cost—the data migration towards the cloud majost— Because of the multiple needs a business
be a cheaper solution because of the multifuses, and thus requiring permanent chnge,| the
of hardware and licences involved. cost of cloud implenentation could be higher

and higher.
Storage— the traditional solution of owning theSecurity — even if the centers work hard |to
hardware could prove more expensive thamintain a high level of security, still, securing
renting cloud space the communication paths to the data centers
could turn out to be problematic.

Access —the authorised users can access|tRavacy — many cloud providers keep the data
company data anytime and from anywhere| by different cities, states or even continents,
means of an internet connection. where the legislation regarding security and
privacy of data differs from the one in the user’s
country, which can lead to various problems.

Speed- Hardware instalation can cost | &peed —the upload time may be too big for
company time, while in cloud, everyting |islaily usage, when the company transfers |big
ready to use in minutes. files.

Interest fields for SmartCity

Energy — Due to the raising concerns regarding energgumption, it is necessary that the
electrig grids models be modernized and adaptetemew necessities. Thus, the concept of Smart
Grid appeared, a network which shoud meet theatig requirements, starting from the source to
the consummer.

* Real time support for various services— a real time support service which should be
avalabe 24/7, even in case of damage in ceraingudihis requiremnet is alredy met by the
present cloud technologies, but the problem ofyd@&tathe communication paths of the
internet providers is still present.

» Damage tolerance support cloud services offer this kind of support by thplemention
of sophisticated virtualization, replication andhet technologies, in case of multiple
damage to servers.

» Data security — the data used in a cloud system for SmartGridi ieehave the highest
level of protection. Unfortunately, the presentvams do not meet this requirement but , in
the future, there will be platforms dedicated tamas such fields.

» Provision of internet routing — Due to the fact that there are still interrupsion internet
connectivity, for a SmartGrid type of network, st mecessary to create a mechanism that
would insure safe paths for acessing cloud services

» Open Application Programming Interfaces (APIs): - Necessary in order to interconnect
various applications and equipment specific for B8@ad (metering infrastructure,
intelligent counters, programmable Controllers (Pl@eless networks, portals).

One can notice the fact that around the network ithalves the energy providers and the
transportation system of high and medium voltageey secure communication system must be
provided, versatile and tloerant in case of damasge,that the communication should not be
jeopardized.

The implementation of cloud computing model for ®@ad networks is, at the moment,
only at the theoretical level, but the interestrassing together with the need of high calculation
power, of huge amount of data storage, all of thampening in real time. Due to its scalability amt
its flexibility, as well as its capacity of managituge data quantities, the cloud computing model
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may develop and adapt to the necessities of a &mdrhetwork, by sloving all the problems that
have been identified.

Tourism — another important domain is tourism, from the pecsipe of attracting as many
tourists who will spend as large amounts of morgepa@ssible. Thus, a series of applications thatroff
visitors a great amount of information which helfpem find taxis, bars, landmarks, and other
attractions as fast as possible, in their areapkas developed. Also there is a series of appitsit
which process big amounts of data provided by seseaf sensors in the city which, along with the
information from the audio/video surveillance syssefrom important objectives, create profiles using
artificial intelligence and suggest various itime@a depending on the budget, free time and
preferences. Among these applications one can count

Smart destination- it offers the visitors itinerary suggestionsdmsn a series of information
received from the city sensors

Emotion recognition with artificial intelligence— based on algorithms in the field of artificial
intelligence and facial/age/sex/ feelings recognithey create dedicated offers for visitors. fherlbcal
authorities and for the governmental ones, a sefiepplications intended to make their work eader
offer transparency towards the citizens and ta affermation for business developers are provided.

Transportation system— An intelligent system meant to make car parkimge efficient has
been implemented in Barcelona where, with the loélpa complex network of sensors, and of some
web or smartphone applications, the inhabitantsthadourists may see, in real time, the situatibn
parking spots available inside a certain area.

Also, in Barcelona, they have implemented an igefit system of making the public
transportation more effective. All the transpodatimeans and the stations are interconnected and
offer real time information. Such systems havetsthto be implemented in our country as well, In
Bucharest, Sibiu, Timisoara.

Intelligent roads — many projects that aim for ttnaffic flow decongestion based on
information provided by various sensors are implet®e in many cities of the world. Another idea is
awaiting for imlpementation, namely, the illumirati of roads and highways only when there is
trafic. This would certainly lead to energy savings

Another initiative concerning the intelligent wayms been taken by the Great Britain
Government transportation Department, which is bgmeg a pilot project by implementing a Wi-Fi
sensor network along A 14 motorway which will rendee traffic surveillance, warning systems,
speed limitation systems and payment systems nifeeent.

Another developing segment is the one of electnadlicles which automatically involves
creating a charging network for these vehiclesll,Stiue to the limitation of manufacturing
technologies for rechargeable batteries, the swistfor this field would still be the hybrid vehes
(electrical energy and fuel).

Public services -- an innovative system concerning garbage cidiechas been implemented
in Barcelona involving the use of intelligent cantxs that help collecting garbage more efficiently
The system is based on ultrasonic sensors thatfydere filling degree of containers, regardless of
the form or structure of the materials from insided send all the information through mobile
telecommunication using a SIM card. Thus, the cawpaould use the collecting system more
efficiently knowing the degree of container filling

CityNext

In July 2013, the beginning of a global program aasiounced that aims to implement a
platform for SmartCityes. The idea behind this sng cloud technologies, smartphones and data
analysis(DA- data analitycs), social networks fisgating thriving cities.

CityNext aims to gather together information froiffatent fields such energy, infrastructure,
water provision, tourism, social services, educgtas well as local administrations, to manage this
information and to provide it to users.
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After several years, some solutions to the majoblems that the big cities face have been
identified.

Here are some important achievements:

Smart Grid Networks

Residual and potable water management
Energertic System Management

Carbon emissions control

Smart Grids in Issy-Les-Moulineaux, Franeea consortium formed by more companies in
the field of utilities, constructions, sofrware, a®ll as other fields have launchéssyGrid — an
experiment through which more citizens and buildiogvners have been introduced into a system of
energy monitoring, an experiment whose result viiae 20 % drop in energy consumption.

Intelligent buldings
Public illumination
Waste management
Urbanism

Smart Buildings in Seattle, WA, USIT companies have designed an application toitmon
and optimize the energy consumption in the cem@at of the city aiming to reduce the consumption
with up to 25%.

Traffic management

Fleet management

Taxation systems managemeny
Parking systems management
Airports, railways, harbors.

Taxation system and traffic management in Tijuan @l — the solution that has been
implemented has succeeded in improving and thie ttahditions and the payment of tollways in less
than 3 seconds.

Sureveilance systems

Crisis management

Police

Judicial system management

Public safety- Ogden, Utah, US in a partnership among IT companies, an appicaias

been developed which offers real time informatiothte police officers on duty.
Mobile Tourism Apps
Library Management Systems
Tourism Portals
Destination Management Systems
Tourism Portal in Luxor, Egipt—application developed by some IT companies fattsm
touristic destinations and providing informationlandmarks (virtual tours, hotels, restaurants etc)
Electronic communication and messaging services
Managerial education systems
Education management systems
Increasing university education efficacy

Increasing university education efficacy in Bangkpd hailand — one university in Thailad
has implemented an efficient electronic systemstadent management, for application registration,
management of libraries and credits count.

Public health system

Home medical assistance
Wellness

Pandemy management
Primary medical assistance
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Public health Hague Sysyema cloud-based technology has been developeaddical staff
useful for knowledge exchange and medical projeetsagement.
Taxes and fees collection systems
Document management
Public services: portals, applications
Open data

Taxes and fees collection system Buenos Aires, Atip@ — is an application that reduces the
time for acessing and processing various type®whd$ and that creates a better transparency in the
citizen-local authorities relationship.

As mentioned above, such a system can be usefidse of disaster, when it is essential for
the various governmental institutions and the eiig to collaborate within a short time frame, ar fo
the easy acess to vital information in certainaiains. The applications for smartphones and nesa t
location tracking systems may provide vital infotioa to people in critical situations.

A pilot project is being developed in Barcelona veh@an application is used that can be
installed on the mobile phone providing real timbrmation about population density fluctuation in
various areas, about the unemployment rate andablaihousing, in order to facilitate decisions
involving business opportunities and real estatdeacies.

Such partnerships are being developed in othasc#iich as Auckland, Buenos Aires, Hainan
Province, Hamburg, Moscow, NewYork and Philadelphia

CONCLUSION
According to Forbes, five big cities have managedniplement smart City technologies in
various fields [17]:
Barcelona —intelligent parking and environment @ctibn systems
New York — intelligent illumination and traffic mdoring systems
London — technology and data management
Nice — environment protection systems and autlesrititeraction
Singapore — intelligent traffic monitoring system

orwbdE

This proves the growing interest that governmeatgetfor the SmartCity concept. According
to IDC (International Data Corporation) by 2017 Jedst 20 governments will have created projects
and will have allocated budgets for the SmartCagpaept.

There is a growing interest for this field as manel more IT companies have been developing
solutions for all that concerns I0T, SmartGrid anestCity.

Still, despite the various efforts and despite rtlienber of pilot projects in various stages of
development, one can notice the lack of a unitamyi€émentation strategy for Smart City technologies
which could lead to security risks or to data pecttn flaws. Also, the lack of common strategies
among governmental institutions could cause thatie of duplicate projects resulting in faulty
resource management.

Another danger is the huge amount of data thatecder in a SmaryCity system at a given
time. This amount if information may come from th@vernmental institutions or from independent
sources. The management, the storage the intetipretd data coming from various sources- sensors,
smart phones, GPS - may be difficult and may créamdy forecast. An example of independent
application iswazean application for navigation and traffic with tb&ygest community that shares
traffic information saving time and money for masgmmuters.

It is estimated that the new approach to the fubdireties will contribute to energy efficiency
and to environment protection and that it will gexrte a new economic environment. Also, through
the development of the new concepts of intelligeones, home comfort will rise and the use of
electrical or hybrid cars will reduce the negaiivgact on the environment.
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SUMMARY

Synchronized phasor measuring technology are bexpam important element of wide area
measurement systems used in protection, monitoand, control applications. Phasor measurement
units (PMUs) are power system devices that prosidehronized measurements of real-time phasors
of voltages and currents.

Current differential protection used today on @déascale to protect power systems is a simple
protection, sensitive, acting only to short cirdngide the protected zone, having absolute-selgcti
using information from two ends of the protecteglaar

In the paper a new method is proposed lback-up protectionof 400 kV transmission
networks from East and North-East Area of RomanRower Grid, based on synchrophasor
measurements.

According to the International Electrotechnical dbalary,back-up protections intended to
operate when a power system fault is not cleare@noabnormal condition is not detected, in the
required time because of failure or inability ohet protection to operate or failure of the appiaipr
circuit breaker to trip. Thback-up protectioris, by definition, slower thamain protection

The principle of the proposed protection scheme [2] consist of in comparing inside a
system protection center of the positive sequemtage magnitudes at each bus substation during
fault conditions to detect the nearest bus to tna@tf Then the absolute differences of positive
sequence current angles are compared for all iaeeecting to this bus to detect the faulted lirtee
new technique depends on synchronized phasor niegsuechnology with high speed
communication system and time transfer GPS system.

KEYWORDS: back-up protection, Phasor Measurement Unit (PMGIpbal Positioning
System (GPS), Phasor Data Concentrator (PDC), sypbhsor.

INTRODUCTION

Every power system is subjected to permanent ositiay disturbances created by random
load changes, by faults created by natural causts@metimes as a result of equipments failure.

When a disturbance in the power system occursralcgmd protection system must pick-up to
stop the power system degradation, restore theray® the normal state, and minimize the impact of
the disturbance [1],[3],[4].

Phasor Measurement Units (PMUs) are the most aecwad advanced synchronization
technology devices. They gives information abbet ¢urrent and voltage phasor, frequency and rate

Palexandrumiron49@yahoo.com
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of change of frequency (ROCOF), these all inforgratare synchronized with a high accuracy to a
common reference time provided by Global Positigriiystem (GPS) [5], [6].

The accuracy of synchronization is better than mim@osecond, and the set of measurements
provide a real-time snapshot of the state of thegpsystem. The advent of this technology has been
made possible by advancements in computer, netwanBisprocessing technologies and availability
of accurate GPS signals. These all technologicawtr is opening the gateways of rapidly
approaching era where all metering devices will timee synchronized with high precision and
accurate time tags as part of any measuremer{|5],

Synchronized phasor measurements have offereda@@ub a number of complex protection
problems. These include the protection of seriespensated lines, protection of multi-terminal lines
and the inability to satisfactorily set out-of-stegpays [8].

Phasor measurements are particularly effectiveniproving protection functions which have
relatively slow response times. For such protectiorctions, the latency of remote measurements is
not a significant issue. For example, back-up mtaia functions of distance relays and protection
functions concerned with managing angular or vatatability of networks can benefit from remote
measurements with propagation delays with laterafie to several hundred milliseconds [8], [9].

The paper provides a new technique for wide areteption (WAP) using PMU. This paper
introduces protection scheme depending on compaidsgive sequence voltage magnitudes the bus
bar substations and positive sequence current ptiffeeence angles for each interconnected line
between two substations of power system. The measnts are processed in a system protection
central (SPC). This capability is used to set upide area control, protection and optimizing the
platform by means of new fast communication sysaech (GPS) [1], [2].

AN OVERVIEW OF CONVENTIONAL PROTECTIONS

One of the main conditions imposed to electricatatiations is the operation safety, i.e.
continuous power supplying of consumers. Ensurimigtarrupted operation of the electrical systems
is particularly important, because the disturbanedanctioning may have very serious consequences
and also, the electrical installations are moreosgd to faults than other types of installation.

The gravity of the disturbances consequences cdinsély from the fact that a fault occurred
in a power system could affect the functioninghad entire system, and secondly, from the factithat
can lead to extremely high destructive effects.

Protective relaying, as a branch of the power systeas the role to detect the phenomena that
occur in power systems and which could disturbnivenal functioning, proceeding to the isolation of
the system parts of the system that are the sahkeé phenomena. By isolating these perturbations
from the rest of the system, it is allowed to coun# system functioning under the previous normal
conditions, or in slightly less good conditions, lbygiting the disturbing phenomena to a smallert par
of the system.

In this regard, the distance protection [10], [J1R], can meet the above conditions being a
universal and complex protection, which can be usedetworks of any configuration without
transmission channels or a very low number of chlEnas well.

The distance protection is a protective measuraligtance between the jobsite protection and
the fault, tripping the circuit breaker with a delgreater as the distance to the fault is greater.
Therefore the time of operation of the distancetquiion is function of the distance between the
jobsite protection and fault location. The purpadeany distance relay is to provide the main
protection for own line and backup protection fbraajacent elements of power system.

This variation in time by distance is achieved tages or zones (fig. 1). Zone 1 protection is
set to trip with no intentional delay. This zonesnunder reach the remote end of the line, sini it
not possible to distinguish the exact location ailf near the remote bus. Zone 1 is usually set to
reach 80% to 90% of line length. Zone -2 repmgtect the rest of the line length (delayed witB ©
0.5 sec), and zone — 3 relay provide 100% backal trdjoining lines.
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C
Fig. 1. Three zones of operation for each stand along [&]a[4].

The malfunction of protection devices and unwaritgrs are considered as the main cause of
propagate of major disturbances in the power sysfesrmpointed out above, the backup protections
pick-up when the primary protection fails to operat when the primary protection is temporarily out
of service [1].

In this paper is presented a new backup protesystem for East and North- East Area of
Romanian Power Grid.

For this reason, every substation must be insté&dls (fig. 2), the communication of data
among protection systems being achieved by opberfinetworks, developed along the 400 kV
overhead transmission lines using the OPGW an®®igG cables [4 ]

System
Protectio
@_ E C

v

PMU PMU

—
Fig. 2 The new protected zones of the proposed relay4lL]

OVERVIEW OF PHASOR MEASUREMENT SYSTEMS

The phasor measurement unit (PMU) is the basisngfsynchronous phasor measurements
system Understanding its capabilities and limitadits key to understanding the possibilities ofewid
area measurement and control. Various charactsriefiPMU gives him a multitude of applications
in transmission and distribution power systems.cByophasors offer the precise time synchronized
measurements of different parameters of electneivorks by means of devices called phasor
measurement units (PMUs). The phasor is a vectdachwhas magnitude, direction and sense,
mathematically represented by a complex number achenized by amplitude and phase,
corresponding to the respective quantities of aneoRinction. The cosine quantities represented by
phasors, in a common diagram, have the same fregugh 9].

An alternative wavelengths can be representedrbgthematical equation (1) [8]:

x(t) = X, cos(wt + @) (1)

where: X,,.- sinusoidal waveform amplitude,
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o = 2f - angular velocity that depends on frequency and
¢ - original wave angle relative to a reference.

The root mean square (RMS) value of the input $ignéx,,/+2). Equation (1) can also be
written as

x(t) = Re[Xellws+e)} = Re[{eivt)X, ei®] 2)

Commonly the terra/“* is suppressed, understanding that frequeneoy is
The sinusoid of Eq. (1) is represented by a compiexmber X known as its phasor
representation:

x(t) o X = (Xpn/s E}e” = [X,,,_.'\E} [cos @ + jsing] (3)

A sinusoid and its phasor representation are shiovng. 3

In the Figure 1 the reference is a fixed pointimnet (such as time = 0). The phasor magnitude
is related to the amplitude of the sinusoidal sigBa 13, 14]. Analytical expression of the phasor
symbolic form, is typically represented as:= X, .0¢.

. A
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_’4‘_

A T\ o
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!
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Fig. 3. Phasor representation of a sinusoidal waveforr,[84].

Theories and achievements of phasor measuremest dieeady been discussed in detail in
reference [8, 9, 14, 15].

Connections of PMU to the GPS antenna for receigiccurate time, and to secondary circuit
of instrument transformers for measuring the primsystem [analog] voltage,gyand current, | are
shown in fig. 4,[13].

Antenna

Vg Substation bus
—
GPS vT cB
; PMU ,j
Receiver ‘ cT

T}

Communications Transmission

Fig. 4. Phasor measuring unit connections [13]

Each PMU simultaneously measures voltage and/eecuphasors (amplitude and angle) that
are synchronized with GPS time stamping withis@ccuracy.
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The data from all connected PMUs with identicalaitags are collected, synchronized and
archived by the Phasor Data Concentrator (PDC}hercclient application for display, analysis and
control.

The Standard for Synchrophasors for Power SystéBISE C37.118 serves as excellent
sources for understanding the fundamentals of tledab Positioning System (GPS) and timing as it
relates to synchrophasor measurement [19]. It atddresses other technical issues that must be

considered in the implementation of the synchrophaseasurement device often referred to as the
Phasor Measurement Unit (PMU).

THE ANALYZED NETWORK

Synchronized Phasor measurement of voltage anérduat different nodes of power system
is important measurement technique real-time ofgyasystems.

The Phasor Measurement Units (PMUSs) installed iportant nodes of power system, sent
data (bus voltage magnitude, voltage phase angkquéncy, line currents) by dedicated
communications channels to a Phasor Data Concenf{RADC) at the control center [1].

The function of the PDCs is to gather data fromPMUs, reject bad data, align the time—
stamps, and create a coherent record of simultaheoecorded data from a wider part of the power
system. There are local storage facilities in tD&B, as well as application functions which neea th
PMU data available at the PDC. This can be madéada by the PDCs to the local applications in
real time [8].

Also, the PDC exports these measurements as atiedan as soon as they have been received

and correlated, to a System Protection Center (S¥{)h make a wide area protection [1], [4], as
shown in fig. 5. ,
System Protection

Center ............................... ’ SPC
y §
1
Phasor Data Concentrator — PD.C SCADA
Bacau Regional Dispaching B Y GPS

Satelitte

Bv

|Smd
()

Line2

- raxa
- -7 - N ’ ]
/———____—- ,/ Line3 "l-,"” Line ] ’,‘(i Line 5 '//'II'I !
PMU 10 ; P | e 1 N B
[wwe ] S Thes L T A s
PMU 1 - A \ RN
AT Q -PMUS ' , AN SV
Line 7 1 Lineg \ " NS emoa
| \\ Ny, /l
\
. flemue] [
Mun FAl . AT
Line 6 W , Ling9 1
Gut K /) / | 4
\ \ ’ 7’
3 VA SV
’
PMUT |,
Line 10 o/ 400 kV transmission line
A -
| >
Fcvy
‘7
PMU 8
i 220 kV transmissien-tine
Line 11
-
Dum

Fig.5. Single line diagram for WAPMC in the East and tdeEast Area of Romanian power grid [4].
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Table 1. The lengths and angles of the lines

Line | Terminals I(_kerz)gth X(c\;};age [Ag) For analysis of proposed method has
1 Gut | Bv | 124 400 Peae — Pavel been used the 400 and 220 kV
2 Gut | Smd| 136 400 |¢GS _ ¢SG| transmission network in .East and
3 Gut | Bos | 55 200 PR quth—East Area of Romanian Poyver
7 BcST RN | 59 200 Pon— ] Grid represented by 10 subst.atl.ons
BR_"RB and over 1140 km of transmission
> RN | SV |99 400 [#rs ~ #<d lines. In table 1 the lengths of the lines
6 Gut | FAI | 190 220 [Yar ~ic are represented in km anfig| as the
! Gut | Mun| 117 220 [Pem ~Fucl absolute difference between the
8 Mun | FAT | 4 220 [ = #m| positive sequence current angles
9 FAI | SV | 116 220 15 ~ sl measured at the ends of the line [1].
10 | Gut | Fev | 87 220 |6cr — Orc|
11 Gut | Dum| 89 220 |¢GD - ¢DG|

Fig. 6 shows the positive sequence current angl@s,, measured at transmission line terminals.

ID¢BVG D¢GBV
1Ox
B;( ) ID¢SGD¢GS Gut
O@Pce D¢BG|D¢BR D¢RB|D¢R5 D¢SR|
| |

Smd i
BcS RN SV T
AT
ON 060, Ofe 04 04y, v
IVIIun FAI AT
D¢, Do) Bes D¢SI|
Gut ¥sv
3 @— 0 ¢GF O ¢FG = > 400 kV transmission line
Fev 220 kV transmissian line
D ¢GD el | >
I Ll —
Dum

Fig. 6. Positive sequence current angles [4].

THE PROPOSED TECHNIQUE

In [1] and [2], Eissa et al., propose a new tealmifipr backup protection of the transmission lines
based mainly on two components to identify thetéaoih the lines. The first component is the lovtage
that occurs due to fault and which is measurederstibstation busbars where is connected theTlee.
second component is the power flow direction orlitireeafter fault occurrence.

When the short-circuit occurs, the circuit impedasaddenly decreases to thecvalue and
short circuit currents flowing between the sourcd &ocation of the fault reach high values. Short
circuit currents are out of phase angpss to phase voltages, where

1 Xae 4)

sC

Q.. = tan”
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Fig. 7. The variation diagram of the voltage to the shuintuit place

The angle valuegsc depend on the type and parameters line (for oeerliaes,psc = 20° to
80°). For a metallic three-phase shortcircuit,fthase voltages become zero at the fault site (¢ =
and as we approach the source the voltages incnagsanpedance (fig.7).

Referring to fig. 7, it can be seen that

U <U_,<---<U,<U,

5
U:+1{U:'+'1{"'{U!1—1{Un ®)
Three-phase short-circuit current is calculatedgigiositive sequence scheme, the reactances

of this scheme are equal with positive reactaneas,f. of the sources are the positive sequence and

the short circuit currents are also the positivgus@&ce currents..

The phase angle is used to determine the direofidault current with respect to a reference
quantity. The voltage is usually used as the ref@equantity. To distinguish between a fault occurs
in one direction or another, it is necessary to para the phase angle of current to the reference
voltage [1], [16], [17], [18].

The normal power flows in a given direction wilktét in the phase angle between the voltage
and the current varying around its power factorl@ng. In the normal operating the line current
flows at one end from the busbar to the line anti@bther end from the line to the busbar, sottiat
difference between the phase angle of voltage amekmt from both ends of the line will be close
zero. In the event of a fault on the line, the entrfrom one end of the line changes in the opposit
direction (at the end of the current flows from thee to the busbar), and the phase angle becomes
(18d + ¢). In this case, the difference of phase anglabatwo ends of the line will be maximum
(about 186) [1], [18].

The proposed method is to identify the faulty lirteis being achieved by comparing
amplitudes of positive sequence voltages for eablstation on the main busbars. Minimum values of
the voltages indicate faulty line that is connededhe two substations. In addition are compared,
differences of the absolute phase angle of thetipessequence current on all lines. Maximum angle
absolute difference is chosen to identify the fadibe. The line is tripped when the above two
conditions are fulfilled [1], [2].

Operating conditions described above, can be destrnathematically as [1], [2],

Min{|U.|,|1U. 4,1} (6)

where|U;] and |, | are the amplitudes of the positive sequence ve#tageasured by PMUs

at the substation bus-bars (i) and (i+1) whichosrected the faulted line.

The second requirement is to compare the positeguence current angles absolute
differences of lines connected to the substatiostbdars and then selecting the line with the biggest
difference angles so,

Max{|80. ] |30y} s [80,css ] 2
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where|ag, ;4| is the absolute difference of the positive seqaenarent angles from the two

ends of the line connected to the substation bus-bacan be described mathematically by the
relationship,

|&¢?:.:‘1| = |<P;_:._1 —Pis :| (8)

Relationships (6) and (7) may be logically impleteehin fig. 8, [1], [2].

U,
U,

Minimum

l Ui, Ui

Ui
Ui+t

\ 4

Un

Faulted
line

AND

Ayl
|Apz3l
. Maximum

T|ﬂ¢h‘.¢~1‘

A 4

|d‘pi.i—1|

|"—1(Pn—1 n|

Fig. 8. The logic implementation of the proposed methdd [1

SIMULATION RESULTS

To verifying the proposed method, the authors haweeled in Matlab a segment of the 400
kV transmission network from the eastern part ofm@nia, with 4 equivalent sources and 3
transmission lines of 400 kV, as shown in Fig. 9.

Substation A - Substation Gut 400 kV

Substation B - Substation Bv 400 kV

Substation C - Substation Sm 400 kV

Substation D - Substation BS 400 kV

For the simulation, the paper will only use geneames (Substation A Substation B, etc.)
In each node of 400 kV, it is modeled a equivakenirce, as shown in Fig 9.
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Substation B Substation A Substation D

Ot HO

'||‘\/\ o

PMU

1

Substation C

:

Fig. 9- The 400 kV modeled grid

The phasor measurement units (PMUs) are placedibstations A, B, C and D and they
monitor the voltages at the substation bus-barldesed the currents which arrive or leave through t
substation lines. Each PMU receives analog signais (CTs) and (VTs) in bay level [1].

* Voltage transformers (VTs) on the main bus (48) &f substation. Each PMU receive 3
phase voltage (Akc).

* Current transformers (CTs) on each line termiaaéive 3 phase currenidt) to the PMU.

* PMU converts the analog voltage and current $sgtadigital samples synchronized in time
of measuring, the Discrete Fourier Transform metmside PMU calculates the positive sequence
voltage and current phasors.

The parameters of the equivalent sources of 40are\shown in table 2.

Table 2— The parameters of the sources

Source | UI[KV] | ShortcircuitMVA]
A 3700
B 4400
c 400 500
D 1200

The parameters of the 400 kV overhead lines arensfio table 3

Table 3— The parameters of the lines

Line U[kV] | Ryand R[Q/km] | Xy and %[Q/km] | By and B [S/km] [Lker;‘fth
A-B 3 410%ng 124.7
A-C 400 0,038 and 0,180 | 0,331 and 1,131, msan 136,3
A-D ’ 55,3

The fault was simulated on the 400 kV line A-B dmpe C, at the half distance of the line
measured from substation A and it was assumedttadault resistance wasth

The voltages and the currents at the PMU placedutnstation A are shown in figure 10 and
figure 11 respectively.
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Fig. 10.The voltages at substation A (Gut)
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Fig. 11.The currents at the substation A (Gut) on line A-B

The voltages and the currents at the PMU placedulastation are shown in figure 12 and
figure 13 respectively.

400000 Substation B Voltages [V]
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Fig. 12 The voltages at substation B (Bv)
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Fig. 13 The currents at the substation B (Bv) on line B-A

In the fig. 14 are shown differences in module leetivthe positive sequence current angles at
the ends of the 3 lines. It can be seen that thiket line (line A-B), the difference is greateasbéut
170 degrees). Also in the figure below, we see #hahe time of 0.33 second{p, — wz| drops to
about 95 degrees, because in the A substationnihélis disconnected; in B station the line rereain
connected until the 0.33 seconds moment, whenerBtistation the line A is disconnected; after this
time, there is not fault current, @ — @z| drops to O degrees.

180 - Degrees
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140 lpAa—oBI
120 =
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—_— hA Z

U T T I‘ T T T T 1
o2 025 04 025 04 045 05 Q.55 06

lpa—oCl lpa—oDI

Time [s]

Fig. 14 The positive current argument differences fortfaul line 400 kV A-B

CONCLUSIONS
The paper provides a new idea for fault detectsingiPhasor Measurement Units (PMUS) in
a wide area system. This is achieved by [1],[2]:

e comparing amplitudes of the positive sequence gekameasured by PMUs at the
substation bus-bars which are connected the lihe. minimum voltage value, from two
ends of the line indicates the nearest line tddhé.

* in addition, the absolute differences of the pesittequence current angles are calculated
for all lines. These absolute angles are compavedath other. The maximum absolute
angle difference value is selected to identifyfdndted line.

For real-time analysis of protection, control andnitoring of power systems, based on
synchronized phasor measurements, has been ussidniation of the 400 kV transmission network
from East and North-East Area of Romanian Powed Gising Matlab modeling.
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SUMMARY

Designing and implementing successful maintenamzk iavestment strategies comes with
many challenges for utilities. Traditional methodased on extended intuition and know-how
supported by simple modeling tools such as spresdsitannot cope with the increasing complexity
and expectations of today’s utilities business Emrnent.

In this context, systemic Asset Investment Plannsgeing adopted by innovative utilities
that want to get a pragmatic and powerful solutionmeet their challenges. This new approach
enables them to integrate their maintenance andstment strategies and project into a holistic
analysis. They can then configure, simulate and payen multiple scenarios in order to better
understand and optimize the impact of their dension the whole system in the short and long term.

The French electricity Transmission System Operad®¥E, has started implementing this
approach, which greatly helps its strategic plasnteke optimized decisions with already shown
significant returns.

KEYWORDS
Strategic capital planning; asset investment plaginsystemic optimization; maintenance and
investment; transmission and distribution utilitiesst optimization; risk analysis.

1. THE NEW CRITICALITY AND COMPLEXITY OF STRATEGIC CAPITAL
PLANNING FOR T&D UTILITIES

Transmission & Distribution (T&D) utilities are nesnsible for operating, maintaining and
investing in their electricity or gas networks. @éng and implementing the right maintenance and
investment strategies so as to ensure network npeafoce, reliability and security, as well as low
electricity or gas prices is a must do for themudlstrategic capital planning decisions are key to
T&D utilities mission. Nowadays, however, these idens are becoming even more critical, with
new challenges adding more pressure on their guatid justifiability.

First, utilities are facing a wall of investmentsedto the simultaneous aging of a large part of
their assets that were installed in short and |stee development phases more than 50 years ago.
This massive aging of infrastructure implies pagnsevere impacts on network and service
reliability, and thereby, triggers capital investtherequirements. Considering their constrained
budget, T&D utilities have to assess and mitigas& while choosing when and where to invest.
What's more, their workforce is also aging, with mpacapital planning and maintenance experts
approaching retirement, which puts utilities undelditional pressure to find ways to capture and
replace their knowledge.

Y baptiste.jouffroy@thecosmocompany.com
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Second, the relationship between the T&D’s and legty bodies are such that more and
more requirements are asked from the regulatod€. $h particular, regulators demand higher levels
of transparency for costs and tariffs, and utiitibkave to take up the challenge of the wall of
investments while striving against limited avaiblinds to meet performance measures in order to
gain or maintain credibility with regulators.

Moreover, electricity T&D utilities have to compéethe aforementioned tasks on a dynamic
network that is undergoing a paradigm shift towsmeart grids. Yet smart grids require healthier asse
performance and higher operational performance,lewliieir assets are subject to different
depreciation curves than traditional equipmentsDTétilities also have to consider the effects of
external factors such as climate change on thastructure, and make it more resilient to potahti
harsh environmental conditions.

Finally, T&D utilities are facing a data tsunamaths complex to leverage. They need to turn
this data into actionable investment intelligentelider to support better decision processes.

2. THE LIMITS OF CURRENT ASSET MANAGEMENT PRACTICES

Current asset management practices are not upete thomplex challenges. Indeed, the
traditional method for planning long-term fundirtgasegy has often been based on extended intuition
and know-how, acquired through years of experidncéhe same experts that are now approaching
retirement.

However, intuition has its limits that the simpl@eadsheet and home-grown tools (that have
been used to support decisions) cannot truly oveecanainly due to high risk of errors in data entry
poor data availability, and lack of holistic comipgt capacity.

Moreover, decisions have often been biased bydngng background of employees who take
part in decision-making meetings and their oralllskivhen putting their planning preferences
forward.

Finally, the different internal processes have dadn aiming to optimize plans independently
of each other, which has given rise to operaticoaflicts and relational tensions.

These practices lead to poor learning from exped@ehazardous planning that is difficult to
justify to regulators, and sometimes reliabilityciaents caused by equipment failure, regulatedsfine
due to reliability and performance issues, rejecéte applications and safety incidents.

3. THE EMERGENCE OF ASSET INVESTMENT PLANNING

Current asset management practices are thus inagemuthe face of the growing criticality
and complexity of strategic asset planning, and thavhy T&D utilities are turning to fact- and
process-based methods to help improve reliabitty performance and reduce costs and investments.
Such methods enable to focus the decision progeskaia instead of on people, which leads to more
rational and explainable decisions. They easerhéysis of the plans and their improvement based on
past experience. They also provide a repeatableaaddable process that can ease relations with
regulators.

Analytics enable T&D utilities to extract relevanformation out of the important amount of
available data, discover correlations or patteontake more informed decisions, react to yet unseen
problems, challenge intuition and capture employleaswledge.

T&D utilities have begun to recognize these mudtipenefits and invest in Enterprise Asset
Management (EAM) and Asset Performance Managem@&RM] solutions, which respectively
improve asset performance and workforce produgtiand reduce operational costs and risk while
improving maintenance planning. These solutionshatpful for short-term planning, however, they
are insufficient for strategic long-term capitaduphing, also called Asset Investment Planning (AIP)

AIP utilizes data from maintenance costs, assetsliion, budget, risks and criticality as
inputs in order to design capital investment planghe long term. It enables therefore the simomati
of multiple scenarios and assess their impact eiavant key performance indicators, and thereby,
compare and select the most appropriate ones.
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In such a way, AIP potentially solves most of tigk’ growing issues regarding asset
management by enabling them to make repeatablelefetisible investment decisions, thus gaining
trust and approval from regulators.

These decisions ultimately lead to more realiskang that can be implemented without time
or budget excess, and provide better cost and pesftice optimization while integrating criticality
and risk in the decision process. Besides, it esabd capture asset management knowledge and
wisdom, gives a better visibility into asset cormit and induces improved data quality.

However, it does not guarantee a holistic apprasattilities’ networks which could ideally
integrate all the constraints, the relevant proegsmnd couplings that are involved in the decision
process.

4. SYSTEMIC AIP

To go beyond these limits, T&D utilities have starto adopt an innovative approach to AIP
called systemicAlIP. This approach takes into account multiple amigational and operational
constraints and processes, such as the networgl@gipal) model, human resources, finance, asset
management policies, aging, operational plannirdyresk, and all the couplings and interactions that
exist among them. Systemic AIP enables to simytédes in a most realistic manner and compare
them according to all the relevant indicators.

Integration of interconnections in T&D utilitiesystems is key to a powerful AIP strategy.
Indeed, asset life cycle cost, risk, and performeasiould not be solely considered at the discieteta
level, since improving the performance of a dissredbmponent does not necessarily lead to better
system performance, particularly if that componienhot the weakest link in the network or if the
latter contains redundancy. A systemic perspeativelectricity and gas networks is necessary to
better improve overall performance, especially sittiese networks are particularly complex and are
composed of a multitude of components interconmeiteeach other.

This systemic AIP with a holistic vision of the whoorganization of utilities and their
constraints, enables users to create globally aptinplans based on information from all the
differentsilosinvolved in the strategy. That can satisfy altleém by finding the best balance among
their different objectives and minimizing operatbeonflicts.

5. CASE STUDY

a) Introduction and context
RTE, the French electricity Transmission System r@jpe, owns and operates the largest
electricity grid in Europe:
+ 100,000 km of lines from 50 kV to 400 kV,
e 2,600 substations (including 3,900 connected) hait 100,000+ equipment,
e 270,000 towers,
e 1,200 power transformers.

RTE’s global annual asset management budget, dedita maintenance and renewal, is close
to €700 million per year. Their general strategpgists in maximizing asset service life. They have
defined 20 technical policies of preventive maiatgce, corrective maintenance and enhancement,
and renewal. Preventive maintenance aims at dejathe failure and detecting failure risk for
preventive intervention. Renewal policies are desiassessing the severity of a potential event
according to multiple categories of impact andriggjuency.

RTE identified limits in its current approach inetliact that the 20 technical policies were
mainly planned independently from each other. Dexgswere taken isilos, while in reality policies
were competing for the same resources. They rezednihat the system complexity was beyond
human intuitions, with a systemic behaviour maidétermined by dynamic interactions. In order to
improve their capital planning strategy, they dedido invest in innovative methods.
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RTE chose to call upon The CoSMo Company, who le®ldped a unique modeling and
simulation platform dedicated womplex systemand its solution MONA, that has been developed
using this platform. MONA is a disruptive systemil®® solution dedicated to optimizing maintenance
and renewal strategies for electric and gas netsvaONA brings a systemic approach to AlP,
integrating all operational and organizational ¢oaiets (assets, outages and non-delivered energy,
human resources and finance) into one single m&dedtegic planners can use it to simulate decades
of network operations under various scenarios dobadly optimize strategies. The first uses of
MONA by RTE demonstrate the benefits of usaygtemicAIP for strategic capital decisions.

b) Use case
RTE used MONA to compare three different mainteearand investment scenarios
concerning a portion of the French network for ¢hoategories of assets: Overhead lines, Circuit
breakers and Disconnectors.
* Scenario 1is a baseline scenario simulating the global impaic current asset
management strategies on the network.
» Scenario 2has been designed following the simulation resafitScenario 1. Budgets
are reallocated between asset classes and betwdeB>XC(capital expenditures) and
OPEX (operational expenditure). Part of the Ovedhieaaes CAPEX renewal budget is
reallocated to Circuit breakers and DisconnectgkBEX.
» Scenario 3represents a shift in the maintenance strategyCiaruit Breakers and
Disconnectors, from a “replace when it fails” st@t to a “replace when it fails for the
second time”.

Key performance indicators chosen to evaluatethteetscenarios are:
* CAPEX and OPEX: cumulated spending (net presenieyal
« Average quantity of assets failing per year;
¢ Financial loss due to Non Delivered Energy (NDE)
» Conflicts: number of delayed operations.

c) Results
Simulation results for the three scenarios areil@dtin Table 1. Cumulated NDE for the three
scenarios is represented in Figure 1.

Scenario 1 Scenario 2 Scenario 3

Disconnectors Failures per year 4 3 3

NDE (M€) 4,5 1,8 0,8

CAPEX (M€) 4,1 5,5 5,7

OPEX (M€) 2 1,4 0,2
Circuit Breakers Failures per year 5 4 10

NDE (M€) 12,8 10 78

CAPEX (M€) 4,9 6,7 6,7

OPEX (M€) 6,9 4 2,4
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Overhead Lines Failures per year 21 23 23
NDE (M€) 17,6 22,8 22,5
CAPEX (M£) 37,2 28,8 28,8
OPEX (M€£) 3,8 3,9 3,8
Total CAPEX (M€) 46,2 41 41,2
OPEX (M€£) 12,7 9,3 6,4
NDE (M€) 35 35 101
Total (M€) 93,9 85,3 148,6
Total conflicts Nb operations 953 750 733

Table 1. Comparison of scenario results
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Figure 1. Comparison of cumulated NDE over time

A brief comparison of the scenario results shows ¥hlue and relevance of a systemic
approach to AIP to optimize the maintenance andwahstrategies of an electric transmission grid.

Indeed, Scenario 2 clearly yields better result®ims of overall cost than Scenarios 1 and 3.
Moreover, it appears that Scenario 3 carries a héylel of risk, with NDE costs significantly
increasing over time. Finally, Scenario 2 also pegustress on the system, with -20% in delayed
operations due to resource access conflicts comp@eScenario 1. This is due to alleviation of
resource constraints (budget, lock out, teamskstac.) thanks to better planning.

A major benefit of using a systemic approach is fharticular case is the capture of emergent
phenomena that are undetectable for traditidnakilos approaches. For instanceon-systemic
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approaches could be blind to tipping points suclcascading effects, occurring when one event
triggers a sequence of uncontrolled consequent¢es.céin lead to the following vicious circle:
¢ Recurring failures of overaged equipment cause eceleration in the pace of
operations.
¢ Lock out constraints required to maintain high garnquality and to repair the assets
affected by the failures as a priority create nefedals in renewals.
» Deferrals cause other assets to become over-age@asing the size of the wall of
investments.

A systemicapproach to AIP enables to predict these cascagfiegts and therefore predict
their devastating impacts. Moreover, the emergefice tipping point proves to be very sensitive to
small variations in the initial conditions of thgstem (e.g. budget constraints), and to the way
different parts of the system interact with one taan Capturing these transitions requires a
simulation of the entire system.

CONCLUSION

This paper has shown that with increasing challermeéting T&D utilities under pressure to
better plan their asset investments for maintenanderenewal, these utilities cannot merely comtinu
using their traditional decision making methods.aAtical methods are needed to enable strategic
planners to make more optimal decisions optimizéxgpenditures, performance and risk, and to
justify their plans to regulators.

AIP solutions enable their long term strategic plan simulating multiple scenarios and
comparing them according to relevant key perforreamzlicators. However, optimized AIP goes
through a systemic view of the utilities’ netwonkdatheir operational and organizational constraints
This innovative approach calleystemicAIP takes a more accurate view of the impact ehacios
not only on operational and capital expendituret &lso on the risk and reliability of utilities’
systems, which ultimately leads to better scengpiimization and planning decisions.

* *
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SUMMARY

What if a world existed where an asset managerahadmplete picture of network risk and
compliance across the entire network, where theydcoomplete inspections, assess asset condition,
perform monitoring and explore the impacts of pplahanges through simulations virtually before
committing in the real world? How could this charige way in which assets are managed?

‘Virtual World Asset Management’ is the concept @kating and annually refreshing a
precise, 3D representation of the real world ohsfigelity that these models can be used as a sourc
of asset inspection and condition monitoring withthe need to send inspection workers to the field.
This allows asset managers to consider many pareglig@nabling them to optimize capital and
maintenance programs as well as incident respdrtse.result is reduced operational risk and cost
with the added benefit of improved customer setvice

Traditionally, network operators gather informatiabout their assets during design and
construction phases with updates based on periodigaan inspection programs over the asset’s
lifecycle. Meanwhile the environment surrounding tisset is undergoing constant change and even
the asset itself is continually evolving. The imf@tion typically collected through infield programs
and contained in corporate systems is also limiats application as it mostly consists of verysita
asset attributes and 2D spatial data of variabliahibty, therefore impeding the adoption of moder
technologies including GPS and augmented reality.

Given the evolution of remote sensing technologghhperformance computing, big data
analytics, and machine learning, the applicatiorthdd intelligence and knowledge into meaningful
asset management services is now a reality.

KEYWORDS
Power management — network connectivity — vegeta#inalytics — clearance analytics —
thermal calculations — asset condition assessmabt power models.

INTRODUCTION

Virtual World Asset Management represents a pamdibift in the way infrastructure owners
engage inspection services relating to their asséts origin of this idea has emerged in Queensland
Australia where a complete utility’s network andd@@wns and cities are now modelled in a virtual
world. The corresponding impact to utility infragtture asset management is rapidly being
recognised as international best practice.

A virtual world is modeled using data gathered freemsors deployed in a range of capture
platforms. The modelled virtual world needs to hghe quality that it can be reliably used as an
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alternative to in-field infrastructure inspectiondacondition monitoring programs. As a minimum
standard current regulatory requirements need todzeporated.

Providing solutions as hosted services allow assahagers to focus on their core roles
without the need to become experts in a new brdetbundational technologies, sensors, high
performance computing, and the latest 3D datarsireatechnologies.

The following utilities have been involved in tesfiVirtual World Asset Management and the
results from these proof-of-concept projects haenhbincluded in this paper:

* National Grid - TSO England and Wales - 2015/2018000 kilometers of their
transmission network has been automatically modedied can be made available in
the Virtual World Asset Management environment.

* RTE - TSO France - 150 kilometers of their transnois network was made available
in the Virtual World environment and assessed &getation clearance violations in an
automated manner.

e SSE - TSO Scotland - 2015 - 250 kilometers of th@nsmission network has been
condition assessed and made available in the Vivilasld environment.

KEY FOUNDATION ELEMENTS OF A VIRTUAL WORLD ASSET MA  NAGEMENT
ENVIRONMENT:

2.1 3D network model

The first step in building a Virtual World Asset kiagement environment is the creation of an
accurate 3D model of all towers, poles and wiresxtNhe network connectivity needs to be modeled
identifying the existence of network of all voltageurrently missing or incomplete in corporate asse
systems. Finally, existing schematic and conndgtiwithin these systems needs to be validated.
Creating the 3D network model will involve the faling:

* A validation of the circuit connectivity for verdation and audit of the actual network
circuit configuration and line transpositions, unting attribute details for each circuit
and conductor such as circuit type and voltagen dpagth, interstructure span and
conductor length.

¢ Inclusion of asset attachments for identifying &ssquipment attachments (e.g.
transformers, separators, stays etc.) to the @&attnetworks for validation and
updating of these assets in corporate asset systems

* Asset matching for linking data from corporate eys$ to real-world assets and 3D
objects. Additionally it allows shifting of asseits corporate asset systems to their
precise in-field location reflecting as-build opmg network model location and
information. Precise comparison of all poles/towierthe field against corporate asset
systems ensuring all poles/towers have actuallynbbistorically inspected and
maintained (compliance) and verify infrastructuveners and responsibility.

2.2  Vegetation analytics

Local regulatory policies and rules have been imglieted and integrated in the Virtual World
asset management environment. Additional data bas lsombined to prioritise on base of load at
risk, criticality of load, life-support customersa oircuit, previous treatment date, etc.

Utility engineers assess the business rules armatiassd risk profile via a web-based portal
through 3D visual inspection layers and associatedytics.

* Proximity zones for client-defined clearance pesiimodeled around the network and
power line conductors and pole/tower objects tesssaand model the distance and
volume of any vegetation encroachments.

¢ Encroachment assessment for modeling of vegetatenmtified within proximity zones
including encroachment attributes such as distaacds/olumes.
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« Risk analysis for reporting and mapping of areaguirgng treatment per span or
management region; set by client-defined standardsncroachment and risk category.

2.3  Clearance analytics
As a ground rule for further temperature calculaioclearance in the as-is or as-acquired
situation have to calculated to ground, structusé®er utility and street level objects.
e Other conductors - Conductor phase-to-phase aralito-circuit assessment and
identification of potential breaches and at-riskduactors
* Ground - Conductor to ground proximity and idewafion of potential ground
clearance breaches and at-risk conductors
e Structure - Conductor to structure proximity andntification of potential structural
conductor clearance breaches and at risk conductors
¢ Rail - Identifies conductors crossing rail corrislaand provides conductor clearance
assessment of potential clearance breaches aisk apnductors.

KEY COMPONENTS OF VIRTUAL WORLD ASSET MANAGEMENT TE STED FOR
UTILITIES

3.1  Automated tower matching

Within Virtual World Asset Management automated e@owmatching algorithms uses a
mathematical approach to positions the tower insp@ce. This method is independent from client
provided information and is therefore more reliatilean the manual selection of tower models based
on the route schedules.

If differences are detected between the tower maddl models from previous baseline, for
example differences in insulator length, alerts pn@vided there has been an as-constructed change
affecting the previously understood network opegttatus, for example clearances impacts under
the change in insulator length.

Virtual world asset management gives the asset genthe tools to flag, visualise and
analyse anomalies between the as-built informadiaeh the actual highly accurate surveyed data. An
example can be found in figure 1 below.

s "+ el 4atX BEDEW YOUY NunnNABL % BmSN0 e

Figure 1: Automated tower models within Roames Virtual Woklsset Management System

3.2  Automated design

The conductors and insulators are modeled fronB8ih&iDAR point clouds as objects with
physical characteristics. The objects are modelate state they are in during acquisition. Valmat
of the methodology is established by mathematicafidence factors which are reported to flag
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potential modeling errors. Independent validatignttaditional modeling has been executed by the
utility company.

International standard PLS-CADD models have beengbb into Roames Transmission
Models for use within the Virtual World Asset Mamagent environment to complete change
detection with new baseline modeled from Roames.

Once the structure has been accurately modeleatifiglag structural strength and monitoring
movement, such as weakened foundations, can belemup

3.3  Thermal calculations

An IEEE, CIGRE and hybrid technique has been dgezloand academically published by
Roames “Comparison of IEEE and CIGRE methods fedigting Thermal Behaviour of Powerlines
and their relevance to Distribution Networks"[1].

For the calculation, collected weather data anlityupirovided electrical load and conductor
type information are used as input together withttrermal characteristics of the conductors.

3.4 Simulations

Different scenarios have been implemented dependmghe regulatory rules in regards to
vegetation clearance reporting including: ambiepditon; “normal”’ position (calculated as the 3D
band wherein the conductor would sit >95% of thae); maximum operating temperature; and blown
position. Vegetation clearance is calculated redato a 3D shape rather than a single point, taking
into account the sag and swing of the conductors.

Pilot studies have been conducted to evaluate émeflis for a network-wide scenario of
virtual world asset management and for those ppatimg utilities, efficiencies were proven in
various asset management practices and reportohigfayand reduction in risk exposure.

Further research is recommended to test the abilistream in real-time circuit loads for live
operating status.

3.5 Asset Condition Assessment

A further element that has been tested is the a&ss®tition assessment and inclusion in the
virtual world environment. To be able to supplemidet traditional practices of dedicated in-fieldlan
aerial patrol inspections millimeter resolution meay of each structure, precisely positioned to its
corresponding 3D object in the virtual world modekded to be achieved.

For SSE, between 4 and 8 images have been profadedch utility structure with over, 1000
structures captured in a single day using airbgaresors. The resulting imagery provides millimeter
resolution of the current state of structures, soimponents (including cross-arms and insulators), a
attached equipment.

Machine learning algorithms, guided by expert Imes, analyse the images for defect
detection such as corrosion, rot, salt accumulatimsulator, cross-arm, pole attached equipmert, an
conductor damage.

The conclusion by Scottish and Southern Electricitgs that by using virtual world
technology they were able to gain an in-depth vidwhe asset condition and will continue to pursue
use of the technology to assist them in develofheg refurbishment programme.

CONCLUSIONS AND RECOMMENDATIONS
Through the series of demonstrators with selectatsinission system operators in Europe the
preliminary conclusion is that Virtual World As?danagement promotes and enables a collaborative
approach to asset management through:
* Providing utilities a strong evidence chain in cdiaqce demonstration (data
permanently accessible for litigation defense)
» Consistent application of business rules (removahwman subjectivity) in field
inspection processes through highly automated aivdreced interpretive algorithms
which are tuned to detect network condition.
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< Availability of enterprise wide consistent data lifyssupporting strategy development
and whole of business risk assessment. The modadsiged by Roames can be used
for a wide range of internal business processes.

¢ Reduction in the cost of each inspection cyclevalig more affordable shorter cycle
inspections, thus providing improved condition séngy trending and ultimately more
highly tuned preventative maintenance programs.

* Reduction in total cost of ownership of Informatitechnology relating to storing,
accessing and processing data.

» Improved turnaround time and fault finding by usmgchine learning capabilities.

e Virtual World Asset Management enables infrastrietyproviders in the same
geography to elect to share and exchange elemetiieinsecure asset details to other
authorised critical infrastructure providers withowhe ambiguity of spatial
inaccuracies.
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SUMMARY

The growth of electricity demand has led to theed@wment of sustainable energy sources
cheap with carbon dioxide emissions as low as plessThe photovoltaic energy offers promising
results to this issue. New generations of photaiolsystems are characterized by more stable
parameters which led to increase their efficiency.

The paper presents the structure and modeling bfidwoff-grid electric energy system
(HEES) for electrical energy production using twpds of renewable sources (photovoltaic and wind
turbine energy). It is considered as a backup systeliesel generator. To use the energy excesssit w
introduced in the HEES block diagram, in additioretectrical load, a thermal load. The location for
the proposed HEES is in the north-east region@ttuntry.

The paper presents the results concerning the Higfegation into different seasons of the
year. Also, some suggestions to optimize the sysfieenation are presented.

KEYWORDS
Photovoltaic system, wind turbine, electrical lotsirmal load, storage battery, modeling.

1. INTRODUCTION

A photovoltaic system can be connected to the natipower grid or not. To ensure a certain
degree of autonomy, independent photovoltaic (PyStesns (off-grid systems) can be easily
designed. Connecting a PV system to the electritiiiribution network must meet certain conditions.
The correctness connection to the national powerigran important aspect in the operation of the
PV systems or hybrid power systems. In this respeoatust be considered parameters of electricity
injected into the grid.

The off-grid PV systems provide a solution for thectricity supply in remote areas. The
degree to which the photovoltaic system or hybyisteam can meet the needs of the consumer is an
important parameter in these applications. The pawech is supplied by a renewable hybrid system
varies continuously being influenced by solar iraade, ambient temperature, in fact, by the
meteorological conditions.

Any hybrid system, regardless of its type, mustnsiita control strategy that reflects the
operation and interaction of its components. Indase of a hybrid storage system must used a solar
charge controller. The charge controller is usedn@nage the flow of energy from photovoltaic

Hcostel@eed.usv.ro,
T cezarp@eed.usv.ro
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system, wind turbine, batteries and consumers bgatmg information about the voltage across the
battery. Also, a solar charge controller must emdhe battery charging control and to display the
charge status of the battery, ensuring the diseheogtrol up to a default state of charge and ptote
against overvoltage and short-circuit.

2. GRID-CONNECTED AND STAND-ALONE PV SYSTEMS

Two types of grid-connected photovoltaic systeneskamown: without battery storage and with
battery storage.

Grid-connected PV systems (Fig. 1.1) are desigoedperate in parallel with the electric
utility grid. The main element in the system is theerter. The inverter transform DC power into AC
power with the power quality requirements of thiitytgrid and stops supplying power to the grid
when the utility grid is not energized. A bi-directal interface is necessary between the PV system
output circuits and the electric utility networkt Aight, when the electrical loads are greater tien
PV system output, the balance of power requirethbyioads is received from the utility grid.

ACLoads

PV Array 3| InverteriPower ] Distribution
Conditioner Panel
Y
Electric
Utility

Fig. 1.1Grid-connected PV system without battery stordge [

Grid-connected PV system with battery storage (Hig) is a very popular system for
homeowners where the backup power is requirediffarent applications: water pumps, refrigeration
etc. Under normal circumstances, this type of systperates in normal grid-connected mode
powering the loads or sending excess power back tm grid while keeping the battery fully
charged. In the situation when the grid becomesrgggized, control circuit from the inverter opens
the connection with the utility through a bus tf@msnechanism and operates the inverter from the
battery to supply power to the loads circuits only.

Standby Building
Loads Loads
PV - - Main
Array i g i Panel
$ \
\
Charge - Battery 3
Controller . Storage L

Fig. 1.2Grid-connected PV system with battery storage [1]

Stand-alone systems can provide power to DC |0Afkk the inverter can also provide power
to the AC loads. Water pumping is a major applaratior PV systems (Fig. 1.3). These systems
include a PV array with or without a tracking deji@ pump controller and an inverter. Batteries may
be incorporated in these systems as well.
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Also, photovoltaic systems can power remote resieerand other small facilities where the
utility grid is not available. The main componeate presented in Fig. 1.4. This systems may also be
supplied with an auxiliary power source such asdwmyenerators and engine generators to meet
electrical loads during a bad weather.

Inverter/Power
Controller

/
Y

PV Armray >

Motor/Pump
Unit

Fig. 1.3Water pumping system diagram [1]

AC
Loads
A
Y
PV Arrav > Invﬁerter‘-‘PO\fv'er > Distribution
’ Controller Panel

Fig. 1.4 Stand-alone photovoltaic system [1]

3. WIND ENERGY

The wind energy it is one of the most rapidly depaig renewable energy sources. Wind
power is a reliable technology which is able toduwe electricity at costs competitive with coal and
nuclear power.The available power in the wind with air densjty passing through an area A,
perpendicular to the wind, at a velocity v, is givgy the relation [2]:

P = 05pAV®

Air density decreases with increasing temperatackiacreasing altitude above sea level. The
effect of temperature on density is relatively weeld is normally ignored because these variations
tend to average out over the period of a year.

With a wind speed distribution and a turbine powerve properly adjusted for the local air
density, the wind energy potential, or gross anmiatl energy production, for a specific site can be
estimated with the relation [Dale]:

E= 0,85{8760if(ui)AUiP(Ui)}

i=1

where, n is the number of wind speeds){lU; is the probability of a wind speed occurring in
the wind speed rangeU;, P(U) is the electrical power produced by the wind inebat wind speed ;U

The 0,85 factor assumes 15% in losses (10% duewermptransfer to the grid, control system
losses, and decreased performance due to dirtedl&d due to operation within an array of wind
turbines). If the turbine is not inside an arrdye humber 0,85 must be replaced with 0,90. Wind
energy potential is typically 20%—35% of the wintkegy resource.
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4. HYBRID OFF-GRID ENERGY SYSTEM MODELATION

Continuity in the power supply is a priority if desired an independent system for producing
electricity from renewable sources. A hybrid syst®melectrical energy production may incorporate
several types of sources, conventional or non-cotmeal. If we adopted as the main source of
energy production a photovoltaic system, it is adlile to use a diesel generator as backup power. In
addition, it is recommended that the system todrapteted with a wind turbine and a hydroelectric
system.

The hybrid off-grid system analyzed in this papemsists of the following equipments:
. Photovoltaic system 8,28 kW
. Wind turbine 1 kW
. Engine generator 4,4 kW
. Storage battery 833Ah (48V bus)
. Inverter 10 kW
. Storage tank with thermal controller
. Electrical load 18,4 kWh/day
. Thermal load 11,26 kWh/day

oOo~NOUThWNPE

The hybrid off-grid system design has been inidateith the electricity consumption
determining. Also, the design must be done forstheation in which all consumers are supplied at th
same time. Estimating the electricity demand dtarh the establishment of the rating power for each
consumer and period of time of its operation witkdhhours. The total daily energy consumption will
be calculated by adding the individual consumptidnsthe absence of annual load curve it was
established the same consumption per month. Thiy tlatal energy consumption is about of
18,4 kWh/day.

Starting from the available surface area (~ 62 for installing the photovoltaic panels, was
conducted the PV system sizing. The main paramefetise photovoltaic panel arejk = 230W,
Vwpp = 46,75 V, lipp= 4,92 A, b= 58,08 V, Isc = 5,40 A, i, = - 25°C and Thax = +50°C.

The photovoltaic panel voltage variation with temgere:

Vomax = 58,08 + 0,197(25+25) = 67,93 V

V min mpp= 46,75 + 0,197(25-50) = 41,82 V

Vmax mpp= 46,75 V + 0,197(25+25) = 56,6 V

The number of photovoltaic panels that can be ohetuin the available area of the building
(60,62 nf) is 36. The photovoltaic panels were divided ifbarr parallel strings that means 9
photovoltaic panels per string.

Electrical characteristics of the photovoltaic parsray are presented:

Vmpp sting= 9*46,75 V = 420,75V

Impp string— 4,92 A

I max scc. string™ 1,25*5,40=6,75 A

Vo max sting= 9*120%*69,69 V = 752,65 V

V min MPP string— 9*41,82 V= 376,38 V

V max Mpp string= 9*56,6 V = 509,4 V

The main characteristics of the used inverter Bse:= 12,8 KW; Muppt oc = 360 — 750 V;
Vmaxoc= 900 V; haxpoc= 18A/MPPT; Rc = 13,8 kVA; Vac =400V, 50 HZ; hax ac= 20 A.

Were necessary the following checks necessarh#operation of the photovoltaic system:

1. First conditionFulfilled

V0 max string< Vmax bc INVERTER 752,65 V <900 V

2. Second conditiorfulfilled

V' min MPP string® Vmin MPPT DC INVERTER 376,38 V > 360 V

3. Third condition:Fulfilled

\Y max MPP string< Vmax MPPT DG 509;4 V<750V
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4. Fourth conditionFulfilled

Imax scc. string/ 2 in paralle$ Imax DC INVERTER
2*6,75=13,5A<18A/MPPT 1

2*6,75=13,5 A< 18 A/ MPPT 2

5. Fifth condition:Fulfilled

Pmax pv systen= Poc INVERTER

9*230W, + 9*230W, + 9*230W, + 9*230W, = 8280W,
8,280 kW, < 12,8 kW,

The modeling was performed with the Homer®Pro pragwhich represents a specific work
environment that performing various predictionsareling to the energy production systems operation
using renewable sources.

The first stage involves the selection of the HE&Stion (Suceava city area). In the second
stage were selected and configured the equipmentsthe HEES structure.

The operating block diagram of the proposed HEE3exed from Homer®Pro program is
presented in Fig. 1.5.

AC DC
Engine generator| AC Consumers | Photovoltaic system
e—t— e |— -

1548 KWh/e
158 KW e

Wind turbine INVERTOR. Storage battery
\ 5

AT ——E®
Thermal controller

g
°

X A

@) 8

1126 ke BONLER
209 W peak

Fig. 1.5Block diagram of the proposed HEES

For performance evaluation of the HEES must be ntepothree online resources as follows:
monthly average solar global horizontal irradiame&ies, temperature values (monthly average) and
wind speed values (monthly average). The soladimrece values and temperature for selected
location are presented in Fig. 1.6.
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Fig. 1.6Solar irradian &e, (;Ieérness index and temperatnation for Suceéva<cit)}.
Thus, the average solar irradiation value is 3,\’AB11mZ/day, the daily temperature is 7.%2
and wind speed average value is about 4,88 m/sgwakasured at 50 m high).
In order to obtain the modeling results, were distlabd several assumptions:
1. It has considered the effect of temperatureherphotovoltaic system;
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2. It was considered the photovoltaic system withiacking system;
3. Initial state of charge of the storage batter$00%;
4. Minimum state of charge of the storage batte4(%.

The wind turbine has a nominal power of 1 kW. Tlever curve of the wind turbine is
presented in Fig. 1.7. The nominal power of theimngenerator is 4,4 kW. This value is the
optimized one and established by the Homer®ProrprogThe engine generator (diesel generator) it
is considered as the main energy reserve and nmapesate a potential energy shortage. Can be set
two operating mode for diesel generator.

The first variant (previously mentioned) relateshte case in which the diesel generator can be
autosized by the program so as to cover the egisting power consumption at a given time, if éher
is no stored energy produced by the photovoltastesy or wind turbine.

A second option refers to the establishment of lgdatervals for the generator operation.

0 5 10 15 20 25
Wind Speed (m/s)
Fig. 1.7Wind turbine power curve
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Fig. 1.8Daily and- seasonal profilé for the electrical load

In Fig. 1.8 are presented the daily and seasooélgof the AC consumers.

The modeling results have highlighted an electrscadrgy excess that is produced and there is
no possibility of being stored. In this respectwds introduced a heat load that be conceived as a
source of heat for heating a space or water hedtiogthe management of energy excess was used a
thermal controller.

In Fig. 1.9 are presented, as in the case of #wradal load, the daily and seasonal profile for
the thermal load. These profiles were generatelddyer®Pro program.

206



Daily Profile Seasonal Profile

N A R~
S m o o9 ¥ b5 P D & & F 8 y & o & ¥

Fig. 1.9Daily and seasonal profile for the thermal loa
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After calculations, the program offers several agiag variants for HEES, differentiated after
the investment and after the minimum number of ggeint which can ensure optimum operation of
the HEES. Thus, are provided detailed informatibowa the operation of each subsystem as well as
how it manage the produced energy.

4. RESULTS

The obtained results from modeling are multiplethie sense that the program offers eight
variants of operation of HEES. Out of these, therusan choose a variant that would ensure an
energetic stability. The operation variants of HEEES is listed in Table 1.

Hereinafter, will be analyzed the results for thstfvariant of operation (No. 1), in which are
used all the proposed equipments.

Table 1

Thermal
load

Diesel
generator

Wind
turbine

Storage
battery

Photovoltaic
system

Variant

No. Boiler

Invertor

The results on the electricity production are sumed in Table 2. A representation of the
amount of electricity produced by the three sourseélustrated in Fig. 1.10. Table 3 presentsdha&a
obtained from diesel generator operation within ISEE

Table 2

Photovoltaic system 8966 75,37
Engine generator 1508 12,68
Wind turbine 1422 11,95
TOTAL 11897 100
Energy consumption 6716 100
Electrical energy excess 2676 22,5
Thermal load 4110 100
Boiler 3641 100
Thermal energy excess 2208 100
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Fig. 1.10The amount of

In Table 4 the characteristics of the storage hatiee presented. In Table 5, some technical

februarie martie

aprilie

mai  iunie iulie

electricity produced by the phottaiolsyste

sugust septembrie  octombrie

m, wind turbine and diesel generator

Table 3
Operating hours 354 Hours/year
Starting number 55 Starts/year
Produced energy 1508 kWh/year
Maximum power 4.4 kW
Consumption 467 Liters/year

parameters regarding wind turbine operation areegured.

nnnnn brie

50

State Of Charge

Table 4

Number of strings 1 -

Number of string in paralel 1 -

Number of storage battery 1 -

Rated voltage 48 V

Rated capacity 39,98 kWh

Used capacity 23,99 kwh
Autonomy 31,29 Hours

The amount of stored energy 4838 kWh/an
The amount of consumed energy 3114 kWh/an
: | | | 1 1 1 | | | | |
1 [

ialn. felb. mlar. I mai. iuln. iL:I|. aulg. selp. cMI:t. m:IN. delc.
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Fig. 1.11Seasonal profile of the storage battery statédafge

208

decel

mbrie



Frequency (%)

& ¥ Ay & o
® & & AL &

Fig. 1.12The histogram regarding to the variation of therae battery percentage

Table 5

Rated power of wind turbine 1 kw
The amount of produced energy 1422 kWh/year
Average produced power 0,17 kw
Maximum produced power 1,23 kw
Number of operation hours 8464 Hours/year

It was chosen for analysis month of July. The elegower produced by the wind turbine and

tine variation of the wind velocity is presentedrig. 1.13. In Fig. 1.14 is observed the time \toTa

of the electrical power produced by each source @iigine generator operation is evidenced when

the stored energy falls below a certain level.
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Fig. 1.14The HEES produced power with distribution on teé sources.
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Fig. 1.15The state of charge, AC load and excess of etégtfor month of july.

The excess energy is the amount of energy thatnoae used for storage or for use by a
particular consumer. The excess energy occurs \Wiegn is a surplus of electrical power and storage
battery can not absorb this amount of energy. Teeaf an electric water heater can turn the excess
electricity into heat through the thermal regulatéig. 1.15 illustrates the amount of heat produced
during July.
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Fig. 1.16 The amount of the produced heat relative to thewarof energy generated by the photovoltaic systechthe
total amount of stored energy respectively.

The time variation for a day of July of the PV povand electrical and thermal loads are
presented in Fig. 1.17. It can be observed thatJity 12, starting with 05.00 AM, the PV system
begins to produce, reaching a peak of 6,21 kW &11PM. For this time of day the storage battery is
charged 100%, thermal load has a value of 0,74 k@/véind turbine produces 0,31 kW. Towards to
the end of the solar day (18.00 PM) is found a imant decrease in power production of the
photovoltaic system and thermal load growth leadthé decreasing of the amount of stored energy,
while the wind turbine produces an insignificantoamt of energy (0,07kW).

In Fig. 1.18 is shown an explanatory to electriadovariation in a solar day relative to the
amount of energy produced by each power sourég.nibted that, for this solar day, diesel generator
does not start because of sufficient electricitprimvide power to consumers.
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Fig. 1.17Detail on the HEES operation - thermal load véoiat
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Fig. 1.18Detail on the HEES operation - electrical loadaton.

5. RESULTS

In this paper it was conducted a modeling of a iaybff-grid electric energy system (HEES)
using renewable sources. Thus, they were considésxedollowing sources: photovoltaic system,
wind turbine and diesel generator. The experimergallts were analyzed and presented only for
month of July. The amount of electricity producedtbe system cover the existing need of heat and
electricity. Is predicted an excess of electri@fy2676 kWh/year used mostly by the thermal load.
The number of operating hours of the diesel generatrelatively low (354 hours) and covers 12,68%
of the total produced electric energy. The winditoe also produce 1422 kWh/year, representing
11,95% of the total produced electric energy. Trennproducer of energy remains the photovoltaic
system with an output of 8966 kWh/year (75,37%pr&)je battery has a annual average charging of
over 60% which justifies the autonomy of HESS ax4thours. The wind turbine produces
approximately 50% of rated output actually justfiby the low values of speed in the considered
location. Hence and the amount of electricity pamtlin one year (1422 kWh/year).

Overall, the HEES system was correctly sized andpravide sufficient electricity and heat
according to considered load curves.
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Holonic control-based solution for service restorabn and switch allocation in power
distribution networks
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SUMMARY

This paper presents a distributed control solubiaged on holonic concepts for restoration of
power distribution systems in case of failures gateg blackouts. The control entities of the sgste
(called holons) interact with each other for firglidlynamic solutions for power restoration by
isolating the faulted area and activating backupneations, so as the loses at the consumers level t
be minimal. The proposed solution integrates thecigpations of the IEC 61850 standard, thus
providing connection to the control applicationsdisurrently within substations.

KEYWORDS
Holon, Power-System, IEC 61850

1. INTRODUCTION

In recent years, a worldwide growing interest wased for the development of distributed
control architectures in order to enable efficier@nagement of the power distribution system in a
dynamic context. Green energies, such as thoseupeddby photovoltaic panels or wind turbines,
raise important issues for traditional distributispstems due to the production’s unpredictability.
Another novelty element is the introduction of gecalled "prosumers”, which are both consumers
and producers of energy, their effective integraiio the distribution system leading to the need fo
distributed control mechanisms. Moreover, the pokiyi of a network segment to operate as a
microgrid, in which are harmonized the loads profiles andalloenergy production, favors the
development of distributed control solutions.

A viable solution for the development of distribtiteontrol architectures that enables the
effective management of the power grid, in a dymaoantext, is the implementation of multi-agent
systems to control power distribution, this solatibeing dealt with in a substantial number of
research papers. The adoption of multi-agent tdoggan the control of energy distribution usually
associates intelligent agents to energy sourcescandumers, which interact mediated by control
agents for efficient energy production and consummptAn example in this respect is research paper
[1], in which the authors propose a multi-agenthdecture for controlling an IDAPS (Intelligent
Distributed Autonomous Power System) microgrid. Texeloped control strategy covers both the
“normal operation” mode (when the microgrid is ceoted to the grid) and the “outage mode
operation”, when disconnected, due to upstreamgeutBhe architecture defines four types of agents:
control agents, DER (Distributed Energy Resourg®nés, user agents and database agents. Each
agent has unique objectives and responsibilitielscaoperates with the other agents for achievieg th
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overall objective of the microgrid, which is to see the critical consumers (priority level zerol}hre
outage mode from local energy sources.

Another example of using multi-agent systems fer ¢bntrol of a microgrid is considered in
paper [2], in which the control objectives include, addition to maintaining the supply of local
consumers in case of grid failure, the optimalizdtion of the distributed energy sources withia th
microgrid. The authors adopt a fully decentralizedntrol solution, in which the primary
responsibility is given to the controllers of theeegy resources, which compete with each other for
the production of energy, in order to satisfy tieendnd in the microgrid, as well as to and to exjport
to the main grid.

A similar paradigm to multi-agent systems is th#t hmlonic systemsinspired by the
organizational way of living systems. In additiendistributing the intelligence between autonomous
entities (called holons), which cooperate to fultle overall objectives of the system, this pagedi
adds the aggregation concept, meaning that a lalorbe composed of several sub-holons and at the
same time can be part of a bigger holon of a hidgnezl. The holons on the lowest level are called
simpleholonsor elementaryholons Initially applied in manufacturing systems, th@ldnic concepts
were adopted also in the energy field for modethrgy entities within the distribution system andithe
relationships. Examples of holonic architecturesefoergy distribution systems are presented in|[3-5

This paper presents a solution for the applicatbrholonic concepts in the control of an
electricity distribution system, consisting of sealesubstations and feeders with backup connections
The overall objective of the control system is &fprm the protection and reconfiguration of the
distribution system in case of failures, so thatltsses in the affected consumers to be minimum.

2. THE ANALYZED POWER DISTRIBUTION SYSTEM

Figure 1 shows the power distribution system careid for testing the control solution
proposed. It includes two substations (110 / 20&\)plying two feeders, which cross various areas
of consumption. Along the feeders are placed reiyatentrolled sectionalizing switches, allowing
the isolation of certain areas of a feeder (SW3 &WW4) and switches that allow the
connecting/disconnecting of each consumption aega{W5, SW6). The two feeders are connected
at their ends by means of a recloser (SW11), whitdws the connection/disconnection of feeders
without interrupting their power.

: | SwW1 CBl1 CT1 SWw2 : SW3 SW4 Fider 1
L AD—— ——p el
1
1 1
| Substation 1 ! SW6  50/0.4kv Sws SW10
i (110/20kV) : SWS\é sw% swgg
1
_______________________________ 1
SW11
o
: | Swi12 CB2 (CT2 Swi3 : SW12 SW13 Fider 2
1 laer
| AD— ——5 .
1
1 1
: £ SW15 SW19
! :
1 1

Substation 2 SW17
(110/20kV) SWM\é sw1% swu%
_______________________________ 1

20/0.4kV
Figure 1. The schematic of the distribution system

In normal operation, the SW11 recloser is openeauh feeder is supplied from its substation.
In case of a fault along a feeder (supposing atstiauit), it is desirable the faulted area beased
by opening sectionalizing switches, so as the aoess before the fault can be can be supplied furthe
from the feeder’'s substation and the downstreanswoers be supplied from the other feeder,
through the backup connection. In the best casefvio substations should be designed so as to be
able to supply enough power for all consumers ah beeders. Otherwise, the occurrence of a fault
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on a feeder or in a station raises the problemetérchining the power reserve of substations and the
consumers that will be kept supplied. If the stadioeserve power is not enough, it will be necegssar
to disconnect some consumers, based on a prigtty |

3. THE DEVELOPED CONTROL SOLUTION

In the development of the control system, we aineedombine the specifications of the IEC
61850 standard with the IEC 61499 standard andhalenic control concepts. The IEC 61850 standard
[6], focused on communication between the intefiigelectronic devices (IEDs) within substations,
defines not only the protocol elements, but alse Hata should be organized in IEDs, facilitatingith
interoperability. According to the standard, ed€D includes one or motegical deviceswhich, in turn,
include one or morkegical nodesA logical node (LN) is a grouping of data and/gmss, logically related
to some power system function, identified througadpfined names. For example, a logical node of
XCBR type will include data and services for thatodl of a circuit breaker.

The IEC 61499 standard [7, 8] is focused on thdiegpon of functional blocks in industrial
processes monitoring and control systems. The grogring unit isthe function block (FB)which
can be of three types: basic, composed or for genviterfacing. The functionality of a composed
functional block is defined by a network of functéd blocks (basic, composed or for service
interfacing), allowing the encapsulation of complienctionalities and code reuse. The service
interface FBs are usually developed for abstradiimgdetails of a specific hardware platform (like
how a sensor can be accessed), allowing the dearsldp focus on the control application. In this
paper we chose to implement the IEC 61850 logiodkes through IEC 61499 functional blocks.

The implementation of the holonic concepts in tlevelopment of the proposed control
system involved the definition of holons, theirpessibilities and the exchanged messages between
them. For the considered power systéme, elementary holonsere defined at the level of substation
bays and at the level of consumers. As presentpdper [5],a bay holonincludes (a) the equipment
on the process level and the bay level, which esudages the elementary functions for acquisitioth an
transmission of data (process level) and functiongprotection and control (bay level) grouped in
IEC 61850 logical nodes, and (b) an intelligent poment for local decisions and interaction with
other holons. In Figure 2 is presented an examipda @lementary holon for a line bay. The meanings
of the acronyms for the IEC 61850 logical nodesgaven bellow.

Intelligent " et Hine Bay Holor XSWI  Circuit switch
m component IED = XCBR Circuit breaker
[ p— ] [ o ] TCTR Current transformer
CSwiI Switch controller

ERaD

I Process Bus

Xswi XCBR TCTR Xswi

CILO Interlocking

RFLO Remote Fault Locator

PTOC Protection Time Overcurrent
1 PTRC  Protection Trip Conditioning

i
a

|
[

Figure 2. Example of a holon for a line bay

The consumer holoalso include an intelligent component in the fosfa software agent,
which interfaces the consumer with the power sysi@oviding information such as the consuming
profile, priority level, etc.

The elementary (line, transformer, measure) bayri®lcan be grouped along with an
intelligent component so as to form a composebstation holorrepresenting the whole substation.
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Similarly, the consumers holons along a feeder lmamgrouped to form a composéskder holon
which will interact with the line bay holon and titother feeder holons, with which electrical
connections are possible.

As already mentioned, the objective of this workoiglevelop a holonic control system which
allows the protection and reconfiguration of thevpo system in case of a fault occurrence along a
feeder. The protection part can be considered eovey the IEC 61850 standard, which defines
logical nodes for overcurrent detection (like PTO&)ntrol of primary equipment (ex. XCBR) and
reclosing (RREC), together with mechanisms for camication between nodes, as event messages
(e.g. of type GOOSE - Generic Object Oriented Satlust Events) or complex connections of
CLIENT/SERVER type. A short-circuit protection seeio usually involves the detection of the fault
by a PTOC logical node, the validation of the dirdweaker tripping command by a PTRC node and
the transmission of an (opening) GOOSE messagbeoXCBR-type logical node controlling the
circuit breaker. The opening of the circuit brealéB) is published within the system by the XCBR
logical node through a GOOSE message, allowingRRE&C logical node to reclose the CB. If the
fault does not disappear after reclosing, the ditoeaker will remain open until the defect remlova
and its manual closing by an operator.

A permanent fault removal usually involves the éling of a specialized crew onsite and the
fixing process may take a long time, of hours oysddn order to reduce the blackout time of the
consumers along the feeder it is desirable to tedlae fault area and restore the power as soon as
possible. Fault isolation is realized by opening tipstream and downstream sectionalizing switches,
their remote control requiring a rather precise videolge of the fault location. Fault location is
determined through different methods such as om lhased impedance computation (by measuring
voltage and current at one end or multiple ends)iraveling wave based approaches (using the
transient signals generated by the fault) [9],h&r $ynchronized phasor method, based on monitoring
of voltage phasors in certain nodes, correlatet mi¢asurements of current phasors.

After isolating the fault, the feeder can be redieplp but the downstream consumers continue
to remain without energy. The supply of these carexs could be done from other feeders, through
backup connections. Determining the new configaratf the distribution network, by activating the
backup connections and considering the capacitieheighbouring feeders to supply the necessary
energy, was addressed in this paper by developimgianic control solutionPractically, the feeder
holons, bay holons and consumer holons intera¢t @ach other for choosing a system configuration
that allows the supply of the affected consumeileng into account their priority and the capaaty
the substations powering the feeders. Figure 3 shitve messages transmitted by the IEC 61850
logical nodes and holons in a short-circuit pratecand system reconfiguration scenario, consigerin
the power system presented in Figure 1 and the émaurred between the sectionalizing switches
SW3 and SW4 of feeder 1.

PTOCA/PTRCY XCBR1 RREC1 Switch on Inter-fiders:
Fider 1 Recloser
|

I ! Bay Holon 1 Feeder 1 Holon Feeder 2 Holon Bay Holon 2
| 1: GOOSE: Open CB _ | M ] ] mn

! I 4 GOOSE: Reclose CB
5. GOOSE: RREC Blocked

|
|
I
|
|
|
I
|
8: Permanent Faull |
I

7: Open SW

9! Recennect Line

8: ACK Open SW J

10: GOOSE! Reclose CB

i

11: Power Needed

12: Power Available Req

|

|

|

|

|

13: Power Available Rsp |
e ———— |
14: Power Approved }
15:Clese CB |

f

|

|

.

R A B | PUOe R S

Figure 3. The messages transmitted in case of a permandnt fau
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An overcurrent detection determines initially thanismission of GOOSE messages between
the PTOC1/PTRC1, XCBR1 and RRECL1 logical nodesofmening and then reclosing the circuit
breaker. If the fault persists, after two reclosthg RREC1 node goes into théockedstate and
informs about this the agent of the bay holon, Whiotifies the feeder holon about the occurrence of
a permanent fault. In this paper, we consideredwkn@and available the distance to the fault,
according to the IEC 61850 standard, in a logiaadlen of RFLO (Remote Fault Locator) type.
Consequently, Feeder 1 Holon can read the distdmoeigh a CLIENT/SERVER connection and
determine, based on a map with the locations ofs#wionalizing switches, which are the switches
positioned upstream and downstream of the faulhs@ering remote controlled switches, they will
be open through “Open SW” messages transmittedeleglér 1 Holon. After receiving the opening
confirmation, the feeder holon may require the balon to reclose the circuit breaker. In the same
time, the Feeder 1 Holon will compute the powerdeekefor the consumers positioned downstream of
the fault and will transmit a message of type “Powmeeded” to the Feeder 2 Holon. This holon
computes the value of “the approved power” basethermaximum power of its substation and the
priorities of the consumers along its feeder aradafiected one. If the computed value is greater or
equal to the requested one, it will send a closimggsage to the SW11 recloser, positioned on the
connection between feeders. Otherwise, the valikeoévailable power will be transmitted to Feeder
1 Holon, to disconnect one or more consumers.

4. THE IMPLEMENTATION OF THE PROPOSED CONTROL SOLUTION

As already mentioned, we chose in this paper toleampnt the IEC 61850 logical nodes
through IEC 61499 models. Thus, each logical nods wnplemented as a network of functional
blocks encapsulated in an IEC 61499 resource, nawnearding to the IEC 61850 naming rules for
logical nodes. The network of functional blockslimtes a special FB containing the data of the LN
and functional blocks for communications with otheNs or for interfacing with the power
transmission equipment. Further details on mappie IEC 61850 models onto the IEC 61499
specifications are given in paper [11].

The intelligent component of holons was implemenésda network of functional blocks
encapsulated in a composed FB. In Figure 4 is ptedethe interface and the inside network of the
FB implementing the agent of a bay holon. The Cgd#AtFB block type contains the software
defining the agent’s functionality, while the SUBRBIBE_1 and Transmitter blocks type enable the
receiving/transmission of messages from/to othérso

INIT

#2000ms —[DT

Transmit

Agent
INIT —{INIT INITO— INITO

Transmitter

CellAgentFB_C e

ID_Dest

]
GOOSE_Sub_ID Clock Evinterface
FiderlD

RecGrouphMsg SendGrouphMsg

Msg

CellAgentFB
D —Io I0_Dest]
GOOSE_Sub_ID —|GOOSE_Sub_ID A

a) Interface b) Content FiderlD —{FiderlD

Figure 4. The interface and content of the FB implementirggabent of a bay holon

To test the developed holonic control solution,medeled a power system similar to the one
presented in Figure 1, using virtual equipment. Vhitual equipment includes bus bars, switches,
circuit breakers, current transformers, power linad consumers, implemented through IEC 61499
functional blocks. Each virtual device has a graphcomponent allowing the real-time visualization
of the device state. In Figure 5 is presented agfahe FBs modeling the primary equipment of the
system and Figure 6 presents its graphical interfac
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Regarding the consumers priorities, two levels wemasidered: priority level O (the highest),
represented graphically by industrial consumers] anority level 1, represented by domestic
consumers. As illustrated in Figure 6, along feeldsix consumers were considered, of which five of
priority 1, and one of priority 0. Along feeder I2ete are also six consumers, four of priority 1 and

two of priority 0.

(5] IEC 61499 FBench - ol
File Edit View Compile Run Plugins Project Help -
| [y 1
=
3 ~7§_u§ﬂai' -
E=— |
Substation 1 and Feeder 1/
virtual devices
Substation 2 and Feeder 2
virtual devices \
Figure 5. The network of function blocks modeling the powestribution system
B oisPLay =10 x|
73kA Sw3 Sw4 Fider 1
- o
ID 52 I Dsa
o o= =
| ID 56
: ID51 ~ D53 Jﬁ D55
e B __1of5 o
SW11
66 kA
- o
_ == = Fider 2
o ﬁ ID 74 &&
1355 o o
ID76
IR D71 SR D73 L
o= LIRS __NTS

Figure 6. The graphical interface of the power system

For testing the control application, three casefaoft were considered, differentiated by the

currents absorbed by consumers (according with [TRb€rhe maximum current supplied by each
substation is supposed to be 100 kA, and the fauwbnsidered occurring between the sectionalizing

switches SW3 and SW4 of feeder 1.
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Table 1

In the first case, aftef
opening the

sectionalizing Cons. ID
switches, Feeder 1 Holon will ask

Feeder 2 Holon power for a 2bFeeder 1

KA current, for supplying the twa

consumers positioned after th

isolated area. The total currenizz
absorbed by the consumers alongy

feeder 2 is 70 kA and, as a res

the request will be approve

without negotiations, leading t

the closing of the recloser SW1,

between feeders.

In the second case, th

power necessary for the tw

consumers corresponds to

current of 45 kA, exceeding th
capacity of substation 2

Case 1l Case 3 Case 3
Priority | Consumer | Consumer Consumer
current [KA] | current [KA] | current [KA]
51 1 10 10 10
52 1 15 15 15
1 10 10 10
. 1 5 5 5
55 0 10 25 30
56 1 15 20 10
" Feeder 2
71 1 10 10 10
72 1 10 10 10
73 1 10 10 10
74 0 10 10 20
75 1 15 15 10
76 0 15 15 30

Analyzing the request of feeder 1, Feeder 2 Holdhamnclude that the power necessary to supply
the consumers of priority O corresponds to a ctiroéonly 25 kA, which remains within the capacity

of substation. Consequently, it will send to feetler message of “Power Approved” type, indicating
the power it can offer. The power value, correspmmdb a current of 30 kA, will determine Feeder 1

Holon to disconnect the consumer of priority 1 #meh requesting again a power for 25 KA.

In the third case, the current value requestedeeyldr 1 is 40 kA, while the total current
consumed on feeder 2 is 90 kA. To cover at leastrnied of the consumer of priority 0, Feeder 2
Holon will disconnect two of the consumers of pityprl, and will transmit to Feeder 1 Holon the
current value of 30 kA approved. Obviously, the rappd value will determine Feeder 1 Holon to
disconnect the consumer of priority 1. In Figures presented the final configuration of the power

distribution system for this case.

B oispLay
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Figure 7. The final configuration of the power distributiopstem in the third case
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5. CONCLUSION

This paper presented a holonic control solution tfa restoration of a power distribution
system in case of a permanent fault. The resteoragfers to the reconfiguration of the distribution
network by closing /opening the sectionalizing sWés in order to isolate the fault area and restore
the supply of the affected consumers through backopnections. Using a distributed control
solution, like the holonic one, eliminates the rsstty of a central computing equipment with high
and costly performances and complex software, jgsieg a big quantity of data acquisitioned from
the system entities, and provides a better respanse

Compared to other control solutions based on nagléint systems, the proposed solution
provides connection to the control technologiedus@rently within substations, by integrating the
IEC 61850 specifications for communications betw#eDs. Beside this, the implementation of the
IEC 61850 LNs and holons’ intelligent componenbtigh IEC 61499 FBs allows a better structuring
of the control application.
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SUMMARY

In the last ten years PMUs (Phasor Measuremenslpiiay a more and more important role
for the on-line monitoring and analysis of the stat the electrical systems. In the US and in Eerop
several systems are equipped with PMUs. For exatmgdtalian grid is equipped with about 20
PMUs at the 400 kV level to avoid blackouts. In th& more than 1000 PMUs are expected in the
next 10 years. Hundreds of PMUs are planned iralntie reasons for this development are high and
changing loadings of the transmission systems, ddnoa flexibility of generation, high penetration
by renewable generation and divergent load andrggoe centres. PMUs today allow monitoring
frequency, voltage, power swing recognition, phesgle monitoring and island detection.

Further indices can be created by local basic nieasnts like line/transformer power flow
indices, nodal loading indices, or voltage stapilitdices which can be used for alarming, protectio
and control.

The suitable combination of these measurementsiratides allow for creating an overall
PMU index which describes the online state of tiistesn and consequently the change of state
(tendency) of the system. These information arateckin a phasor data processor (PDP) which can
exchange data with a dynamic security assessm&a)Bystem or/and a SCADA system in order to
monitor local and global system states for stabititonitoring, continuous stead state analysis, tshor
term / forecast stability analysis and remedialoast Finally, combining PDP, DSA and SCADA
enables to enact a wide area protection and co(My@lPC) arming and disarming pre-calculated
system integrity schemes. In this WAPC a load flowd system state depending decision matrix is
installed, which is pre-calculated by the DSA-syst@r by precalculated simulations). This matrix
allows deciding which is the best system integsitheme for the current system situation and in case
a major disturbance takes place the most suitahletermeasure can be activated.

In a large longitudinal 500 kV system the conceflitlve described and applied. The system is
not (n-1)-safe and the outage of one 500 kV trassioi line (double line system) results in blackout
of a large part of the system. Using the PMU/DSAditaWAPC system the necessary load shedding
(system integrity scheme) can be selected to ateppower balance depending on the actual power
flow and location of the fault.

KEYWORDS
Phase Measurement Unit, Wide Area Protection anuatrGlp Dynamic Security Assessment,
Black Out Prevention, System Integrity Scheme.

Yrainer.krebs@siemens.com
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1. INTRODUCTION

The demand on electrical energy is growing in almadlscountries in the world. More and
more renewable sources with fluctuating infeed abt@ristic are installed. The role of conventional
plants is changing. New targets like sustainabté emvironmental friendly sources are introduced in
the system planning process. Transportation systemmes to be more flexible to follow the demand.
Classical system margins are reduced and new sysi@mins are introduced to monitor the system
behavior. New transmission systems based on ACD&hdystems are necessary to interconnect new
sources like off-shore wind farms with the grid.vweontrol mechanisms have to be installed to
guarantee a stable operation of these hybrid sgstem

Distribution systems and transportation systemsoperated under changed conditions. More
and more small generation is installed in the itistron subsystems. Classical plants are operated
with changing operational philosophies. Part lopdration and flexible change of operation at low
operation points become more important than baad fperation over the whole year. New grid
codes are necessary to describe how all sourcestbasupport the controllability of the grid. These
new conditions and the fast changing operationhef grid makes it necessary to collect more
information of the grid to guarantee the smallabgity margins. Better and more accurate system
monitoring, control and protection is necessary mwhgstems are operated closer to the transmission
systems transportation capability and generally sytstem loading close to the operational limits.

Especially in very fast growing systems a lack lestw transportation capacity and generation
installation can lead to critical situations.

2. THE ROLE OF DSA

DSA (dynamic security assessment) becomes morenanel important in grid control centers.
The tasks of a modern DSA system are to: moniteratttual system state; evaluate how critical the
state is; score the state trend of the systemgragsossible contingencies starting with the actual
system situation; recommend which countermeasin@dd be started after what time

In [1], a modern dynamic security system is desatjbwhich filters a huge number of
information to a traffic light for the operator msing normed indices, which are combined in a
classification process without losing importantoimhation. The same indices can be used for the
PMU processing unit, but only indices which do need information of system structure or system
parameters can be realized for a fast acting cosysiem. In the next chapter, the main parameters
for a DSA- and a PMU-based-system are collected.

The role of the DSA system is not to act as a ¢asitrol or protection system. The PMU-
based wide area control system is able to take thvemrole when operators cannot react on events
which need decisions in milliseconds. The role led DSA for such tasks is to pre-calculate the
contingencies and to prepare the countermeasures ate activated using PMU measurements. The
DSA delivers the loading and load-flow-dependingoamt of load-shedding, depending on the
location of the fault and the resulting consequerioe the system. A phasor data processor (PDP)
activates the load shedding to keep the power systgether to avoid splitting into subsystems
without suitable power infeed. The DSA system ik db take into account all necessary switching
measures which are helpful in case of outage desygquipment like outage of a large transformer
between transportation levels. The calculated a&adéces support the operators in case of a sudden
change or outage in the system which the DSA sys@mmonitor not as fast as a PMU.

Reference /2/ depicts the framework and architectirthe PMU-based wide area control
system together with a modern DSA system usingesdessary communication protocols.

3. PMU-BASED WIDE AREA PROTECTION AND CONTROL SYSTE M (WAPC)

Fast growing electrical systems demand more igtsili computer-based systems to support
the operators. DSA allows the operators to find bow the system will react after severe
contingencies and to define longer lasting counéasures. Target of the PMU-based WAPC is not to
substitute the control management in the dispatcb@nter but to improve the system reaction.
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Wide-area-effecting faults endanger systems toachsg effects and black outs. Wide-area
faults are results of severe contingency situatidnsprevent such contingency situations the sgyeri
of the outage situation has to be identified angedeing on the expected consequences early
countermeasures have to be defined to reduce skeofispreading the effect of disturbances and
outages.

Main benefits of the PMU-based wide are monitord @ontrol systems are: improved system
operation; better use of equipment; increased pey&em capacity; improved power flow; better use
of system reserves.

The utility of a PMU-based system allows using ime-linformation about the system state. By
collecting these data the operator can track teadtrof the system over the time and initialize
reactions like re-dispatch. High loading of thensmission systems increases the economical benefit
of the system, but reduces transmission capacdynaeds faster countermeasures in case of outage of
equipment (lines, compensator, generators). PMWU&vamonitoring the actual system state and
therefore to activate suitable counteractions isecaf critical situations. New algorithms allow to
calculate the system oscillation and damping agi@mtem events which can drive the system into
instability. Analyzing frequency stability, voltageability and generator stability nowadays can be
combined with on-line analyzing small signal stijpito get a fast view on the risk of the actualtst
of the system. In addition, by observing the vaiagnd reactive power flows the operator can decide
about additional reactive power control. The analg$ known pattern like critical/ uncritical vote
recovery or frequency behavior helps the operatrismderstand the dynamic phenomena. Electronic
storage equipment with its fast reaction can hggéied by the PMU-based system to incorporate
active and reactive power in ms after identificatod a critical situation.

Activation of spinning reserve can be acceleratgcctiiange of controller reference values
without delay through waiting on the system fregreresponse.

Figure 1 shows a PMU-based wide area monitoringcamtrol system based on a SIGUARD
PDP (Phasor Data Processor) which deploys direasured information like voltage, current,
frequency and phase angles, but in addition céksilaew indices for a deeper view into the system
state. These indices are normed between 0 and ithanefore can be easily understood, compared
and combined, which helps the operators to undedste actual situation [3]. Monitoring can be
build like a ‘traffic light’. Reaching critical inek levels allows the operator to make fast decston
bring the system out of a dangerous situation Ifj4hecessary, because the human reaction is not
suitable, the system can start automatic contmnl,eikample automatic reactive power control or
automatic power flow depending load shedding (O3 example will show the benefits of such a
dynamic load shedding. Here the LPFI index is udeactivate the LS. The LPFI index is introduced
in the next section.

3.1 Transmission System

GRIDCo is the national interconnected transmissigstem operator of Ghana. Its mission is
to provide reliable, secure, and efficient eledyidransmission services and wholesale market
operations to meet stakeholder expectations wi@iana and the West African Sub-region, in an
environmentally sustainable and commercially viaibi@nner. The work described in this paper was
performed for the 161/225/330-kV transmission syst®mprising more than 100 overhead lines and
more than 400 distance, differential and overcurpeotection relays.

Fast load growth is a major challenge and driver lfmge-scale system expansion. The
transmission system has increased its transforageaaity by over 50% in the last five years. Even
though the transmission system is often forcedpoerate close to its limits due to a lack of generat
capacity. In the past, mal-operation of the pradpecsystem and cascading events were observed.
Considering low critical fault clearing times, thiguation poses a high risk of total system blatkou
case of failure of the primary protection system.

In order to reduce the risk of system collapse, BRI initiated a system-wide protection
system review. The objective was to ensure systenrigy and to maximize the utilization of the
system through improvement of the performance @fpttotection system.
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Figure 1: PMU-based wide area monitoring and control system uSIGIJARD PDP SE stored energy sources
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SCADA and DSA can support the PMU-based system ¢tyah information and pre-
calculated countermeasures. For the automatic &S$ritical contingencies are pre-calculated and the
necessary amount of LS in combination with the @cépinning reserve is stored in a decision matrix.

Fig. 2 depicts the WAPS part which is used as vaste-area load-shedding (WALS) to
activate suitable load shedding depending on thtesysituation (loading, load flow, fault location)
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4. PMU INDICES

PMU-indices are used for the analysis and contf@ eystem based on local information in
addition to the basic voltage, current and phaseasurement. The following normed indices (range
0-1) are used for the performance calculation. Tty be individually used or combined as shown
for a DSA system [5], [6].

4.1. Small Signal Stability Index (SSSI)

To monitor to which extent the damping capabilitieb the system are affected by
contingencies, the SSSI is proposed. didte the classical damping measure of i-th osmilamode
that suits the conditiorg > Cabs lim, wherelabs lim designates the absolute stability limit and
sufficient damping is positively signed. The dangpinan be extracted by any of the modal
identification techniques. For example, the mapencil method can be used. The SSSI is calculated
by taking into account thé and the minimum acceptable damping liintin adm. typically in the
range of 3-5%. The SSSI is defined by (1), where the index norm; it ranges from near O for the
case in which oscillations are fully dampé&d< 100%) to 1 for the case in which the dampinipra
reaches its minimum admissible valde< {min adm).

SSSI= min[ 1, ma){(miiadmj J A > i (1)

SSS|:1, |f Zi SZabslim

To cater to variety of power system responses,s#resitivity of the index may need to be
adjusted. This is achieved by setting the norm n.

4.2 Angle Index (Al)

To establish a contingency severity level as a omeasf change in the generator load angle,
the Al is proposed. It is defined by (2) and rangesn 0 to 1; it is 1 for the case in which the
maximum admissible angléq max adm) is exceeded. In the equatémnmax is the maximum angle
of the i-th generator during system transition Bi@lis the number of the system generators.

Al = min{l,i mﬁé(:d&ﬂ (2)

¢ max adm

4.3 Frequency Gradient Index (FGI)

By being a good indicator of the power unbalancthésystem, the frequency gradient can be
used as a contingency severity measure. The Fd&fised by (3), where Gi is the gradient of thé i-t
generation unit following the contingency and Graaxn is the maximum admissible Hz per second
change that may be related to an outage of thesarqit in the system; for example, in the Europea
UCTE, the frequency gradient caused by outageeofatgest unit is 6 mHz/s. The index ranges from
0 in the case of no frequency deviation to 1 ifdlegree of frequency drop is larger than specified.

FGI = min[l,imﬁé[e G H (3)

max adm

4.4 Maximum Frequency Deviation Index (MFDI)

The MFDI is derived on the assumption the higher thaximum frequency deviation, the
bigger the disturbing effect produced by the cageimcy. The index is defined by (4) and considers
maximum frequency deviatiomf{i max) of the i-th generator relative to the maxim admissible
frequency deviation Afmax adm). The index ranges from O for the casavimich no frequency
deviation is produced to 1 for the case in whiaghftequency reaches its maximum admissible value.

|,

MFDI = min| 1, ma » |
| [ i:1,,.NZS([|Afmaxadﬂ‘lJ] ( )
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4.5 Quasi-Stationary Voltage Index (QSVI)

The QSVI quantifies recovery of voltage at i-th modt the end of the transient period
following the contingency. The index is calculatsia quotient between voltage deviation at the end
of the transient period AVpi) and the maximum admissible steady-state veltagpviation
(AVi max adm). It is defined by (5), where maximummaskible voltage deviation is a percentage of
the rated voltage. The index ranges from 0O forcidge in which no voltage deviation is produced to 1
for the case in which the voltage goes below theimuim acceptable value; NN is the number of
system nodes.

QSViI= min[l,imﬁﬁ[ﬂﬂ %)

|AV| max adrrl

4.6 Voltage Drop Index (VDI)

To quantify voltage dips due to disturbances ard lourrent transients, the VDI is proposed.
The index is calculated by simple geometry, simitarsolving the equal area criterion problem in
power system stability. It is a ratio between theaaADVi, enclosed by the transient voltage curve V
and the line of the lower limit of the normal optérg voltage band Vi min adm, and area ADVi adm,
enclosed by the Vi min adm and transient voltagetliine. The areas are illustrated in Figure 3eTh
index is defined by (6), wher®VDVi denotes temporal voltage deviation at the itide with respect
to (7); NN is the number of the load nodes with délssigned VDI. The VDI can be related to voltage-
dip immunity requirements of industrial sites.

tfAvDVi dt

AV -V
VDI =min| 1, max| *——— (6) AV, = i minadm Vi
LN A agm 0

If \{ min eldm2 V
if Vv <V,

i min adm

(7)

highest value of the three line-tc-line grid
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Figure 3: Voltage-dip immunity criteria

4.7 Voltage Ride Through Index (VRTI)

The VRTI is given by (8)—(10) and considers a tmams voltage dip both in percentage
deviation and in time duration; the fault-on andstgiault voltage deviation is quantified by
comparing two areas. Similar as by the VDI, thetfarea is enclosed by the transient voltage curve
(Vi) and the line of the lower limit of the normaperating voltage band (Vi min adm), while the
second area is the reference one and enclosed tmyn\adm and the FRT limit line. Each stage of the
voltage transient can be treated individually; atitory results are obtained if two subareas are
defined: one for the fault-on and the other forpbst-fault period.

In the equations, | denotes a subarea under ei@uand NN gives the number of the
generator nodes with the VRTI.

Aareaj _ (Vband -V areg r) ki arep (8)

max adm — miradm min ad max ad
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0 If V < Vareaj

min adm

Aviareaj - V band _V If V arep <V<V band (9)

min adm min adl min adn

|f V > Vband

min adm

j A\/iareaj [t

tarea
VRTI=min| 1, max| =
i=1,.NN Aareaj
max adm

(10)

4.8 Line Power Flow Index (LPFI)

The LPFI is related to the requirement that thet-postingency power flow on transmission
lines should not exceed a power flow limit (desigaas Pi lim) since such excess may activate line
protection and so degrade the system security L Pl is defined by (11)

LPFI = mm{l miﬁﬂ%”} (11)

where Ppi is the power flow through the i-th linetlze end of the transient period following
the contingency; n is index norm (real non-negativenber), which stands for the relative importance
of a line in the system; the more important the lithe lower the norm; NL refers to the numberhef t
lines in the system. If a line is loaded to theitjiihe LPFI is 1.

4.9 Transformer Power Flow Index (TPFI)

Overloading of power transformers may result innpaure aging of insulation and
irreversible damage. The TPFI is defined by (12rameter Pi trf denotes the actual loading of the i
th transformer, whereas Pi trf rat relates to adi@mer’s rated loading; NT is the number of the
transformers in the system.

TPFI = mln{l max{ s ﬂ (12)

=1.NT
Pltrf rat

4.10 Nodal Loading Index (NLI)
Starting with a formulation of the load flow equmatias a two node model system representing
the neighboring nodes by the voltage Ei (see Figlire

Pi, Qi Yim 7N

N
E =ED¢ =z (Y, /Yii), @3 = @3 o4 (13)

Yi =Y, U@ ¥ L
Yl q] 3 q] \OMKI
V; can be calculated related tpads ¢ where

\/1 ;F"' hefma) A =(P+Q@)+2R) with [] YEZ sngt i&?;,][g] (14)
sing, =-Q, /e (15)
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This formulation of the nodal voltage allows defigicritical absolute ranking margins of the
system as follows:

4N <land|Q /g <1 (16)

The margins are non-linear and reflect loading awithge situation. This main margin allows
to select critical loading cases (trend analysis) shows the distance to system stability /7/.
NLI can be formulated to be

NLI = min{l,g%)( a, )} 17)

5. EXAMPLE OF A WAPC SYSTEM USED AS WALS

Figure 5 shows the topology of a 500 kV longitudiisgstem. This system spreads in about
2000 km and includes three subsystem named Nordr&and South. At Central subsystem, there is
a double line connected between two load centdloath and South. The peak load of whole system
is 49 GW. The system is equipped with hydro-, gas@CPP’s.

To investigate the effect of WALS, two simulatioases are shown (see Figure 4). In the first
case, some disturbances are implemented at thdedlmg mentioned above. This line is transferring
about 2 GW from North to South. A three phase faatiurs on one circuit near one bus bar and then
this fault is cleared by tripping this circuit. Thatal fault duration is 140 ms. In the second c#se
same scenario is implemented for one single trag®om line located at the biggest load center of
system located at South. This line loading is 1 GW.

With WAPC, the optimized amount of automatic loaedding is defined to:

. Keep the system stable after fault

. Avoid overload of transmission lines

| s

Nord 1 . f . | il

Central e

;1 & Xl

Figure 4: 500 kV studied system
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The simulation results of case 2 are shown in Eiguand Figure 8. The same effect is gained when
there is a minimum of 1330 MW load shedding ac@datThe frequency and voltage around the
faulted bus and the load angle are stable aftéatdaitransient time.

6. CONCLUSION

With an example of intelligent load shedding adiwa paper demonstrates the use of
composed indices in a PMU-based wide area mongaird control system. It results in lower risk of
instability in the system. It minimizes outages dhackout situations by automatic counteractions. |
allows the control of congestion situations. Tharagle of an automatic load shedding system for the
main transportation system of a large longitudisuctured electrical system shows how the
reliability of a system, which is not (n-1)-saf@ncbe improved. By progressing the system reaction
blackouts can be prevented safely. Cascadingisglittto insolated part load system can be avoided
and instability can be prevented.
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SUMMARY

This paper presents a dynamic security assessroktios, which can be used in the power
system control room to improve system stabilityislbased on a set of security indices. The indices
are able of establishing contingencies’ severitelle as a measure of different aspects of power
system security. A system based on fuzzy logicsesduo combine the indices into a single composite
index. The composite index is able to alert thetmdnoperator to the network conditions that
represent a significant risk to system securityeldamn over-all system performance.

KEYWORDS
dynamic security, stability, contingency ranking

1. INTRODUCTION

While it is true that electric power systems arsigieed to be stable, in actual practice, the
systems may be prone to instability. This is layg#lie to uncertainties related to the assumptions
used in the system planning and design phase. Bwsmon are assumptions on electrical load,
electrical generation, power network topology amtuerent characteristics of the network components.
A false assumption used in the system planningictaduce an error in actual system operations,
resulting in equipment malfunction, local powermuptions or blackouts.

Electrical transmission systems are used for thesfer of bulk power from generation to
loads. They are designed to withstand operatiooatimgencies of a certain magnitude without
significant impact on consumers and stability & dlystem.

The fact is, however, that modern transmissionesgstare not being used in the way they
were intended to be used. Rather than being ugesefmure unidirectional power transmission, they
are being used as a power exchange platform dbyenational or international electricity markets
and economic goals. In such environment local distoices can easily develop into system-wide
incidents.

The number of blackouts has been gradually incngasver the last two decades. The impact
power outages can have on the economy and soclfdreiean be enormous. The consequences in
terms of economic loss can easily be comparedés ohnatural disasters [1]

The nature of these incidents may be related tcsthileility of an electrical system. Figure 1
shows different stability types a power system oadergo [2]. The main stability categories are
generator stability, reflected in the rotor angéhdwior against the grid, frequency stability, assult
of load and generation imbalance, and voltage lgigltaused by a lack of reactive power. Various

Yuros.kerin@siemens.com
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disturbances showed that electrical systems arerexming all types of stability problems. Two
examples are given in this paper. In Figure 2,blaekout in Italy in 2003 is shown [3]. In aboub2.
minutes the frequency suddenly dropped and couldeadstabilized by different methods; 7000 MW
load shedding did not help to stabilize the systswause of additional loss of 5500 MW after
separation from the European grid. In 2007, a pathe South-Balkan-System separated from the
European System due to loss of two lines, followgdn overload of the remaining lines and trip of
these lines. The power system of Greece, Albana@soKo and Fyrom islanded and the frequency
dropped to 48.7 Hz. Eventually, the lines betweeseGe and Albania, and Greek-Fyrom tripped too.
The event ended with blackout in Albania, Fyrom &uas$ovo. The blackout required approximately
30 seconds to develop (Figure 3).

Events like these imply that observing

Voltage collapse

and analyzing system state during operations is Power System Stabilty s
of great importance. The main goal of online ‘ } l Netherlands 199¢
system analyzes is to alert an operator t0 | goorange | | frequensy e R
conditions representing a significant risk to stabilty stabilit stability out Ballar-
system stabilty and provide practical ‘ i ‘ 2607 2007
information for decision making [4], [5], [6]. N smal- Transient Large- Smal- |[Sackos tah
. . distrubance s disturbance disturbance

this paper, a system for dynamiC SEeCUI|angesapiley | 2™ | | \oltsgestabilty| |voltsge stabilty [
assessment is described, which allows online [ Osilions 200
simulation of operational contingencies, | shortterm | | Longter | -usa blckaut 19
identification of severe disturbances and —— Storm in France
monitoring of system reserve margins as the \ Short term \ \ Long terrr LR
system operates. This indication allows the Source UCTE Bxpert Group on Power System Stably
operator to predefine counter measures anc Figure 1: Classification of power system stability

prepare actions to stabilize the system. with examples
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Figure 2: Soutl-Balkan Disturbance in 2007 (source: UCTE Expertupron Power Systel
Stability, Rome, 17.06.2008 — V Hanneton, C. Jahnke
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Figure 4: Blackout in Italy in 2003 (source: UCTE Expert @poon Power System Stability, Rome,
17.06.2008 — V Hanneton, C. Jahnke).

2. DYNAMIC SECURITY ASSESSMENT

To maintain security on required levels it is esisérfor the power system operator to
establish an impression on the system conditiorardtinstant, he has to have a feel for the availab
“maneuvering space” to be able to respond fasase ©f a power line or generator outage, or other
similar contingencies. Crucial elements in achiguvinis are expert knowledge and experiences, but
for predicting security under constantly changiogd/ generation/ topology conditions it is necessar
to also conduct online computer—aided investigation

A tool capable of providing support in online démis making is Dynamic Security
Assessment (DSA). DSA enables fast evaluation mjlsiand multiple contingencies and delivers
results that are indicative of operational irregiikes. Typical criteria in DSA include:

» rotor angle stability, voltage stability and freguog stability;

» damping of power swings inside subsystems and legtwabsystems on an interconnected
network;

» grid code compliance (for example frequency andaga excursion during the dynamic
state (dip or rise) beyond specified thresholdIlBve
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The core of DSA is a computational technique [7]te&hnique providing a high level of
confidence is conventional time domain simulatibms one of the main tools in system planning and
analysis. It is accurate and has a superb modeblpgbility. High-order models can be considered.
Time development of dynamic system parametersi@ileded by integrating the system differential
equations step by step. Typical integration tinepstvould be about 10 ms. A sufficient simulation
time would be in the range of 5 to 20 seconds. Nuwé simulation models and simulation need to be
tailored to the phenomena under investigation.

The European Network of Transmission System Opexg@&NTOS-E) is well aware of the
importance of the control-room-conducted securityestigations. In the development plan that guides
the future development of the European transmisseiwork, the ENTSO-E explicitly suggests that
tools for DSA need to be adopted for the operatorsrder to increase situational awareness. These
tools should primarily rely on well-establishedhemues and enable fast “what-if” investigationk [8

The backbone of every dispatch center is an enaayagement system (EMS). The EMS is a
computer-aided tool used by the operators to mgndontrol and optimize the performance of an
electrical system. A monitoring and control partloed EMS is SCADA (supervisory control and data
acquisition). SCADA is a control system deployingltiple technologies that allow the operator to
monitor and process data as well as send commarrésniote terminal units (RTUSs); to line breakers
to open or close, for example. Typical data refl@aiie of the EMS is several seconds.

In recent years, many dispatch centers have imgrdlre monitoring capabilities with the
implementation of the synchronphasor technologyncByonphasors are field measurements of
network quantities, synchronized in time and exggdsas phasors (magnitude and phase). They allow
monitoring power flow or frequency in real-time. e'ldevices measuring the synchronphasors are
Phasor Measurement Units (PMUs). A typical PMU slamgprate is 20 ms. The synchronphasors are
processed and visualized by the phasor data pac@aSP). The components are shown in Figure 4.

In a standard configuration, the data from EMS BP are evaluated by the operator. The
amount of data to be evaluated can be very large. $mall system with 50 nodes, for example, at
least 100 parameters are to be considered to oblidn picture on the current operating condition.
The amount is significantly increased by “whatdffialysis and investigation of future system states.
Each parameter needs to be examined with respespeoific limits and drawing conclusions on
corrective actions may be necessary. In additiceffart, time is required for this, which might o
available in critical situations.

The effort and time required for examining the mfation on the voltage, frequency, and
angular behavior in the current and future systéates may be significantly reduced by running
online DSA. Through interface to EMS and PDP, DSAgiven access to real-time data and by
making use of simulation, screening and rankingufrent and future system states is performed
without operator’s involvement. An alarm can befaured to alert the operator only on potentially
dangerous conditions and focus his attention otiqudatr network components or problematic areas.
Effectively, DSA is able to alleviate the operatdrtasks associated with the system state assessmen
and provide him with insight not only into the @mt operating condition but also into its shortxter
development. With this information control errore aavoided and the stress on the operator is
significantly reduced.

2.1 System state classification

In general, the state of a power system can berdigted based on its ability to perform its
intended function under different contingency lsvel reliable way of judging the impact of
contingencies on the system operation is to perftrencontingency analysis. Current practice to
perform the analysis is in two phases: contingescyeening and contingency ranking. The
contingency screening phase is usually performémhefand with the objective to screen a number of
possible contingencies down to the most crediblespit gives a list of potentially severe cases tha
are most probable to occur and are expected toecany kind of security violations. In the
contingency ranking phase, full analysis of theselible contingencies is performed either offlime o
online.

234



In system operations, the analysis of the crediblgingencies assists the operators to control
the system at a secure operating point. Hence dhéngencies are examined online on a periodic
basis or after a change in the operation; nevessisetlay-ahead offline runs are also common. The
final list of contingencies to be checked is subjecthe system condition in a state and operator’s
experience. Typically, the ones to be examineddafied as the loss of a single item or plant due t
phase to earth faults or other adverse situations.

2.2 Contingency classification

A reliable contingency classification may be ackethrough inference of important variables
or indices related to system parameters which sayificantly with the prevailing conditions in the
system.

Determining grid code compliance and system stgbii possible in two ways: by using
conventional the so-called deterministic approack methodology involving estimation of relative
agreement between the actual and limiting valuesngbrtant system quantities. The conventional
approach delivers whether a system limit has beéaated or not, which can be in terms of Boolean
algebra represented by logical 0 or 1, whereasother gives a relative distance to the limit by
ranging from 0 to 1, where O stands for the fuldgrode compliance or excellent performance, 1
denotes a limit violation or poor system performgnwhile values in between give a relative
performance level.

2.3 Performance and incorporation
Online DSA aims at determining the state of a powgstem as it operates. Credible
contingencies are evaluated after system changesdgally, or on demand. Typical time settings

used in practice are: contingency and short
SINAUT Spectrum I System Characteristics ONE Morocco

is examined on a 5 minute cycle, and eve == = s

YYYYY Irtertace erfac Intertace Intertace

circuit anaIySiS are performed every 1 System, 2 Control Centers + 1 “cold redundant” for Test/Training

minutes, steady state transient stabil seee s et omwem e

calculation every 2 to 3 minutes, N-1 securi EE o TR
g C T N e

Firewal

time after a valid state estimation becom
available voltage security is calculated. =
DSA can be integrated into th
dispatch center in many ways. It may I—
added to the existing EMS architecture in t =] =~
form of independent modules that a o resesesomenns 0 oo S )
compatible with other subsystems. A loose
solution, which has also been adopted by Figure 5: ONE National control center with integrated
ONE Morocco, is illustrated in Figure 5. The transient stability assessment [6]
solution  requires  minimum  structure
adjustments and allows for incorporation of any bamof sub-processes. For instance, the EMS
system installed at ONE control center did not aonta module for transient stability assessment
(TSA). This missing functionality was added to thasting configuration later simply by installing a
dedicated workstation running TSA on basis of goshat from the system state estimator.

3. DYNAMIC SECURITY INDICES

DSA can be sufficiently implemented by a numbesexfurity indices. These indices are designed
SO as to cater to various aspects of power sysgenrity by capturing transient response of dynamic
parameters after system events. Table | gives sdriie indices that can be used in DSA. They ale ab
to detect voltage, transient and stability of loegluency oscillations, and evaluate quality of dpstem
transition from pre- to post-disturbance conditidhe intention of the indices is to replace visasdlysis
of the results, which is a task typically perforni®dthe system analyst. The analytical definitiérihe
indices is available in [9] to [12].
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Experiences show that no single security inglex |Limit or regulation Security index
can reliably capture the entire system state. detser [;

Voltage stability Voltage Stability Index
to use a combination of the indices instead. Many Small signal Stabilty Smal Signal Stabilty &d
techniques can be used for this purpose. The vezight
sum technique is the most commonly used one singe j| Transient stability Energy Margin Index
is easy to understand and in most cases providegout-of-step protection Angle Index

sufficient results. Also applying the simple maximus |Dynamic frequency deviati{Frequency deviation index
method is adequate, but finding the maximum ingex |(dip or rise)
gives no information at all on the over-all segudf |6 |Primary system control Frequency recovery tin

the system. Dedicated functions are also an option index

however in most cases these are a custom deriwative |Machine mechanical activity| Frequency gradiesin

the weighted sum technique. 8 |Dynamic voltage deviation (dDynamic voltage index
An efficient alternative is a technique of soft |orrise)

computing. Assuming that the system analyst|gis|steady state voltage Quasationary  voltag

capable of representing his knowledge about |the index

system as a set of facts and rules, the unce€sint |Fault ride through requiremefsltage ride through index
related to proper weight selection, as is the edsen [;;

i h ohtod hod b Power line rating Line power flow index
ap.p .ylng the weighted sum method, can .e A éu Transformer rating Transformer power flo
efficiently handled by means of fuzzy logic [13]. index

Fuzzy logic provides algorithms for mapping an in U oad shedding Load shedding index
space to an output space on the basis of if-thies fu : ——

and allows high-flexibility when  modeling* |Noda! loading Nodal loading index

b4

multivariable-reasoning systems. Figure 6 shows tfa@le 1: List of Some lower System Security Aspects ¢

main steps of the process. Security Indices for Their Evaluation
By fuzzification and defuzzification
of the indices equally distributed along tt FUZZY INFERENCE SYSTEM

¥
¥
¥

interval 0 to 1, a multi-stage Fuzzy Inferen applyfuzzy || . APPY Iaggregate al
! .. Inputs implication Deafuzzif Ouiput
System (FIS) sufficiently composes an ove- operators ; output sets !

miethod

all dynamic performance index. One possit
way to combine the indices using a mul*
stage FIS is illustrated in Figure 7. As the
final output it delivers the Fuzzy Dynamic Secuiibdex (FDSI). As shown by the case study, other
input/output combinations are also possible andsyistem can be easily adjusted to meet the operator
requirements.

Note that in this paper the indices are not expldim detail; nevertheless, to give the reader a
feel for the concept, a basic reasoning behindsthell signal stability index is presented in the
following section.

Figure 6: Main steps in fuzzy logic reason

3.1 Small Signal Stability Indefd1]

Let C be the traditional damping measure of the modicalioscillation mode that suits the
condition{ > Cabs lim, where a positive sign denotes a suffictamhping. The Small Signal Security
Index (SSSI) is calculated by taking into accour®d and the minimum acceptable damping limit
{min,admissible. The acceptable damping limit igesysdependent and typically in the 3-5% range
[14]. The SSSI is defined by (1), where n is thdexinorm. The index ranges from near 0O for the case
in which oscillations are fully dampe@«100%) to 1 for the case in which the damping regimches
its minimum admissible valug & {min,admissible). The index can refer to a singledenor to a
specific range of oscillation modes.

SSSI=min| 1, [#] 8¢ > (apsiim
Zmin,admissible

SSSI=1, if O ¢ < {apsim
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Power systems differ in the intensity of their dyna response; in some, a disturbance
severely affects the oscillation modes, while ineos the effect is negligible. To cater to thisietyr
of responses, the sensitivity of the index sometimeeds to be adjusted. This is achieved by setting
the norm n. The norm regulates the dramatic pregresof the index as the system approaches the
security threshold and is crucial for visualizirge importance of the condition. It can depend on an
investigation’s particular requirements or one’®irion to indicate specifics in the mode behaviour
and can be based on experience or system-sernstivties. The absolute relation to the security
boundary is, however, given by n=1.

The typical index behaviour is obtained by settthg norm to 1.36. The setting is given,
referring to the criterion of the SSSI that equals at 5% damping and 1 at the security threshbld o
3%. The norm is calculated by using equation (2jictvis a derivative of (1). The criterion is based
on the typical damping range (3-5%) and implieemse index progression as the damping decreases
below the 5% boundary.

log| SSS|
I ( |() __ log(0.5) 136

5%
Iog[ZJ |09[3%)

Zmin,admissible

4. STUDY CASE

A model of a large actual power system is usecsd the performance of the algorithms for
the DSA. The main characteristics of the model &08-, 230-, 115 kV and lower voltage levels, 259
transformers, 119 generators, and 515 transmidsies. The main 500- and 230 kV transmission
network is shown in Figure 8. The generators apeesented with high-order models and equipped
with speed governors and exciters.

Two base scenarios are considered
normal operation (A) and normal operation ot vt sty | sss i
with a uniformly distributed load increase of :Wda I |
+2.5% on the load nodes (B). In each :
scenario two contingencies are applied: € !
three-phase fault followed by the outage of @  meimm regensy M2 stabiiy

Deviation Indax FIS

230 kV line connecting the western and oo seoen F0 | rroency [FLL )
: 5

Lime Index Inference

southern parts of the network (LO), and eewecyseson o Systom)
spontaneous outage of a large generator i

Energy Margin Index

Dynamic Voltaga =

Index —
the central system area (GO). L e S v (] .
The idea is to calculate the indices in Vot~ =T™ es >

Voltage Ride VRTI

the normal system state and compare ther weonmie =7

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
h
|
|

with the values calculated for abnormal weemeren 7| s
Indax FisI
FIs l

Index

transient have been made using a full reseme i,
simulation whereas the system’'s low :
frequency characteristics have been Siage 1 Stage 2 Stage 3

. . I
.eXtraCted using .the QR algonth_m. NO.t aFigure 7: Proposed thre-stage fizzy inference system for pow
indices as per Figure 7 are considered in

system dynamic security inference.
study case.

In normal operation the system excites 770 low desqy oscillation modes. As shown in
Figure 9 most are sufficiently damped, while twe ar close proximity to the damping threshold of
3%. These are the system’s critical modes.

1
1
|
:
. . 1 1
operation. Calculations of the system’'s waswsm L5 |rowerrow| ™ . iy
i
I
1
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Figure 8: 50C kV and 23(kV networks of
the test power syste
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Figure 9: Critical inte-area oscillation modes of the |
system

Applying the scenarios and consequently changsgandition alters the characteristics of the
system and affects the modes. The change in posifithe most critical mode is presented in Figure
10. The markings denote the mode position witheesfp the scenario and contingency applied.

Calculation results are summarized in the followtagles. Table Il gives the most critical
mode referring to a scenario. The small signal sicaf the system is assessed based on the mode’s
characteristics. If the system is subject to charigethe network the SSSI increases regarding its
initial value in scenario A. The largest impactthe small signal security of the system is posed in

scenario B-GO.
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Figure 1G: Critical mode variation of the test system whebjscted to
contingencies.
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Table Ill gives the numerical values of the fuzayewall security index (FOSI). The FOSI
combines the FDSI and SSSI and delivers an aggrégatasure in which the overall security of a

system is affected by the scenarios. To make F@8ulation possible the three-stage FIS shown in
Figure 7 has been reconfigured.

Scenario | Critical mode Soampmg SSSi Scenario | Index
A -0.139 #4.398 | 3.16 0.93 Al FFI  |FVI |FPI |FDSI [SSSI |FOSI
A-LO -0.135 #4.395 | 3.07 0.97 A 0.26 0.00 | 082 | 07| 0.67 0.93 0.8
A-GO -0.129 +4.408 | 2.93 1.00 A-LO 0.35 0.14 | 082 | 077 0.71 0.9Y  0.9(
B -0.135+4.337 | 3.11 0.95 A-GO 0.28 018 | 0.81| 0.67 065/ 1.00 1.0
B-LO -0.131 +4.332 | 3.02 0.99 B 0.27 0.00 | 095| 0.82 0.87 095 0.93
B-GO -0.126 +4.346 | 2.9 1.00 B-LO 0.36 014 | 095 | 0.82 085 09p 0098
B-GO 0.28 0.18 | 095| 0.82 0.86| 1.00 1.0p
Table 2: SSSI Calculation Table 3: FOSI Calculation

From values of FVI and FPI a conclusion is possitiilat the system is experiencing
unacceptable voltages and high loading of transamdmes; from values of SSSI it can be concluded
that small signal stability is an issue in thisteys. Small signal stability, captured by SSSI,dgally
associated with transmission of large amount of grothirough weak interconnecting power lines,
captured by FPI. A suitable solution would therefanclude system reinforcement, with additional
lines at a specific location.

The transient response of the system to the saenarigiven in Figure 11 to Figure 12. In
scenarios A-LO and B-LO a short circuit 100 ms uradion trips one of the two parallel lines
connecting the nodes S.West_1 and South_2. Théeding tripping causes the voltage to drop, the
acceleration of nearby generators and a frequeagiation. The system remains secure.

The scenario including LO can be, however, easibakated to an insecure case (SSSI and FDSI
are 1). If following the outage the remaining liedripped, the system breaks into two areas aseblds
stability. The conditions are shown in Figure 18 &igure 14, and visualized by colours in Figure 16

1 Frequency deviation
150

Frequency deviation
( SWest_1 150

Scanaria A - LO ———— South_1
Scanario B-LO — — Scenario A=LO——
//«\ Scenario B=LO——
i P e v
:E Ll ol | =

| —

-150 tls]
5.0

tls]
0 125 25 175 5.0

Figure 11: Frequency deviation following a three- Figure 12:fFr(|etqu%r]lcylldeV|at|ton foIISOW|tnhg i\thr@de}ase
phase fault with a line outage (S.West_1). ault with a line outage (South_1).
) Frequency deviation 05 VVoltage deviation
SWest 2 ===
go‘ﬁ’lzs_‘f‘_j South 2 ——
= Tk = Tf ] NI AN
T 3 A LY AEAY AR VARYA")
=
-2 ST = tls] 08 125 25 375 50
[ 1.25 25 .75 — _Ff.l'l
Figure 13: Frequency instability following a corrid: Figure 14: Frequency instability following a corrid:
outage. outage.
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Applying a visualization technique similar fontngensy soerily
as in traffic control, the performance indices cavery Low LOW MEDIUM HIGH VERY HIGH
communicate contingency severity and thus the; ‘%
power system security degree by means ofoo o1 02 0: 04 o0: 06 07 0f 09 10
indicative colors. These need to be carefully
selected in order to deliver a suggestive message; System security
if remedial actions are needed, for example. ASCURE ALERT LOW ALERT HIGH DANGER INSECURE
illustrated in Figure 15, a smoothly changing l ‘%
color scale is suitable for that purpose. 00 01 02 02 04 0¢ 06 07 08 09 10

The selected color scale refers to the
index magnitude equally distributed along tt Figure 15: Visualization of power system security deg
interval [0 1]. The scale-ends denote the absolute
security degree: secure-insecure. Although ¢
color scale is adequate for the purpose, the nr
obvious is to use green and red for denoting
absolute secure and insecure system condi 1
and a color-mix in between for securit .
variation. In this way, the reporting is simple b 1
vt . O @
indicative, suggesting the alert level and t %) 58>
expected magnitude of remedial actions 1 S o
improvement of the condition.

In Figure 16, four indices are visualizes

50 . 20

Angle Index and Fuzzy Frequency Index shc O O
participation of network generators in tr’*® °
angular and frequency oscillations. Tt

generators with the most severe dynamic
response are in the south. Depending on
protection settings they could be tripped. Sin
there are only few generators in the south, -
reactive power support is limited; hence tr
region also experiences unacceptable dynal
and steady-state voltage deviations. The bot
neck of the system is shown by the Fuz
Performance Index, which considers the pow /
flow through transmission lines an =

transformers. It indicates that dynam -7

contingencies can lead to local overloads whi-;“:l

may results in a cascading event and syst™ ==

separation. The index clearly suggests systF, -=1ng' e e
reinforcement is required. igure 16: Visualization of power system dynamic secu

indices.

The frequency response of the syster
following a spontaneous outage of the 700 MV/ Frequency deviation
generator connected to the 500 kV network i
presented in Figure 17. In both scenarios tr
frequency variation is alike (see FFl in Table III
and we thus only report on scenario B-GO. |
the scenario the magnitude of the initia
frequency sag is 0.502 Hz. After a time, the ¢ T e o'
frequency improves and stabilizes at an offset or_ o _
0.228 Hz considering its nominal value Figure 17: Frequency deviation following a genera
Although strong fluctuations in load flow an outage

Scanario B - GO —

[mHz]
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voltage the system survives the transient intgpthe-contingency steady state and remains stablle. A
indicated by the SSSI, however, the limit of minimadmissible damping (3%) has been surpassed
and the system has drifted out of security bouiitiss implies corrective actions including system
reinforcement so as to avoid further damping desaréra case of additional network alternations.

5. CONCLUSION

Security management is not easy to execute in tiirindled system structure where the
system operator has no direct control of generaf\my decisions affecting outputs or control sefsin
of power plants have to be implemented using coroi@eagreements with power plants or enforced
through the grid code. Under these changed opgratinditions the assumptions made at the system
planning stage are less and less valid and to withenew circumstances DSA is required.

This paper shows how DSA can be implemented bygusiset of security indices. The indices
can help operators to investigate grid code compéaand system stability under contingencies. The
intention of the indices is to replace visual ase\of the simulation results and measurements;twhi
is a task typically performed by the system analyi$te indices are able to capture changes in
dynamic system parameters and rank system conslitiith respect to limits and constraints without
operator’s involvement. Ranking of the system stai@n be of great support to the operators when
making decisions and trying to understand the cemptructure of electrical systems.
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SUMMARY

Key findings derived by the application of an au&deu protection security assessment
solution on a nationwide transmission system agsqmted.

Protection coordination and verification of setinfprough simulation is getting increasingly
complex. Conventional protection coordination amdutation tools reach their limits of practical
applicability for fast developing networks and cbewy operating conditions. New automated
protection security assessment solutions can owercexisting limitations and allow the fast and
systematic performance assessment of the protesysiam.

A new approach to assess the adequacy of protestitimgs and schemes is presented. It
facilitates the verification of selectivity of peaition settings for large numbers of different agtien
and fault scenarios. The presented solution ishiapga handle large and complex network structures,
and also to analyze the system behavior of theeption system and network as a whole. New concise
result visualizations were developed to supportgtion engineers and operators to identify poaénti
weak points and limitations of the protection scherand settings.

The paper summarizes key findings and lessons tleaom an automated systematic
protection performance assessment and enhancemnugettperformed on a nationwide transmission
system. It demonstrates how the applied solutiom lvalp to assure and improve the quality of
protection settings through event-triggered or l@gapplication.

The in-depth evaluation allows the pinpointing afsé settings in individual relays and for
various different operating and fault conditiorfsfalse or improvable settings are detected then th
solution supports the calculation of new improvedt@ction settings. To enhance quality control, a
new set of settings can be validated and verififedugh simulation before application in order to
maximize network utilization and grid reliabilityybreducing the risk of unwanted protection actions
and cascading events.

KEYWORDS
Automated Protection Performance Assessment

1. INTRODUCTION

Fast network development, load growth, increasiegegration of renewable generation and
consequent changes in distribution and transmissietworks pose new challenges for system
operation and protection. Protection systems aueiar for system security because they limit the
impact that faults have on power systems. Contislyoevolving power systems and quickly
changing operating conditions make it an incredgirgpmplex task to calculate, verify, and to
validate protection settings.

Ythomas.bopp@siemens.com
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The introduction of a competitive energy businesd a de-carbonized power generation is
enforcing the development towards new grid top@asgiThe infeeds of distributed and renewable
generation are requiring an increased transmissgpacity and stability requirements in power
systems. An important factor for blackout prevemtie a regular review of the protection tripping
behavior itself and of the protection coordinatommcept [1, 2, 3].

In the field of transmission networks, protectiavorination is developing more and more
towards a task of handling nationwide power systemger continuous change and with numerous
protection devices preferably graded by softwacdstorhe aim of the presented method is to provide
an automated protection security assessment systech analyzes the protection system of a whole
network. It requires the systematic simulation fedent fault events and the resulting response of
the protection systems at each step of the fagdtrrlg sequence to reveal limitations and weaksesse
of in the protection system.

The described approach allows the detection ofriech or improvable protections settings,
and facilitates the identification of hidden fault&t could cause the spreading of the fault events
cascading trippings. Based on the identificationliofitations, adapted settings can be derived
improving the protection system behavior for chaggietwork conditions. This leads to an important
enhancement of the protection and network secunityoday’s and future grids. The presented
Protection Security Assessment system is calledBIRD® PSA [4, 5].

2. METHOD OF INVESTIGATION

2.1 Fault Simulation
The principle structure of the method of SCI,FS"'S“:IS‘;‘I"\‘]“CTSO“
investigation is shown in Figure 1. The procedure
starts with short-circuit (SC) fault simulation
comprising different fault locations and types of | |
faults with varying additional fault resistances.
An in-built scenario builder (Figure 2) makes| Fault Pattern Analysis
it possible to simulate different combinations of T T
network configuration, operating states and fault . Finger-print* charts Qualifying indices
scenarios without making any time-consuming Figure 1: Principle structure ¢

manual changes. investigation method

In this way the tripping behavior of the
protection devices in case of SC-faults is checKéu Network Model »
fault location is moving through the whole netwank
steps of e.g. 5% of the line length. The simulatiool
calculates the reaction of all considered protectid
devices during all simulated SC-faults.

The whole data will be recorded by a data bank
system which includes the network and protectiguuin
data as well as the whole result data. Line outdgess ——M
overloading, system separations or other customizgdaulConditions
contingencies can be simulated revealing hidderkwea

points or errors.

Economic Impact
Assessment

LA

Protection Model
Seenario

Siimulation
Builder

L

Operating States

L

Y

Figure 2: Scenario builder [4]
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2.2 Fault Pattern Analysis
A general evaluation method of protection systetmalg®r is given by the terms of Figure 3.
Following definitions are stated:

» Dependability— The probability that a protection system wiiptcircuit breakers when it
is required.

» Security— The probability that a protection system wilk tx@p circuits breaker when it is
not required to do so.

* Reliability — The probability a protection system will operatgth the required
performance. This parameter includes the aspependiability and security.

The fault pattern analysis is based on this
structure. The evaluation algorithms are focused to Reliability
discriminate a violation of dependability and
security. Dependability can also be described by th ’ - 1
condition of “underfunction” and the security byeth
condition of “overfunction” of protection systems Dependability Security
This information will be completed by the trip dgla
times of all SC-faults.

This approach enables the typification of
fault patterns regarding their relation betweeayel Figure 3: General structure of protection behay
malfunction and network configuration. Fo. evaluation
instance, in many networks a typical network
characteristic frequently causing violation of geeurity criterion are parallel line configurationgh
mutual coupling. Such a typical fault pattern coldd identified and trigger the adaption and
improvement of protection settings in a generic way

2.3 Economic Impact Assessment

The economic impact assessment is the second p#th method of investigation in Figure 1.
It should estimate the potential damage of equigroaunsed by extended fault durations and monetary
losses caused by unintentional supply interruptioa to relay mal-operations. The estimated costs
can be used for economic assessments of necessastments in further protection setting studies,
needed upgrades of protection equipment or maintenachedules. As a first macroscopic approach
the Gross National Product (GNP) estimation is psggl. The outage costs per kwh can be calculated
as follows:

outage cost ($/kWh) = GNP $) _
TotalEnergConsumption (KWi

The calculated outage cost represents the rattbeoberved energy and the economic value
that is derived from the supplied energy. Estimatatues of interruption costs for individual
customers are different, depending on the typesusfomer sector, such as residential, agricultural,
industrial or commercial. The amount of unintensibmon-served loads can be quantified as a
qualifying index e.g. by the degree of selectivitywill be calculated for each fault location det
ratio of the load which is served after the deteediprotection trippings to the load which shoutd b
supplied in the case of 100% selectivity. The degreselectivity is 1, if the fault could be cledre
fully selectively. Unselective cleared faults ldadh qualifying index less than 1.

3. PRACTICAL APPLICATION EXAMPLE

3.1 Transmission System

GRIDCo is the national interconnected transmissigstem operator of Ghana. Its mission is
to provide reliable, secure, and efficient eledyidransmission services and wholesale market
operations to meet stakeholder expectations wi@iana and the West African Sub-region, in an
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environmentally sustainable and commercially viaibi@nner. The work described in this paper was
performed for the 161/225/330-kV transmission syst®mprising more than 100 overhead lines and
more than 400 distance, differential and overcurpeotection relays.

Fast load growth is a major challenge and driver lfmge-scale system expansion. The
transmission system has increased its transforageaaity by over 50% in the last five years. Even
though the transmission system is often forcedpgrate close to its limits due to a lack of generat
capacity. In the past, mal-operation of the pradpecsystem and cascading events were observed.
Considering low critical fault clearing times, thiguation poses a high risk of total system blatkou
case of failure of the primary protection system.

In order to reduce the risk of system collapse, BRI initiated a system-wide protection
system review. The objective was to ensure systenrigy and to maximize the utilization of the
system through improvement of the performance @fpttotection system.

3.2 Initial situation and challenge
In general, protection settings were calculatedifigrent substation vendors or consultants.
The protection system model and settings were waillable in a central database or power system
simulation software. No system-wide coordinatiod aheck of protection settings was possible.
To ameliorate the situation the following tasks evémvestigated to improve the existing
systems’ performance:
. Review of existing protection system and generatgystem stability to achieve
performance improvements,
. Development of enhanced protection schemes any settings calculation guidelines,
. Calculation of new improved settings and verifioatiof their performance through
simulation,
. Definition of short-term actions, and a medium- aodg-term strategic protection
system development plan.

3.3 Power and Protection System Modelling

3.3.1 Data Collection & Validation
The initial challenge was the power and protectigstem data gathering and validation. The
power system contains long and short line configoma and many parallel lines with multiple zero-
sequence couplings. A high number of protectioayefrom different manufacturers are installed.
Only a good quality of collected data could havevetd plausible results for relay schemes
and their settings.
The detection of non-sufficiently set protection |,
devices was realized due to multi-level data plalisi i :
checks. The first two levels of plausibility testies were |
performed in advance to study the protection fumsti 7
independent of each other. The third level of plaliy 3, S
tests included the complete range of protectiorctions
according to the collected data from the networke T
check procedure followed test routines that were,
developed and used to process large amounts of ldata
this way, a great number of statistical diagrant tables
were produced which allow a comprehensive overviey
over the installed protection systems.

3.3.2 Modelling
A detailed power and protection system model T ®GRIDCo

was built and benchmarked with GRIDCo's existingSAES Figure 4 Power and protection system model
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model. The created geographic system model (Figumecludes a detailed internal substation model
with all CBs, CTs, VTs and protection relays.

All protection setting parameters were collectedthe field and imported into the system
model. The zero-sequence and mutual coupling medsl amended to simulate single-phase faults
with the highest possible accuracy. The model mglgrocess was complemented with multi-level
data plausibility checks for highest data quality.

3.3.3 Scenario Building
To systematically assess protection system perfocea multitude of fault scenarios with
varying location, fault type and arc resistanceendgsfined.

3.3.4 Simulation and Performance Assessment

Siemens’ SIGUARD PSA (Protection Security
Assessment) solution was used to simulate selggtivi'®" "=, .
sensitivity and speed of the protection systemedch
scenario, all stages of the entire fault clearsseguence = =
were simulated in detail. This provides deep insigho  —— -
the protection system response for a given faulttmon. “—— =
All currents, voltages and impedances measured by [
protection devices are available.

Generation system stability was assessed for Fpe :
existing and newly proposed improved under-frequenc R ey

uuuuuuuuu

load shedding schemes taking into account different ST el g L

system configurations. In total, hundred thousan@ls: s« e
fault scenarios were simulated. The results Wirigyre 5 SIGUARD PSA protection performan
automatically assessed and visualized in a congesge visualization

with SIGUARD PSA. Figure 5 depicts the protectic..
performance using color-coding, i.e. red - fault oteared, orange/yellow - over-/underfunction,
black — high risk of blackout.

In this state-of-the-art approach the protectiostay performance is assessed by simulation,
and not only using the classical approach of selgiadion of setting values. The new methodology
sets itself apart from the conventional separatduation of distance, differential and overcurrent
time relay characteristics because it assessesothbined ‘system’ response comprising the power
system with all its main and back-up protectiomysl

The quality of the protection system performancedepicted by color-coding that is
meaningful for both technical and non-technicalffstResults can be represented aggregated for
complete network regions or detailed for individpalwer system components or protection relays.
This allows the identification of incorrect settigveaknesses and limitations of protection system.

The high degree of automation enables the effi@ssessment of a very large number of fault
scenarios and complex system conditions, and maaisnihe individual treatment of special cases.

Figure 6 and Figure 7 depict the performance ofptlmeection system on a system-wide level
for 3-phase and 1-phase faults with varying fantation on all lines for a given power system state
and set of protection settings. On the x-axisiadld and on the y-axis the performance of all ek
depicted. The violation of the protection depenliigband security is illustrated by different caor
Green color means fully selective fault clearingtiéhis analysis it was possible to identify inemt
settings, weaknesses in the protection schemebnaitations of the protection system.
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Relays

Lines - -

Figure 7 Protection relay performance for 3-phase Figure 6 Protection relay performance for 1 -phase
faults faults

3.3.5 Protection System Improvement

In summary, about 500.000 faults were automaticsiigulated with the simulation system
and the reaction of the protection relays was noosdt and stored. Based on these protection security
assessment results and findings, the protectidingetand scheme were improved in a systematic
manner.

Identified false or improvable protection settinvgsre corrected using a rule-based algorithm.
The underlying protection grading rules were imgebby iterating simulation, assessment and setting
improvement. The system was re-coordinated anduladity of newly calculated setting was verified
before approval by using the same method and tookhis way the protection system can be
optimized interactively until the targeted quabtyd reliability levels are achieved.

Decisive improvements have been achieved in treztet clearance of faults. Figure 8 shows
the protection performance of transmission linese k-axis shows the lines and the y-axis the
protection error rate, i.e. the lower the values th
better is the protection system’s performance.
From Figure 8 can be read that the overal
protection system performance could be
significantly improved through re-coordinatiorn
of the protection systems. The improvement s
depicted as the difference of the original settings N
(upper line) to the improved settings (lower line). H / I
In this case only the improvement achieved : ¥ | “;i
through automated relay coordination is show 1?; :
which achieved good results in the majority ¢ Figure
the cases. The remaining small number of spe through new settings
cases indicating constraints due to physical ohrimal reasons was solved individually for each
concerned line. In few cases the outcome was thatifced need to improve the protection scheme,
e.g. by using tele-protection or differential pwiten.
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3.3.6 Key achievements
The achieved benefits by the application of anmated simulation-based protection security
assessment solution on a nationwide transmissistesywere:

. Complete data survey, documentation and modelirthefpower and protection system
with validated high quality

. Assessment of the performance of the existing ptiote system showing its specific
characteristics, behavior, weak points and linotadi

. Development of new improved protection settings,adgrg rules, scheme
recommendations and an under-frequency load shgditineme based on the review
findings. Validation of new settings by simulatibefore approval

. Recommendations for the efficient future stratetgeelopment of the protection system

It was demonstrated that the adaptation of praiedettings can help increase system security
and maximize the utilization of the existing systeimich in turn avoids CAPEX investment.

4. CONCLUSION

A new method for the analysis and assessment oégiron system performance was applied
on a nationwide transmission system. It was shomat the protection system performance and
settings could be improved by a software automatedhod. The proposed protection security
assessment method is applicable for transmissidrdastribution. It can be customized for different
simulation and assessment tasks using the samdasionusetup. For instance, it can be used for the
validation and improvement of protection systemd asttings, or the verification of new system
states in operational planning, and as trainingikitor.

The assessment solution and the evaluation relsalts shown a good performance in real-
world applications. The newly proposed result viadion and filtering method has been proven
practical for the illustration of the enormous ambof output data. Based on the clearly arranged
visualization diagrams, practical constraints gblegal protection schemes and coordination concepts
can be easily detected and systematic improveneetenabled. Based on the findings from the
presented and other projects, it can be conclutlatl dutomated protection security assessment
software solutions have reached a degree of matidt allows their regular application. They can
support protection engineers to carry out protecsipstem performance assessments and enhance the
protection system coordination process. Herewlitey thave the potential to contribute to an incrdase
protection and grid reliability.
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SUMMARY

The paper present the new approach that RomaniaarRarid CNTEE TRANSELECTRICA
SA have applied for protection of power line and lsoupler of 400kV, 220kV, 110kV and medium
voltage. Basically through the new revision of daternal procedures we managed to apply
redundancy for all the high voltage cells, factttircrease our strength in energy transmission.
Nevertheless the new revisions establish principles details for the required technology to achieve
the best control, protection and automation inpmwer grid.

KEYWORDS
SCADA, redundancy, protection, control system, tatin.

1. INTRODUCTION

Power Grid Transelectrica is the only one transimisand system operator in Romania which
administrates the transmission network (400kV, 22@kd part of the 110kV). Transelectrica has
always applied the newest and best rules to assunegh quality transmission grid. Nowadays
Transelectrica is facing with many refurbishmenojgcts of different substations throughout his
entire network. The whole process of grid autonmaig based on clear technical procedures which
establish the main rules for SCADA, including tlomtrol and protection system.

The first step to assure a: high quality of the powetwork, an increasing safety of the
personnel and a high life cycle of earlier invegimevas made by the procedure NTI-TEL-S-009-
2010-01 which established the main rule for SCADéhéecture.

Yandrei.romanescu@transelectrica.ro
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Having a clear goal, based on NTI-TEL-S-009-201Gx0d a lot of previous experience due to
10 years of substation refurbishment routine, Tebatdrica has successfully started to increase the
automation system based on a redundant distribntetligence which leaves aside the traditional
centralised control systems which were made muate marlier, back in the 70’s.

NTI-TEL-S-009-2010-01 overcome the barriers of iiadal electrical integration solutions
and offer full plant integration, started form lowoltages up to high voltage. Full substation
integration is accomplished by taking advantageoén standards from the process control and
protection, see Figure 2. Only one SCADA systenmediested for the entire substation voltage levels.
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Figure 2 Physical and logical structure of the substatigiomation system according to NTI-TEL-S-009-2009-01
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2. THE NEW REVISION OF NTI-TEL-S-003-2009-01

The new revision of NTI-TEL-S-003-2009-01 is made the structure of NTI-TEL-S-009-
2010-01 and updated with a number of technical itioms designed to increase reliability for our
protection and automation systems. NTI-TEL-S-0082201 establishes the rules that have to be
applied for the control, protection and automasabstation system on 400kV, 220kV and 110kV.

Protection and automation systems are so critlzatl they have always been designed very
conservatively. Wherever possible they are desigmiéil overlapping zones of protection to ensure
that any fault will be seen by at least two indefet protective relays. Our transmission system
protection was designed with a high degree of rddoay.

LAN A — IEC 61850

‘ SWITCH l

Substation Bus | SWITCH I

LAN B - 1EC 61850

[ owres J [ owmen | [owmee [ swrer |
|
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R_RI CU COMUNICATIE REDUNDANTA TiP DUBLU INEL SAU DUELA STE

------------------------------------------ S e TP
50BF and 50BB S50BF and 50BB £ 50BF 50BB

OHL Large and medium power transformer Bus Coupler
Figure 3 Redundant SCADA architecture for protection ansb@uation system

By the new revision of NTI-TEL-S-003-2009-01 & NTEL-S-009-2009-01, Transelectrica
managed to apply new rules which impose the SAlSs{ation automation system) to be redundancy and
interconnected all the time in all our substatibis means that for a single power line cell weehav

- two BCU (bay control unit);

- two protection relay;

- two teleprotection equipment;

- two switches;

- one bas bar unit.

This new network topology for SAS is tremendousurethnt, it offers a highly reliable
operation, for example: if one appliance failed (BQelay, teleprotection, switch) the substation
equipment is based on the redundant appliancetfatillow to maintain in exploitation the primary
equipment without taking any risk.

Regarding the bus bar protection and the reduncidetia that Transelectrica is requesting,
78BB units has to have a redundant communicatiawd®n local unit and central unit, fact which
increase the automation function.

The main SAS components (BCU and protection reiayjedundant interconnected on two
switches in two LAN protection rings using the leadinternational standard IEC 61850. So all ouSSA
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equipment use IEC 61850 communication protocol flaat confer a wide range of control assuring a
reliable interlocking, communication, signallingdatommand through the entire substation.

Another advantage of using IEC 61850 is made duba@mount of information that that can
be used (e.g. GOOSE messages, accurate clock ewimdtion, fast and secured peer-to-per
automation, raw data exchanges, etc.) in compauistintraditional hard-wired signals, this repretsen
a high level of performance with a high level deiroperability.

More information enables better protection whicade to protection devices with faster and
more secure elements. NTI-TEL-S-003-2009-01 requoemmand and protection relays with a
reliable microprocessor that can perform very fgsgration, fault recording, real-time calculations,
easier settings, digital communication, to namg arflew.

What is more is that for all the protection funo8opthe procedure established rules regarding
how the protection function has to operate, balsive¢ requested an impose algorithm who has to be
made by the vendors. Through this, we had manag@ditdown the hammer, and assure us that in
each part of our system a fault has the same wayaidtiation.

Imposing a higher sampling rate with a greater nemdd analogue inputs allows for some
very innovative protection schemes not only gréatilbility but also provide system security while
breakers are taken out of service and tested, regents that we had imposed for a breaker-and-a-

half scheme and for polygonal scheme, were is iraportant to provide feeder availability when a
breaker is removed to service.
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Figure 4 Susbtation and automation design for power lines

3. THE NEW REVISION OF NTI-TEL-S-006-2009-01

The new revision of NTI-TEL-S-006-2009-01 is alsadme on the structure of NTI-TEL-S-
009-2010-01 and updated with a number of techraoalditions designed to increase reliability for
our protection and automation systems. NTI-TEL-8$-@009-01 established the rules that have to be

applied for the control, protection and automasabstation system on medium voltage (33kV, 20kV
and 6kV).
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Distribution networks remain the last link betwdba power grid and the consumers, which is
why the reliability impacts for the overall level satisfaction with the power supply is higher. The
reliability solutions known and widely deployedtime high voltage transmission system are not used
in the distribution network because of the cost liogions, which is why the command and
protections are operated in one single relay. Bugldedundant power flow paths by adding feeders
and transformers remains impractical; however, mglkixtra investments in the secondary protection
and control systems can be considered given thiéabletechnology, this is where the NTI-TEL-S-
006-2009-01 has intervened and imposed reliablewamd and protection requests.

In addition NTI-TEL-S-006-2009-01 doesn’t imposeotprotection relay for a single cell, but
maintain the redundant request for two communioagiort. Through this request, every single relay
is compulsory connected on the substation LANs (EARNd LAN-B).

SWHTICH SWITCH

]
mm——

L] S

- e

Figure 5 SCADA architecture for medium voltages SAS

Concerning the line-drop compensation, differeninshscheme, including the earth-fault
compensation NTI-TEL-S-006-2009-01 provides theirenautomation scheme that allows the
network to operate even when a temporary earth-égyears among the line.

4. CONCLUSIONS

The procedure of control, protection and automatsystems has brought an important
advantage because nowadays Transelectrica hagpasar$AS architecture in all the substations.

Correlating NTI-TEL-S-009-2010-01 with other spdiciead procedures like NTI-TEL-S-003-
2009-01 and NTI-TEL-S-006-2009-01 has allowed usttongly increase the reliable of our National
Grid. In addition, the new revisions came to healpsiation’s SAS systems designers by providing
them all the necessary schemes that they need.

In the near future we plan to revise all the otieehnical procedures to further strengthen the
system reliability. This is way during this yearafiselectrica is preparing with priority to revisar o
technical standard regarding the protection ofdi@mmer and large power transformer including also
autotransformers and reactors.
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SUMMARY

The main purpose of this paper is based on thellplitysof generating forecast to various
parameters, that characterize the power equipmeéhts.forecasts was made by using mathematical
models, in special linear regression from grade Ytdesigned in software MathCAD. Getting the
result of such forecasts allows us to take impartdecisions regarding maintain in operation of
various power equipment. Another scope is to seethe technical state of an equipment is evolving
during the time, after a complex rehabilitationgnaoimme.

KEYWORDS: linear regression, MathCAD, mathematical, powariggent, life time.

1. INTRODUCTION

Large power transformes are the most significamtigqo of our transmission system assets,
and a major concern to every electric utility. Theiplacement will involve a considerable amount of
time and expensive. Based on matemathical linegression ST Sibiu developed a life time
management for major power unit transformers. Bpl@menting a monitoring operation of power
transformers, we can avoid the appearance of datoagjectricity transmission network, also we can
extend the lifetime of transformes.

The calculation for life time of transformers issbd on generating a mathematical predictions
for the evolution of the main parameters that ott@rézing a power transformer unit in operatiorr, fo
example the lifetime calculation can be made fosulation resistance, dielectric dissipation factor
measurement.

Admittedly, the corelation between calendar ageiasdlation deterioration is subject to some
uncertainty, not all tranformers were created egs@alwe can afford to make prediction mainly for
vintage transformer. We must say that there isimgles scientific method available to calculate @xac
the and life of power transformer, but based onhilséory data of transformer: common short circuit
forces that are inherent in a transmission or ibigion system, mechanical strength of the
transformers, failure history, oil testing histopperating history, calendar age, measurementvadate
can calculate the life cycle for aiging transformer

Bvalentin.zaharescu@transelectrica.ro
Tandrei.romanescu @transelectrica.ro
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2. CALCULATION OF LIFETIME BASED ON LINEAR REGRESIO N

2.1 Introduction to calculate mode

In the statistical analysis of correlation and esgion there we identify two major problems:

- to determine the equation that gives the funetioelationship between the parameters of
that process;

- to characterize the statistical relationshipmstgy with correlation coefficients;

For a data se{tyi X, K ,xip}i":l of n statistical units, a linear regression model agsuthat the

relationship between the dependent variapleand the p - vector of regressoxs is linear. This
relationship is modelled through a disturbance temerror variablesi — an unobserved random
variable that adds noise to the linear relationgiefween the dependent variable and regressors. Thu
the model takes the form:

> =y, = mirim @

where: -y, represent the experimental data;
- V., =alx, +b represent the theoretical data;

Standard linear regression models with standartinagon techniques make a number of
assumptions about the predictor variables, theoresp variables and their relationship. Numerous
extensions have been developed that allow eachesktassumptions to be relaxed (i.e. reduced to a
weaker form), and in some cases eliminated entifédyne methods are general enough that they can
relax multiple assumptions at once, and in otheesahis can be achieved by combining different
extensions. Generally these extensions make thmaggin procedure more complex and time-
consuming, and may also require more data in dodget an accurate model.

For the ralationship numeber 1 a minimum is reqlitleen you can form stationary point
system (2), which it calculated by Cramer’s rule (3

n

Z(aD(i +b'yi)xi =0
- (2)
Z(aD(i +b-y;)=0
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where: a and b are regression coefficients.
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Figure 2 Example of simple linear regression comparisingadratic model power by Matlab

The most important coefficient in mathematics regi@n is the correlation coefficient (4) that
expresses the intensity dependence of the two pdeasn (years and measurement) and varies
between -1 and +1.

1L - -
EZ(Xi =X)(Y; —Y)
r, =—= 4
Xy 5S, 4)
Addition to these data we will be able to calcul&g and S, that represent averages and
standard deviation of selection:

S = /%i(xi % (5)
S, = 20, -y’ ©

3. CALCULATION OF LIFETIME TRANSFORMER — A THEORETH ICAL MODEL
AND PRACTICAL ACTIVITIES

Based on MathCAD program ST Sibiu developed a spegiogram for mathematical
regression grade |, Il, Ill, 1V, and V through weeaable to calculate diferent predictiori=or
example, during 2012 measurements for a unit toamsdr form Substation 220/110/20 kV Ungheni,
Transformer 16MVA 110/20 kV, was discovered thadl lzan insulation resistance which reached a
minimum HYV values according to energetycal presdiBPE 116/94.
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Insulation resistance measurement on Transformer 16 MVA Ungheni
6000
5000 +
4000
£ \
< 3000 L
g \\:\\/.\
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1000 \;&%A‘zﬁ
° 7-May-03 |28-Apr-04 |29-Apr-05 |8-Sep-06 |22-May-07 |6-Jun-08 29-May-09 |29-Jun-10 |3-Aug-11 |14-Mar-12
20 20 20 20 20 20 20 20 20 20
—&— (HV)-(LV+E) 3856 2653 2378 1864 1903 887 1021 1230 867 981
—=— (LV)-(HV+E) | 3071 2022 1791 2133 1607 975 1143 1182 826 780
(HV)-(LV) 5275 3597 3317 2897 2882 1402 1414 1783 1425 1412
(HV+LV)-(B) 2356 1694 1452 1459 1294 623 712 772 605 597
Figure 3 Historical measurements for Transformer 16 MVA begi
In the figure above, the following 2.5 10
abbreviatons have been used: 7
- HV — means High Voltage; 1
9 g€ a3 {°+b3 M2+c3 H+d3
- LV - means Low Voltage; G
1.5¢1
- E —means Earth. y
) 1x 103

After running regression program in
MatHCAD for the connection mentioned have
been obtained:

a) Regression grade |

Correlation coefficient — indicate a strong cortiela

500
3

Z(yi -a X, —b,)’ 2.5¢10'
r,, = [1--
by S -Ya) 2x107
i a4 [ +b4 [F+c4 [+d4 [+esd
fyy = 09199 1510
y
e o o 1x103
Prediction for 2013: 344 Mohm o

b) Regression grade Il
Correlation  coefficient —

indicate a strong correlation 4x10
r,, =0.9642 240
by a5 [°+b5 [ +c5 fP+d5 dF+e5 [+5 >
Preditcion for 2013: 656—— 0
Mohm y
See - 2x107
- 4x10°

3 5 7 9 11 13
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c) Regression grade Il
Correlation coefficient —
indicate a strong correlation
r,, =0.9644

Ixy

Prediction for 2013; 885 Mohm

d) Regression grade IV %10
Correlation coefficient —
indicate a strong correlation 2.25¢10]
allif+bl 5
1.5¢1
M,y = 0.9663
e 75(
Prediction for 2013: 656 Mohm
3 5 7 9 11
e) Regression grade V tf, x
Correlation coefficient —
indicate a powerful correlation 2 5 107,.
I,y = 0.9804 107
a2 [f2+h2 [ff+c2
o 1.5¢10]
Prediction for 2013: 568 Mohm
e oo 1x10°
50

As previously stated the eligible prediction, ie firediction which was the highest correlation
coefficient therefore we choose the correspondimgliption for interpolation function for grade V
with the correlation coefficient at 0.9804.

Due to practical measurement made in Substatioril20P0 kV Ungheni and predictions
resulting from running the regression program intt@AD, ST Sibiu has successfully implemented a
program of work which greatly improved the insudatresistance.

Insulation resistance measurement on Transformer 16 MVA Ungheni
20000
18000 -
16000 -
14000
12000
£
5 10000 -
>
8000 -
6000 /
4000 2
2000 | M /
o v —w
7-May-03 |28-Apr-04/29-Apr-05|8-Sep-06 |22-May-076-Jun-08 |29-May-0¢ 29-Jun-10|3-Aug-11 | 14-Mar-12/13-Jun-12|15-Jun-12|
20 20 20 20 20 20 20 20 20 20 20 20
—e— (HV)-(LV+E) | 3856 2653 2378 1864 1903 887 1021 1230 867 981 3859 8946
—=— (LV)-(HV+E) | 3071 2022 1791 2133 1607 975 1143 1182 826 780 4857 11819
(HV)-(LV) 5275 3597 3317 2897 2882 1402 1414 1783 1425 1412 6515 18325
(HV+LV)-(E) | 2356 1694 1452 1459 1294 623 712 772 605 597 3706 10832

Figure 4 Insulation resistance chart at the end of the work
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After the end of the programme which was in the pest of 2012, ST Sibiu implemented a
strictly monitoring for T2 16 MVA Ungheni, as it cdre seen in picture 5.
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Figure 5 Insulation resistance chart after three years freimabilitation

4. CONCLUSIONS AND FUTURE TRENDS

Although the prediction based on the regressionunslioubtedly useful and important
technique. Also a great deal of subtlety is invdiwe finding the best solution to a given predintio
problem, and it is important to be aware of all ttiegs that can go wrong.

Another advantage is that the program generatddathCAD can be applied without any
problems to calculate different prediction for fémary equipment substation, so we can calculate
different prediction for the main parameters of ttieuit breakers, current transformers, voltage
transformers, separators, etc. Also on the futuedake into account to create an algoritm in thenma
program through which can be disposed or can bsifea an erroneous measurement.

Looking back after a couple of years it can be shahthe program is worth to try because the
result obtained for T2 16MVA Ungheni has improvée tsafety in delivering reliable energy to
distribution network.
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SUMMARY

The paper outlines the background and the necdssityhe implementation of the Common
Information Model (CIM) in the member countries the European Network of Transmission and
System Operators for energy (ENTSO-E), while alsncentrating on the modeling technologies of
the CIM and its building blocks. The last chaptereg insight into the steps necessary to create a
standard, namely the Common Grid Model Exchangadatal (CGMES) and offers information on
the status of implementing different versions @ gtandard.

In Europe, ENTSO-E requests affiliated transmissind system operators (TSOs) to provide
grid models for regional and pan-European studidsle also helping in running these studies.
Merging grid models created with different tools fiower system analysis is impossible: each tool
uses its own logic and the files containing theliyaconverged) grid models have different
extensions. Program developers created certainrtniymactions for files obtained with other tools or
export functions to ensure that the files the pmogioutputs could be used in other tools. However,
reaching the desired interoperability by meandiesé methods is also impossible: information it los
by converting data from tool to tool, certain totdsd to be used more than others and, therefore,
some TSOs may feel obligated to acquire those tatilsough having experience in calculating load-
flows on other programs.

As follows, since 2009, ENTSO-E decided to stad tmplementation of the International
Electrotechnical Commission (IEC) CIM standard fatwork model management. In December
2013, ENTSO-E published the first version of the MES, a superset of the CIM, which was
developed to meet necessary requirements for TS dachanges in the areas of system
development and system operation (e.g. The Ten Xe#&work Development Plan - TYNDP and
network codes).

Modeling of the CIM is based on three technologibe: Unified Modeling Language (UML),
the Extensible Markup Language (XML) and the ReseWescription Format (RDF).

The UML is a modeling language that helps spedifywisualizing, building and documenting
models of software systems, including their stmecand design. It is designed based on classéseent
that have one or more attributes and multiple typleselationship between each other: inheritance,
association and aggregation. Each of these edgetdi#onships is exemplified in the paper.

The XML, is a markup language (a language that malse of tags in order to separate
elements) designed to store, transport and shéaeldatores data in plain text format, therefoeéng
both human and machine-readable. XML is the langdagexpressing a large part of the UML: the
classes, their attributes and values, and the itahee relationship between classes. The paper
discusses XML Syntax and Schema.

Pana.talpos@transelectrica.ro
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The Resource Description Framework (RDF) is a fraork for expressing information and
resources that need to be processed by applicatipaiows for exchanges between applications
without loss of meaning. Applied in XML, RDF allower the other relationships between UML
classes to be represented: association and aggregat

The paper also regards the building blocks of thkl @odel: the Equipment, Topology,
Steady State Hypothesis and State Variables psofile

KEYWORDS
System, power system, load-flow, interoperabiliata management, model exchange,
Common Information Model, Common Grid Model Exchar@andard, UML, XML, RDF

1. BACKGROUND

A system is a collection of interconnected parég thork together to achieve a task, should it
be performing a duty or solving a problem. The masi parts of a system have, beyond the implied
structural relationships between each other, fonalirelationships. These functional relationships
that exist between the parts suggest the flow egster of energy and/ or matter. Systems usually
transfer energy and/or matter beyond their boundatty the outside environment and other systems
by means of inputs and outputs.

In power engineering, these flows between systemational/ regional electric power systems)
are energy flows. The amount of energy supposdiettransferred is set on energy markets: day-
ahead, intra-day, balancing for system operatorst ds based on market studies for system
developers. In order to ensure this scheduled exgehahe system operator/ developer establishes the
inputs of the system (power generation) to be etiuahe outputs (loads, network losses, external
flows), while also checking that the system’s comgrds function according to set values (keeping
bus voltage within limits and avoiding overcharge lioes/ transformers). Due to the size and
complexity of a country’s power system, maintainitgy stability (input equals output) depends on
automated power system network analysis. Power-{load-flow) studies stand at the core of this
analysis — fault, small-signal stability and dynaranalyses are built on its base. The system apérat
developer uses a power system analysis programelayiicg a grid model and inputting the expected
load, generation and exchanges and then runnirmyvarpflow analysis method. The desired result is
a convergent power-flow with no violations of v@géea limits for buses and no overcharges on
branches while keeping close to the scheduled geaer(both active and reactive power).

In Europe, the European Network of Transmission @y&tem Operators for energy (ENTSO-
E) requests affiliated transmission and systemaipes (TSOs) to provide grid models for regional
and pan-European studies, while also helping imingithese studies. Merging grid models created
with different tools for power system analysisngossible: each tool uses its own logic and thess fil
containing the (valid, converged) grid models hdiféerent extensions. Program developers created
certain import functions for files obtained withhet tools or export functions to ensure that thesfi
the program outputs could be used in other tootsvéver, reaching the desired interoperability by
means of these methods is also impossible: infoomags lost by converting data from tool to tool to
tool, certain tools tend to be used more than sthed, therefore, some TSOs may feel obligated to
acquire those tools, although having experiencealoulating load-flows (and other power system
analyses) on other programs.

As follows, since 2009, ENTSO-E decided to stad implementation of the International
Electrotechnical Commission (IEC) Common Informatidodel (CIM) standard for network model
management. All developers of power analysis progréhat are used by ENTSO-E members were
obligated to pass conformity with this standardvih@ a conversion tool between their formats and
the CIM format and being able to solve a load-flasing a CIM model. It is important to note that
CIM does not include algorithms for network anadysxcept in the sense that CIM must satisfy the
algorithm’s need for data. Algorithms generally amernal to vendor products and their designfis le
to vendor competition.
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In December 2013, ENTSO-E published the first warsof the Common Grid Model
Exchange Standard (CGMES), a superset of the CkMwds developed to meet necessary
requirements for TSO data exchanges in the areagstém development and system operation (e.qg.
The Ten Year Network Development Plan - TYNDP aativork codes).

2. THE COMMON INFORMATION MODEL. MODELING CONCEPTS AND BASIC
COMPONENTS

The CIM as defined by Working Group 13 (WG13) of IEC, the organism that manages the
basic CIM model, covers the modeling of electricatworks from the perspective of a transmission
system operator. Therefore, it focuses on definirggelectrical network and applications linked to
online operations and offline analysis of the netwo

As CIM has to be a database management system (PHidSlesign concept is based on an
architecture proposed by the American National @tess Institute/Standards Planning and
Requirements Committee (ANSI/SPARC): the threell®EBMS architecture.

The three levels are:

1. The Internal level: Also known as the physical leve describes how the data is
physically stored and organized on the storage mmedo achieve optimal runtime performance and
storage space utilization, by using storage sp#oeation techniques for data and indexes, access
paths such as indexes, data compression and elcrygthnigues, and record placement.

2. The Conceptual level: Also known as the logicaklewt offers an overall view of the
database and it includes all the information teajding to be represented in the database: theofype
data stored in the database, the relationships @quth@ndata and the user’s requirements.

3. The External level: Also known as the view levdl,allows users to access data
according to their needs, while also providing ausgy mechanism by hiding parts of the database
from certain users.

Each of these levels has a schema, a structurdefiats the building blocks of each level and
the constraints that govern each relationship betmteem. Thus, the three-level architecture is also
called the three-schema architecture. The main radga of this architecture is providing data
independence - changing the schema at one lewbkealatabase system doesn’'t imply changing it at
the other levels. There are two types of data iaddpnce:

1. Logical data independence: changing the concepti@dma doesn’t affect the external
schemas or programs.
2. Physical data independence: changing the inteaheinsa doesn't affect the conceptual

or external schema.

Logical data independence is more difficult to a#ki than the physical data independence
because the application programs are always depermte the logical structure of the database.
Therefore, the change in the logical structurehef database may require change in the application
programs.

At the conceptual level, CIM is developed basedhwee modeling technologies:
A. The Unified Modeling Language (UML)

B. The Extensible Markup Language (XML)

C. The Resource Description Format (RDF)

A. The Unified Modeling Language (UML)

The Object Management Group's (OMG) Unified Modgliranguage (UML) is a modeling
language that helps specifying, visualizing, buitgdiand documenting models of software systems,
including their structure and design. The modeliagnot tied to one particular implementation
technology and can be realized on multiple platkrm
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In the CIM, the UML is used for designing the povegstem as a class diagram (a structure
diagram), whose components are identified as dabed have certain parameters and relationships
between each other: inheritance, association agiczggtion.

Classes
A class may have internal attributes and relatigpssiwith other classes and it may appear

several times in the model as separate objectsdifférent internal values, but with the same det o
attributes and relationships.

RotatingMachine

+ ratedPowerFactor: Simple_Float [0..1

—_

+ratedS: ApparentPower [0..1]

+ratedU: Voltage [0..1]

Figure 1. The Rotating Machine Class

In Figure 1 the Rotating Machine class is descridégds machine may be used either as a
generator or a motor. It has three attributesnatheplate data: the rated power factor, which roest
a float number, the rated S, which is an apparewep and the rated U, which is a voltage. The [0..1
multiplicity factor for each attribute means theyymeither appear once or not at all for a certain
rotating machine.

Relationships between classes

1. Inheritance

Inheritance (also known as Generalization) defmefass as being a subclass of another class.
As a subclass, it inherits all the attributes sfparent, but it can also contain its own attribute

RotatingMachine

+ ratedPowerFactor: Simple_Float [O..1

—_

+ratedS: ApparentPower [0..1]

+ratedU: Voltage [0..1]

'\

AsynchronousMachine

»-
v

SynchronousMachine

+ maxQ: ReactivePower [0..1]
+ nominalFrequency: Frequency [0..1]
+ minQ: ReactivePower [0..1]
+ nominalSpeed: RotationSpeed [0..1]
+ gPercent: PerCent [0..1]

Figure 2. Subclasses inheriting attributes
In Figure 2 the Rotating Machine class is a pactass, and the added Synchronous Machine and

Asynchronous Machine classes are its subclasséis.cBiddren classes have automatically inherited th
rated power factor, the rated S, and the ratedtiibwites, while also having attributes of their own
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reactive power limits maxQ and minQ, participatfactor of the machine in the coordinated reactive
control q Percent and the type of machine (genexatamotor) for the Synchronous Machine class,
nominal frequency and rotational speed for the Bsyonous Machine class.

2. Association

Besides the parent-child relationship, there maypther connections between classes. Such a
link is the association relationship, illustrataedrigure 3.

Generatingunit +RotatingMachine ROtatlngMaChlne

+ maxOperatingP: ActivePower 0-1 1+ +ratedPowerFactor: Simple_Float [0..1]

+ratedS: ApparentPower [0..1]

+GeneratingUnit

+ratedU: Voltage [0..1]
SynchronousMachine

+ maxQ: ReactivePower [0..1]

+ minQ: ReactivePower [0..1] AsynchronousMachine

i G FEEETE [PEHEEE | [0t + nominalFrequency: Frequency [0..1]

Fifpes SYEEIEE i EEINENITE + nominalSpeed: RotationSpeed [0..1]

Figure 3. Association between Generating Unit and Rotatiragivhe

The association is shown as a line between Gengrainit and Rotating Machine. The
numbers and symbols on each end of the line expagsénality. The Rotating Machine class has an
association with the Generating Unit class withaadmality of 0.1. This shows that a Rotating
Machine may either be a Generating Unit (1) or (@t Reading the relationship backwards, the
Generating Unit class has an association with thtatig Machine class with a cardinality 1..*. That
means that a Generating Unit must associate witkast one Rotating Machine (1..* means one or
more). This means that the Generating Unit cladishave the attributes and values of the Rotating
Machine(s) that it is associated with.

3. Aggregation
The Aggregation relationship between two classdgates than one of them is contained in

the other.

TopologicalNode

+ boundaryPoint: Boolean

+fromEndName: String

+TopologicalNode 0.1

+ConnectivityNodes
O”*

ConnectivityNode

Figure 4. Aggregation of the Connectivity Node class in Trepological Node class
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For a detailed substation model, a topological nisda set of connectivity nodes that are
connected together through any type of closed kestcTopological nodes change with the change of
the network state (for example, if disconnectorange state). This detailed model is also refemed t
as the “Node-Breaker” or Operational model.

For a planning model, switch statuses are not tséarm topological nodes. Instead they are
manually created or deleted in a model builder.tdopological nodes maintained this way are also
called “busses”. This simplified model is calleeé tBus-Branch” or Planning model.

Connectivity nodes are points where terminals of édbducting equipment are connected
together with zero impedance.

This diagram indicates that a Topological Node roagtain zero (Planning Model) or more
instances of Connectivity Nodes while a Connegtivitode will be contained in zero or one
Topological Node. This relationship, described bg tlear diamond, does not stand for complete
interdependence. Should the Topological Node b@venh the Connectivity Nodes would still exist.

B. The Extensible Markup Language (XML)

XML, the Extensible Markup Language, is a markumglzage (a language that makes use of
tags in order to separate elements) designed te, stansport and share data. It stores data in pla
text format, therefore being both human and maeheaelable.

XML Syntax

1. The XML Prologue although optional, if it exists, it must be first line of the file

<?xmlversior="1.0" encoding"UTF-8" 7>
Figure 5. The XML Prologue

2. Root element the parent of all other elements, the entireudoent is contained within
its tags.
<rdf:RDF
xmins:cims=http://iec.ch/TC57/1999/rdf-schema-extensions-
19990926#%#mIns:rdE"http://www.w3.0rg/1999/02/22-rdf-syntax-ns#"
xmins:xsa"http://www.w3.0rg/2001/XMLSchema#hmins:cim="http://iec.ch/TC57/2013/CIM-
schema-cim16#xmins:rdfs="http://www.w3.0rg/2000/01/rdf-schema#"
xmins:entsog"http://entsoe.eu/CIM/SchemaExtension/3&#Ins:ma="http://iec.ch/TC57/61970-
552/ModelDescription/1#

</rdf:RDF>
Figure 6. The root element for CIM

Any element can contain attributes. The attributethe CIM root element, “xmins”, define
the namespaces for the entire file. Namespacesa areethod of avoiding name conflicts (when
combining separate XML documents from differentelepers).

3. Otherelements

<cim:ACLineSegmenmntlf:ID="_0ala2a3ad4a5a6a7a8a9a0b1lb2b3b4n5b"
<cim:ldentifiedObject.namesode 1 - Node &/cim:IdentifiedObject.name>
<cim:ACLineSegment.r£.230008&/cim:ACLineSegment.r>
<cim:ACLineSegment.x®2.30000&/cim:ACLineSegment.x>
<cim:ACLineSegment.bcht>23000E-004/cim:ACLineSegment.bch>
<cim:ConductingEquipment.BaseVoltagéresource"#_56D28BB6-A2CC-4988-B80E-
3CF3EA2F3791%
<cim:ACLineSegment.r02.69006&/cim:ACLineSegment.r0>
<cim:ACLineSegment.x036.990008/cim:ACLineSegment.x0>
<cim:ACLineSegment.b0ct8>9900E-005/cim:ACLineSegment.bOch>
</cim:ACLineSegment>

Figure 7. Example of CIM element: Line
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In Figure 7 an AC line segment element (class inLYNs described. It has an inherited
attribute: “name” from (great-grand) parent clakiehtified Object”. Its own attributes (positivedan
zero sequence resistance “r’/ “r0”, reactance “x0”, susceptance “bch”/ “bOch”) have their values
written between tags.

4. Comments useful inserts to help identify the elements bettex large CIM file

<l--Line--><!--GeographicalRegion-->
Figure 8. Example of CIM comments

XML Schema

An XML Schema is a standard for exchanging datadbacribes the structure of an XML file.

It provides support for defining data constraimalidating data correctness and converting between
different data types.

An example of XML schemas is provided in FigurevBgere the Uniform Resource Identifiers
(URIs, links) for namespaces are Schemas: the Gliviaspace complies to the CIM Schema CIM 16,
the RDFs namespace complies to the RDF Schem&NA&O-E Schema complies to CIM Schema
Extensions designed especially for CGMES and thB X&VIL Schema Definition) complies to the
XML Schema.

C. The Resource Description Framework (RDF)

The Resource Description Framework (RDF) is a fraork for expressing information and
resources that need to be processed by applicatibaiows for exchanges between applications
without loss of meaning.

RDF Syntax

A basic XML document does not allow for connectibmexist between two elements that are
not a parent or a child. However, the RDF providesolution by allowing each element of a
document to be assigned a unique “ID” (or “abouttfyibute under the RDF namespace and also
allowing for a “resource” attribute to a certaiemlent to have its value equal to another elemébt’s
Thus, a relationship between the two elementsfiaeath

In Figure 7, for the “AC Line Segment” class, tliga’e voltage” class is an associated class of
the parent class “Conducting Equipment”. The rdbrece="# 56D28BB6-A2CC-4988-B80E-
3CF3EA2F3791" coincides with the rdf:ID of a “Ba¥eltage” class with the “nominal Voltage”
attribute equal to 220 (kV).

RDF Schema

The RDF Schema is a semantic extension of RDF,lwmiovides a data-modeling vocabulary
for RDF data. It introduces tools for describingupws of related resources and the relationships
between them.

The RDF and the RDF Schema allow for relationshigisveen classes and properties to be as
expressed in XML format. Therefore, the two tecbgats, RDF and XML, are a means of expressing
UML in a syntax that may be used for developingagr system application.

The basic building blocks of a CIM Model are thédaing model parts (profiles):
1. The Equipment (EQ) profile

2. The Topology (TP) profile

3. The Steady State Hypothesis (SSH) profile

4. The State Variables (SV) profile

266



These first four profiles are the essential paits 6IM Model (upon conversion from a power
analysis tool): the equipment profile contains physical elements in the grid model (lines,
transformers, generators, loads), the topologyilerebntains data about the connections in the grid
(between the physical elements), the steady stgpotiesis profile contains the value of the
parameters needed for load-flow calculation andstage variables profiles contains the value of the
parameters after solving the load-flow.

5. The Dynamics (DY) profile

6. The Short-circuit (SC) profile

7. The Diagram Layout (DL) profile

8. The Geographic Location (GL) profile

9. The Operation (OP) profile

All classes are a part of one of these profiles.

3. THE COMMON GRID MODEL EXCHANGE STANDARD. DEVELOPING A
STANDARD AND TESTING FOR CONFORMITY

The CGMES is a standard tailored to ENTSO-E’'s nexpents for achieving full
interoperability in data exchanges between its nmenitsOs. Full interoperability translates into a
TSO being able to import in its power analysis pang another TSO’s grid model and obtaining the
same results after solving the load-flow, regasilesthe programs used by the two TSOs.

CGMES includes the CIM standards while also usiig Extensions. These may be traced in
UML or XML by the “entsoe” prefix (namespace).

The steps for a (CGMES) standard approval proaesasafollows:

1. Vendors, members of the IEC WG 13 and the ENTSOeEre®ariat attend the
interoperability meeting at the ENTSO-E headquarterestablish the final UML and XML models.
Its goal was to verify the UML profiling and extémss, while also verifying/ specifying test
configuration and test data.

2. The period following the interoperability meeting dedicated to fixing bugs in the
CGMES - compliant programs.

3. The next step in the compliance process is updatieagdlocumentation in accordance
with the latest modifications in software.

4. Preparation of the System Operating Committee (SOCJystem Development
Committee decision.

5. Deciding the faith of the standard version at tl&CS SDC meeting.

6. After receiving positive feedback from the two angans, the next step is submitting
the draft standard to the IEC.

7. Upon approval by IEC, the last step of the proae3sSO implementation.

The current CGMES standard version, 2.4.15, basedhe 18 version of the IEC CIM
standard, available since August 2014, may be dersil a stable one and is, at the date of thisrpape
at step 7 of the standard approval process.

Step 7 is the last step in reaching full interopéits: The TSOs test their CGMES grid
models exported from a CGMES-compliant tool in otE&SMES-compliant tools (programs that
have received ENTSO-E’s Attestation of Conformitighathe standard). The purpose of this tests is
obtaining the same load-flow results for the sanoel@hin all tools.

Different load-flow results are obtained due toheg@rogram’s treatment of reactive control
equipment during iteration. Treatment of shunts,aantrol for tap-change transformers and respgetin
generator’s reactive limits may all change theltesii a power-flow reactive power-wise.

At the same time as the TSO implementation partMES standard version 2.5 is being
discussed in the first step of the approval prackssay be considered that this standard versson i
one tailored for operations, as it brings out vemsprovements in terms of dynamic stability
assessment, capacity calculations, coordinatedigeanalysis, steady state power- flow and effitie
data exchange, while also covering outage coordméobr the first time.
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4. CONCLUSION
As long as a system does not work in an isolatedenexchanges with the other systems it is

connected to will be monitored and continuously ified. However, in order to achieve full
communication between systems, as is the case diffflomatic relations between countries, a
common language must be spoken. The Common Infamatodel (and based on it, the Common
Grid Model Exchange Standard) provide an extendiggonary for power systems (or their models,
at least) to co-operate in creating a strongeranteected network.

BIBLIOGRAPHY

[1]
[2]
[3]
[4]
[5]
[6]
[7]

[8]
[9]

ITL Education Solutions Limited, “Introductiono Database Systems” (Pearson Education
India, 2010)

EPRI, “Using the Common Information Model foretlork Analysis Data Management: A
CIM Primer Series Guide” (Technical Report 3002@25November 2014)

EPRI, “Common Information Model Primer: ThirddEon” (Technical Report 3002006001,
June 2015)

W3Schools, “XML Tutorial” (http://www.w3schoolsom/xml/)

W3C WG Note,"RDF 1.1 Primer” (https://www.w3.org/TR/rdf11-priniedune 2014)

W3C Recommendation;RDF Schema 1.1" (https://www.w3.0org/TR/rdf-schemBgbruary
2014)

ENTSO-E, “Common Grid Model Exchange Standd&@GMES) Version 2.4” (August 2014)
ENTSO-E, “Detail description of the CGMES pileB Version 2.4.15” (August 2014)
ENTSO-E, CGMES 2.5 draft UML (July 2016)

* %

268



CIGRE Regional South-East European Conference - RIEC 2016 (3rd edition)
October 10th - 12th 2016, University "Politehnica"of Bucharest, Romania

#96

The process of identifying new projects under ENTSEE rules;
Study case — new tie-line HU-RO

A. TOLEAT, C. BULAC?
IC.N.T.E.E. ,Transelectrica” S.A., *University "Politehnica" of Bucharest
1 Romania

SUMMARY

The TYNDP (Ten Years Network Development Plan) fatectricity is the most
comprehensive and up-to-date planning referencether pan-European transmission electricity
network. The TYNDP is a biennial report publishadry even year by ENTSO-E and acts as an
essential basis to derive the next Projects of Comimterest (PCI) list, in line with the Regulation
(EU) No. 347/2013 ("the Energy Infrastructure Regioh"). ENTSO-E is structured into six regional
groups for grid planning and other system developrtesks. Romania CNTEE Transelectrica SA is a
part of two regional’s groups Continental Southtieamsl Continental Central East.

The development of the TYNDP consists of a muletwd studies which identify the grid
bottlenecks and potential investment solutions arfi-guropean significance for a large long time
horizon (2030 and beyond), the potential investséeing evaluated and promoted.

For a potential investment to be identified Marked Network Simulations are performed.
During these simulations performed for TYNDP 2016eav project between Hungary and Romania
was identified. This project was labeled as futpreject candidate (it will be commissioned not
earlier than 2030).

To identify the projects that have a significannicibution to European energy policies
implementation and are valuable in several possiilee energy scenarios and in the same time are
efficient in order to minimize costs for consumegxst Benefit Analysis (CBA) and multi-criteria
assessment are carried out.

This paper presents the process of new projectdiiidation, the CBA indicators and a study
case: a new 400kV OH interconnection line betweem&nia and Hungary.

KEYWORDS
Ten year network development plan, Regional InvestsiPlans, Cost benefit analysis.

INTRODUCTION

Considering the high dynamics of the energy sether,grid development has to reflect these
fast changes and has to ensure a secure and ediiabbmission grid. The main drivers for the grid
development are: generation evacuation under higfd iRstalled capacity, market integration in order
to achieve a common European market, security @plguimprovement and climate change
mitigation under increase energy efficiency measwrd electricity peak demand increase. Grid
development is an important step towards fulfillittgg European Goals such as reduction of the
greenhouse gas emissions, increase the shareesfable energy and energy efficiency.
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Each release of a new TYNDP has the role to remonéxisting projects, to analyze new
strategies, goals and issues in order to covepalsible energy situation in Europe in the consider
time horizon and also provides the reference gomEuropean grid development. In order to develop
an accurate TYNDP a strong collaboration betweeandport System Operators(TSO’s), EU
community and stakeholders is needed. In the curf’fNDP 200 projects in transmission and
storage are analyzed.

The process of making the TYNDP 2016 was dividetivim phases:

* In the first phase, Common Planning Studies wertopaed and the results were then
published in the Regional Investment Plan, oneeémh region. Based on them a list of
TYNDP project candidates was identified,;

» The second phase consisted of the project assessethis phase the identified
projects in the first phase were evaluated usiegG@GBA Methodology under certain
scenarios.

COMMON PLANNING STUDIES

The Common Planning Studies are built using the padNDP input data and projects
considering national and regional input and follogvia consolidated European network planning
approach.

The Common Planning Studies aim to identify therogt grid investments that will reinforce
the existing European network in order to accomrtedhe future generation mix/demand in a
reliable and cost—efficient way. In order to covke evolution of the generation mix/demand, a
number of visions are built. The visions can benaisted as a bridge between the European energy
targets for the near future and 2050, they diffesugh from each other and are built in a manner so
that the future will fall with a high level of caitty in the range described by the visions.

Present Y A——

\’\%-.Flﬂu re

Fig.1 Promoted visions against future reality

The visions are divided in two classes: top dowsiovis and bottom up. The bottom-up
visions are based on the member countries inpa@rdéaty load and generation evolution. The top-
down visions assume a pan-European approach apdathedeveloped starting from the bottom-up
visions and considering a greater harmonizatiothefdata’s provided by the member states. In the
top-down scenarios the same macro-economic antgabiew of the future was considered for all
countries.

Considering the data input, for each scenario/miglte investments needs are identified in
order to eliminate grid bottlenecks or to suppo#drket integration opportunities, RES integration,
interconnection targets and security of supplydssin order to identify the investment needs Marke
and Network Simulations are performed.

Market Simulations (MS) provide results regardihg socio-economic welfare brought by a
new interconnection project which increase the ®ordapacity. Performing iterative Market
Simulations increasing a specific border capacitth v800MW or 1000MW at each iteration, and
calculating the socio economic welfare we can amtelit does worth to build a new project on that
border if the socio economic welfare is signifidgrincreased taking into account also the project
cost.
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The Market Simulations are run for each border aadh direction aiming to identify the
beneficial borders suitable to a boundary transpapicity (BTC) increase and the target capacities.

The Network Simulations (NS) use the output of karket Simulations (MS) and identify
and asses new feasible projects that can achiev&TIC target provided by the MS. In order to
perform network analysis, network datasets are egkel number of Points in Time are defined and
are implemented in the datasets in order to perfoetwork simulations under general rules. The
network simulation allows testing the projects megd, suitable for capacity increase or as grid
reinforcements to eliminate bottlenecks.

After the identification of the investments needs made, different grid investments
projects/solutions are proposed in order to meenteds. As a general idea the investments needs ar
considered new projects candidates and reconfirnast cases the past TYNDP projects. A project is
defined as the small set of assets that effectigdly capacity to the transmission infrastructused th
can be used to transmit electric power.

The Regional Investment Plan is built on the cosidlis of the Common Planning Study and
analyses the development of the power system agjiaral level, based on common guidelines and
identify investments needs linked with a set ofpmsed projects. The Regional Investment Plan
contains all the projects of regional significarmed based on them a list of TYNDP projects
candidates is proposed.

The TYNDP is a continuously evolving process thates into account the feedback from
TSO’s, institutions and stakeholders also takes atcount EU regulations. The report provides a
wider view on the European grid development in tomditions of achieving European energy
objectives, such as security of supply across Eyrepstainable development of the energy system
with renewable energy sources integration and défiole energy for European consumers through
market integration. Also the TYNDP is the instruméor the selection of Projects of Common
Interest. Starting from the project list proposegdiie Regional Investment Plan, the projects of pan
European significance are chosen. The TYNDP prdigicis submitted to a Cost Benefit Analysis in
order to identify the projects that contribute sigantly to European energy policies and that are
robust enough, are possible in different energyeptmns and in the same time are efficient in orde
to minimize costs for consumers.

COST BENEFIT ANALYSES

The CBA describes the common principles and proasjuncluding network and modeling
methodologies in order to identify transmissionj@cts and measuring the cost and benefit indicators
Some of these indicators are monetized while otaersmeasured through physical units. The CBA
Methodology was developed by ENTSO-E and adoptedhbyEC and allows the assessment of
infrastructure projects in an objective, transpaigerd economically manner against indicators which
can range from market integration, security of $ypRES integration or environmental impact.

The indicators are divided in three categories:efieindicators, cost indicators impact on
society and grid transfer capability.

The Benefit indicators are:

B1l. Improved security of supply (SoS) is the ability of a power system to provale
adequate and secure supply of electricity undemnarg conditions. The criteria on measuring the
improve of the security of supply is made by caltinlg the difference between the cases with and
without the project, with the defined indicator tgieither Expected Energy Not Supplied (EENS) or
the Loss of Load Expectancy (LOLE).

B2. Socio-economic welfare (SEWQr market integration is characterized by theighdf a
power system to reduce congestion and thus prandadequate GTC so that electricity markets can
trade power in an economically efficient manner. daculate the increased benefit from socio-
economic welfare it can be compared the generatosts with or without the projects for different
bidding areas or it can be compared the generatnconsumption surpluses for both biding areas,
as well as the congestion between them, with drowit the project.
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B3. RES integration Support to RES integration is defined as theitgbdf the system to
allow the connection of new RES plants and unloxisteng and future “green” generation, while
minimizing curtailments. The calculation of theselicator is done by calculating the connection of
RES to the main system without regard to the acvalded spillage or it can be calculating as the
avoided curtailment due to congestion in the mggtesn.

B4. Variation in lossesin the transmission grid is the characterizatiérthe evolution of
thermal losses in the power system. It is an indicaf energy efficiency and is correlated with SEW
Network development usually decreases losses grpeng a better load flow also leads to a better
voltage profile and thus increases energy effigiefitie variation in loses can be determined bygusin
market and modeling tools. The losses in the p@ystem are quantified considering the system with
and without project while taking in to account ttieange of dispatch that may occur in the market
studies.

B5. Variation in CO2 emissionsis the characterization of the evolution of COZs=ions in
the power system. It is a consequence of B3 indic@inlock of generation with lower carbon
content). The impact of CO2 is calculated usinggéeeration dispatch and unit commitment used for
calculating of B2 indicator.

B6. Technical resilience/system safetis the ability of the system to withstand incregsy
extreme system conditions (exceptional contingex)ciEhe technical resilience and system safety is
evaluated by considering a number of key perforraandicators (KPI).

B7. Flexibility/Robustnessis the ability of the proposed reinforcement to doequate in
different possible future development paths or ades. The robustness and the flexibility of a
project will ensure that the project can be utdize the long term perspective considering the
uncertainties related to the network developmert ewolution. This indicator is evaluated also
considering a number of key performance indicatssability to comply with all cases analyzed
using a probabilistic, multiscenario approach, igblo comply with all cases analyzed taking out
some of the foreseen reinforcements, ability talifate sharing of balancing services on wider
geographical areas.

The indicators that reflect the project costs afneéd as follows:

Cl.Total project expendituresare based on prices used within each TSO and restyhates
on project consistency (e.g. km of lines). Envire@mal costs can vary significantly between TSOs.
To determine the total project expenditures it $thdae taken into account the following items: the
cost for materials, costs for temporary solutionkicly are necessary to realize a project,
environmental costs and maintenance cost.

The indicators that reflects the impact on socidtihe project is defined as follows:

S.1. Environmental impactcharacterizes the project impact as assessed thpmegiminary
studies, and aims at giving a measure of the emviemtal sensitivity associated with the project.

S.2. Social impactharacterizes the project impact on the (local)uteton that is affected by
the project as assessed through preliminary studied aims at giving a measure of the social
sensitivity associated with the project.

The Grid Transfer capability (GTC) reflects the ability of the grid to transport efagity
across a boundary. The GTC depends on the condiddede of consumption, generation and
exchange, as well as the topology and availabilitthe grid, and accounts for safety rules. The GTC
is calculated starting from a stress system inra@@ighlight the contribution of the possible jerd.
The GTC takes into account the congestions in tile &reas.

The purpose of the project assessment is to ewalint impact of the project from the
perspective of the added value to the Europeaesyahd from cost perspective. During the Common
Planning Studies if transmission weaknesses aratifigel reinforcements are proposed. The
reinforcements can consist of duplication of libesncrease rating, reinforcement of overhead |ines
network equipment’s or substation, additional tfarmeer, new overhead lines and cables, AC or DC.
In the situation where multiple projects dependeaich other to provide the same benefit for the
network they can be clustered in order to be asdeas a group. During the assessment phase it is
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used a combined cost-benefit and multi-criterizassient and at the end will be supplied information
regarding the project benefits in terms of EU nekmvobjectives, measurement of project costs and
feasibility.

Considering the fact that for the calculation o thenefit indicators the both situations with
and without project are considered, two possiblgsaAfar project assessment can be used:

e Take Out One at the Time (TOOT)method in whichsitconsidered the reinforced
network and are excluded one by one each investiteemtor whole project in order to
evaluate the load flows over the grid elements waitid without the corresponding
project.

« Put IN one at the Time (PINT)method that startenfithe reference grid and considers
each new investment item or whole project and etakithe network flows over the
grid elements.

For a project to be considered of pan-Europeanifgignce is has to fulfill a number of
criteria’s: the voltage level has to be at lea€d RY for a AC line or at least 150 kV for DC lings,
has to be located at least partially in one of dbentries represented in ENTSO-E and the project
contributes to a grid transfer capability increase.

Study case: A new 400 kV OH interconnection line l&een Romania and Hungary

During the Common Planning Studies all the intebwders of a regional group are analyzed
and are identified the borders with beneficial srbserder capacity increase. The borders propoged fo
cross-border capacity increase are obtained dwxisgries of iterations. For the next consecutive
iteration are considered the borders with the gsta®EW/cost-ratio and Net Present Value (NPV).
During the last Common Planning Studies in the RGEGwo borders were identified with beneficial
cross-border capacity increase: the Polish bord#r & profile of importing and the Hungarian —
Romanian border. For the Hungarian-Romanian bodieing the Common Planning Studies the
benefits and the economic viability were demonsttain a high RES scenario. The both TSOs
considered that this project will not be commissiearlier than 2030 and is characterized as aefutu
project candidate. The new project will consistao#00 kV line between Debrecen-Jozsa (HU) and
Oradea (RO), with double-circuit towers and singleuit conductors. The new line will not only
contribute to the market integration but also wiprove the security of supply in both countrieeeT
additional reinforcements that will be necessanbaih countries will be determined by detailed
network analyses in extended time frame coordinadétnational development plans.

For the Hungarian-Romanian border the referenceaap (capacity without the new
proposed project) was considered 1300 MW. The ComRianning Studies were made considering
the vision with high RES (2030 Vision 4) and weh®sen as basis for promoting the TYNDP project
candidates. The network base case was defined erddta used in the previous TYNDP and
considering the vision with high RES conditions higo information regarding installed capacities,
generation profile for photovoltaics and wind, refece capacities and additional details provided by
the regional members (TSOs) were allowed. For theket simulation process the member states had
to provide a list of costs for each possible cdpaiticrease on a border. These costs included
necessary internal reinforcements to make the iadditcross-border capacity possible. Starting from
the base case, market simulations were performéd avi increase capacity of 500 or 1000 MW.
After each market simulation step, the socioecoonondlfare (SEW) and NET Present Value (NPV)
was calculated for all borders with increased cépadhe NPV is determined using the standard
costs for the project, the SEW aver a 25 year deosfoamortization and an interest rate of 4% per
year. The capacity increases which gave the highggt/cost ratio in the region, were considered in
the new base case. The borders that showed uas#disf results were removed from the new base
case. The process continued until no more benkfimeeases were identified. After the process ends
a list of borders susceptible to a capacity inaeasd the amount of those increases is presented.
After this step the regional members analysis #w ftarget capacity” and propose possible project
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candidates. In the RG CCE after three iteratioesethvere no borders left with a positive NPV and
the process stopped.

The Network Simulations investigate the impact loé increased border capacity obtained
during the market simulations in order to deteav peoblems regarding the grid development. The
Network studies starts with selecting a number efresentative snap-shots from all the 8760
simulations performed during the market simulati@is60 hours for 2030 year). The points in time
are selected by each regional group considerirfgrdift inputs regarding the RES production, load,
market exchanges and take in to account a prelmisienplified load flow. For the chosen points in
time detail analysis were performed. The analysaviged information regarding voltage profile,
network elements loads and elements to be heawetb@r overloaded under contingency under
contingency conditions. The NS showed that for thengary-Romanian projects for all the PITs
selected considering all network elements connesi@ not observed overloaded elements for the
complete scheme but considering the N-1 criterimesmetwork elements were overloaded. This
situation appeared due to the fact that the mgjofithe installed capacity is located in the sqosint
of Romania. Further analyses are required in ada@vestigate the necessary grid reinforcements fo
the identified capacity increase.

Considering the fact that the Hungarian-Romanigeptds a future project only a few CBA
indicators were computed and only for some of tisgoms. For this type of projects the following
CBA indicators were evaluated: B2 Security of syp@3 RES integration, B5 CO2 emissions and
GTC. The GTC values obtained for the both direcishowed that it is possible a contribution of 200
MW for HU-RO and of 800 MW for the RO-HU direction.

CONCLUSIONS

The rapid development of renewable energy sourodstlae liberalization of the European
market had led to a more complex and interdepengewer flow. Therefore, in order to cope with
the new energy policies the network developmenttbdse done in a coherent and coordinated way
and with a strong cooperation at a regional anajean level. The main objective of the TYNDP is
to plan and develop a secure, efficient and econ@heictricity transmission system while taking into
account different requirements and regulation towdwe liberalization of the European electricity
market, EU policies and targets, national legistatnd regulatory framework, economic efficiency
and using transparent rules. The TYNDP is basedhenbest methodology to identify and assess
projects of European interest while ensuring transpcy regarding electricity transmission network
and providing information to the decision makers.
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SUMMARY

Transmission line fault location represents thecess of calculating the location of the
permanent and intermittent faults with high premisi Taking into account the fact that the
transmission lines cover important areas of the ggosystem, the location of the faults with high
precision can minimize the restoration time of éhéses with benefits in the stability of the syste
In the paper is presented a method to improve thét flocation precision using the actual
measurements of the line ends. In order to impléntd@a method first there are downloaded the
measurements of voltage and current from each &tliedaulted line independently, then a manual
synchronization of these measurements is appliedirathe end the two-end data fault location is
applied. The method was tested with real data disawevith simulated data. The simulated data was
obtained from a simulation equivalent model of ftnglted grid. The results obtained demonstrate the
precision of the proposed method when compared thighresults of the actual one-end data fault
location method.

KEYWORDS
Fault location algorithms; unsynchronized measurgsyeumerical relay.

1. INTRODUCTION

Transmission line is one of the most important congnts of a power system. Due to the fact
that these transmission lines cover important abay are often exposed to faults. Furthermore, th
power systems are expanding and along with thisesipn stability issues arise in their operation.
The use of precise fault location solutions caml leafaster finding of the fault location and teeth
minimization of the restoration time of the faultéak. In this way the stability of the power syste
and the quality of the energy are fairly improved.

The majority of the fault location algorithms ude ttundamental frequency phasors of the
voltage and current. Another category of the fdaltation algorithms use the traveling wave
components generated by the fault [1, 2]. Gener#ily traveling wave algorithms obtain the fault
location more precisely when compared to the furetaal frequency phasor algorithms. The
implementation of the traveling wave algorithm&anplex and expensive because they require high
sampling rate equipments and in some cases sgeciabrs and external GPS synchronization sources
are needed [3]. In the other hand, the fundamémqliency algorithms are cheaper and less complex
to implement because they do not need special senstigh sampling rate equipments. In this case
there can be used the actual sensors and samatm@quipments (e.g. those used for protection or
monitoring) [4]. In some cases, however, there r@eded external GPS synchronization sources
which increase the implementation cost [5].
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The fault location algorithms that use the fundatakefrequency phasors of the voltage and
current are divided in two main categories: the-end data and the two-end data algorithms.

The one-end data algorithms rely on the estimatibrihe apparent impedance from the
measurement point (e.g. one end of the line) utiegvoltage and current phasors from the fault
regime [6]. In order to obtain the fault locatighis apparent impedance is compared with the total
impedance of the line. To improve the fault locatisome one-end data fault location algorithms use
in addition the pre-fault voltage and current plmag@, 8]. The one-end data algorithms are chedp an
very simple to implement, that's why the fault lboa using one-ended voltage and current phasors
became a standard feature in the majority of thaarical relays [5]. In the other hand, the precisio
of these algorithms is affected by many sourceradre such as: value of the fault resistance, the
remote in-fed current, value of the zero-sequeimzeimpedance, errors in current phasor estimation
due to the decaying DC component from the faultenur[4-8]. With all these, the one-end data
algorithms introduce acceptable errors and arelwiagged around the world.

The two-end data algorithms estimate de fault ionaising the measurements from both ends of
the line. In the standard approach, these measntemmentain the voltage and current phasors frotin bo
ends of the line [9], but over the past years there developed two-end data algorithms which nbe o
the current phasors [10] or only the voltage ptmdad]. The two-end data algorithms can use
synchronized or unsynchronized measurements. Theemded synchronized measurements need an
external GPS source which increases the cost démamtation but in the other hand it increasedahk
location precision [1, 9]. The two-ended unsynchmea algorithms can be used where synchronized
timing is too expensive. In order to obtain as igecesults as possible, the goal of the unsynctedn
algorithms is to synchronize the measurementsiraf-IThe off-line synchronization can be done
manually or using dedicated software [12]. The engntation of the two-end data unsynchronized
measurements is less expensive, but the precisiestimating the fault location can be altered [1].

For lines equipped with numerical relays it is passto remotely download the registered signals.
If on these lines are implemented one-end data lfacdtion algorithms at each end, unacceptabli fau
location errors can arise in some cases. It isiges® improve the fault location for those linkg
manually downloading the measurements from botls emdl then apply a two-end data fault location
algorithm. The result can be obtained within misutgth good precision. In the paper, this solufion
improving the fault location is considered andilt lae described in the next section.

2. ONE-END DATA FAULT LOCATION ALGORITHMS

The majority of the transmission lines are equippéth numerical relays, where the one-
ended fault location function is implemented. Tlostrate how the fault location is calculated,tfits
is considered a three-phase line connected to esuwvbhich experience a fault in point F on phase a,
like in Fig. 1, where the variables are as foll&; Es, andEsc are the sourcg voltage phasorgra,
Erp andEg. are the sourcB voltage phasorss, Isp andlsc are the current phasors measured atnd
Vsa is the voltage phasor measured at €)dZ., Z, and Z . are the line self-impedances
corresponding to phase phaseb and phase, R is the fault resistanc&,, is the mutual impedance,
Ira is the remote current phasor on phask is the fault current and is the per-unit distance to the
fault measured from er8lof the line.
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Fig. L. Simple two-sources grid with fault on phase

The phasea voltage measured at eB8df the line is:

Vsa=d'(Zialsat Zmlsp + Zimlsd + Rele 1)

wherelr = Is, + Ira Using the measured phase currents atSitccan be calculated the zero
sequence curremgg as follow:

Iso=lIsa*lsp+ Isc 2
If (2) is introduced in (1), it can be obtained:
Vsa=d[Zialsat Zm(Iso— Isg] + Re(Isa+ Ird) (3)

The phase line self-impedanc&, , and the mutual impedandg can be calculated using the
line’s positive sequence impedariie and the zero sequence impedafgee as following:

Zia= Qo+ 224) /3, andZn = (Lo —2Z11) /3 4)

ReplacingZ, , andZ,, calculated with (4) in (3) and making simple matlag¢ical operations it
results in:

Vsa=dZ1(Isat Kolso) + Re(Isa+ 1r) )

with ko = (Zuo — Z11) / (32Z.1) being the compensation factor. The current plsasbrthe
faulted phase can be divided in pre-fault and famé components as in (6):

Isa=lsa pret Isa 5 @Ndlra = Ira pret Ira F (6)

where the subscript "PRE" denotes the pre-faultpmmmant and the subscript "F" denotes the
pure fault component. Supposing thatls, + ko'lso (5) results in:

Vsa=dZi1'l + Re(lsa+ Ira) (7)
Replacing (6) in (7) and extracting the fault resiseRr, results in:
Re= (Vsa—d-Zi1)/[Isa_r (1+]Ra_F/lsa_p] (8)

Supposing thals,.ris in phase withra.rand extracting the imaginary part of equationw8l
result in:

Im{(Vsa—d-Zi1'D)/lsa ¢ =0 9)

and extracting the per-unit distance to the faattion measured from er®lof the line,d,
will result in: . .

d = Im{Vssl"sa kIM{ Zis' 1l sa 2 (10)

where the superscript "*" denotes the complex ogai@ andls,.r is obtained with (6).
Equation (10) represents the fundamental faulttionaequation using one-ended voltage and current
phasor measurements [7].

3. TWO-END DATA FAULT LOCATION ALGORITHMS

For power transmission lines where the synchronizeitage and current phasors can be
obtained from both ends of the line, a two-end datsdt location algorithm can be applied [9]. The
principle of this algorithm is that the voltage madpthe line can be represented as a function of the
distance to the fault point, Considering the same faulted grid as in Fig.Fim 2 there is presented
the connection of the sequence schemes for a pbageund fault in poinE. The variables from Fig.
2 are as followVs; andVg; are the positive sequence voltage phasors abemtiR, Is; andlg; are
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the positive sequence current phasors at®addR, Vg, is the positive sequence voltage at the fault
point, 1 1> andlgo are the positive, negative and zero sequence rntargg the fault point. The
positive sequence voltage at the fault pafpt seen from en® and from endR is calculated with
(11) and (12).

Vr1 = Va1 —dZuls: (11)
Vr1=Vr1i— (1 —d)Zulr: (12)
Vs1 VR
N £ IRl 7
Es1 SI I dZn F -zt 1; ER1

| Negative Sequence |
| IF1 = IF2= IF0
| Zero Sequence l—l:l—
iRF
Fig. 2. The connection of the sequence schemes for Ehsgound-fault

Equating (11) and (12) and solving fbresults in:

d = (Vs1— Vri+ Zulr)/(Zialr1+ Zialsi) (13)

The algorithm depicted above use synchronized phasfovoltage and current. For off-line
synchronization there can be used several metiudsding the manual synchronization.

To compute the fault location using only the indegent measurements from the two ends of
the line and supposing that there is one faultfahewing steps need to be accomplished:

- remotely download the faulty voltage and curmetaisurements from the line ends;

- manual synchronization of the measurements;

- apply equation (13) to obtain the fault location.

As mentioned above, all the steps depicted ardireffand the time for obtaining the fault
location is around 10 minutes. The relays fromlthe ends must be numerical ones and must allow
the remote downloading of the measurements. Thé& faoation solution using the two-end
measurements is achieved with no additional costs the actual communication infrastructure.

4. RESULTS AND COMMENTS

In a first stage, it is presented a real event eltbe steps depicted above were applied with
success. A 400 kV line with the length of 124,7 &rperienced a phaseto-ground permanent fault
at 34,5 km from the first end (let's say eBdand at 90,2 km from the second end (let's sayRnd
The exact location of the fault was establishedratie line inspection crew reported the line span
where the fault was in. The line in discussionrig@cted and monitored with numerical relays ahbot
ends and each relay has implemented the faultitoc&inction using measurements from that end
only. After the exact location was found, it wasicloded that the relay from ericalculated the
fault location with an error of 4,6 % and the refaym endR calculated the fault location with an
error of 7,9 %. In the case of the two-end dat# fagation algorithm with manual synchronizatioin o
the measurements, the fault location error was%,78

Starting from the event mentioned above, in Mattadvironment there was imagined an
equivalent grid which contain two sources and a K@Qransmission line. The goal was to obtain a
simulation tool in order to mimic as close as plolesthe real behavior of the grid in which the dven
occurred. After the grid model was validated, theaere simulated other faults in different points of
the equivalent grid and the fault locations obtdingth the actual one-end data algorithm and the
proposed solution were compared.

The transmission line model is obtained by transpdhe parameters of the real line
mentioned above into the simulation model. The rhofi¢he line consists of two blocks, each one
modeling the line portion between e8dand the fault point, and between eéRdnd the fault point,
respectively (see Fig 3). Also, in a third-partyplgation (EDSA Paladin) there were modeled all of
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the real grid generators in operation at the tifh® event. In this way there were obtained thatsh
circuit powers of the adjacent busé&sand R) with the faulted line. All the parameters menédn
above are indicated in Table I.

Table I. The grid parameters values

Positive Sequence Negative Sequence Length
Line [Fg/km] Ly [mH/Kkm] Ci [F/km] | Ro[Q/km]  Lo[mH/km] [CFO/km] [km]
0,034 1,047 1,1E-08 0,125 1,932 8,6E-094,7
End S End R
Source Shortcircuit Rated Source anglShortcircuit |Rated Source angl
power [MVA] voltage [kV][degrees] power [MVA] |voltage [kV][degrees]
3770 400 0 4400 400 -6

In the model depicted in Fig. 3 there is a faulichl where the user can model the fault
resistance and the fault type.
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Fig. 3. The simulation model of the grid

After implementing the values from Table | in thedgmodel blocks, it was simulated a phase
c-to-ground fault considering that the fault regist is 7,8Q (same as in the real event). In Fig. 4
there are represented two current waveforms, wieralotted black line is the real current and the
continuous grey line is the simulated current, fittve sourcer. It can be seen that the waveforms are
almost identical. Also, the simulated voltage wavefs of the faulty phase as well as the simulated
voltage and current waveforms from the other phessdted identical with the real waveforms. Thus,
it can be said that the simulation model is vaédat

After this validation, a fault location analysisaenducted to compare the fault location errors
introduced by the two-end data algorithm (the pegbsolution) in one hand and the actual @add
endR one-end data algorithms in the other hand. Usiegstmulation tool, and starting from e8af
the line, there were simulated single-phase-to{gglofiaults and double-phase-to-ground faults
considering the same 7¢8 value for the fault resistance. The errors arewated with (14) and are
indicated in Table Il. In (14¢ is the error in %dacTuaL is the actual distance in km from e8do the
fault point,dcaLcuiaTep IS the calculated distance in km from e®itb the fault point using the two-
end data fault location equation (13) and the dctua S and endR one-end data fault location
equation (10)L is the line length in km.
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Table Il. Fault location errors

Actual location [% Single-phase-to-ground faults Double-phase-to-grouhfaults
f Two-end End S EndR Two-end End S EndR
rom end S] |
ocator locator locator locator locator locator
0 1,01 2 9,1 1,2 0,5 2,9
10 0,9 3,2 8,4 0,9 1,3 2,86
20 0,85 4 7,9 0,89 2,1 2,5
30 0,79 5 7,2 0,79 2,2 2,45
40 0,73 5,7 7 0,71 2,5 2,6
50 0,63 6,5 6,3 0,63 2,4 2,1
60 0,71 7,4 5,5 0,65 2,6 1,9
70 0,73 8 4,9 0,72 2,8 1,7
80 0,83 8,3 4,2 0,79 3,1 1,65
90 0,85 8.8 2,9 0,82 3,3 1,4
100 0,9 9 1,9 0,88 3.3 0,9
e [%] = 100*(dacTuaL — dcaccuraten)/L (14)
) [kA] .: “ "1- -‘".
- Real |— ., _:—.‘ I'.—':
Current ] ' [ i
e f ! 0.1
\ [=]

v _{
Sirmulated % S
Current L

Fig. 4. Real and simulated current from SouRe

As it can be observed from Table I, the genenadlémcy of the errors introduced by the actual
one-end data fault location algorithms is to insee@hen the actual distance from the line enddo th
fault point increases. For the two-end data algorithe errors introduced are almost the same when
the distance from end S to the fault point varresif0% to 100%. The output results of the proposed
solution are much better than the output resultthefactual one-end data fault location algorithms.
Two-end data fault location approach can be usefidecially when the faulted line is a long
transmission line or when the line crosses moustairhard terrain because it can reduce the time fo
finding the fault along the line by the inspectmew.
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SUMMARY

The paper presents general information about @estiergy storage systems that can be used
in the electric grid and the benefits from introuhgcthis technology.

Also, the regulatory framework needed for thisigcdssed in the final chapter of the paper.

Electric energy storage is close related with reatdes energy sources and the growth of
production that is estimated in different plans atrdtegies for the next decades.

KEYWORDS
Energy storage, regulatory framework, power systé&tosania, CIGRE

1. INTRODUCTION

Electricity storage is able to maintain excess gyneroduced by variable sources such as wind
and solar at night, when consumption is low, feedaise at peak time. Additionally, they represemt
important flexibility solution in improving grid ability, reducing temporary mismatch between
supply and demand and in controlling the fluctuagiof renewable energy sources.

Storage serves several purposes in today's powtrsy

European and global energy policies based simuwitasig on a C@ emissions reduction,
shifts towards intermittent renewable power whilaimaining secure energy supplies. This changes
the ground rules for storage and calls for a nepr@gch to storage as a key component of the future
low-carbon electricity system. Decisions to invesb the development of storage and deployment of
adequate storage capacity will depend on the dealwf the whole energy system. They are closely
linked to developments such as: (a) electricityestipghways with large-scale RES in the North Sea
and North Africa combined with distributed/regionBES solutions; (b) penetration of electric
vehicles; (c) improvements in demand response/ddra@e management/smart grids.

The need to promote more energy storage is retatelde increase in intermittent wind and
solar and to the demand peak increase.

When the intermittent renewable share is lower th&% to 20% of the overall electricity
consumption, the grid operators are able to congierthe intermittency. This is not the case when
the share exceeds 20-25%, as it is reached at imBgnmark, Spain and Germany. When these
levels of 25% and above are reached, intermitteB6S Rheed to be curtailed during the low
consumption periods in order to avoid grid perttidra(frequency, voltage, reactive power) and grid
congestion, unless the RES excess can be stored.

Alternative resources — back-up and/or storagenaegled when demand does not fall at the
same time as the fall in RES generation.

Ymihai.marcolt@transelectrica.ro
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Energy storage needs to be integrated in netwaskédanergy systems, in the electrical grid
system, heat or cooling network and gas netwotlksar also provide an important contribution to the
development and emergence of the Smart Grid corategt voltage levels.

The peak increase issue can also be solved whergyestorage is available at different levels
of the Electrical System: centralized energy sterag a reserve; decentralized storage in the férm o
demand management and demand response systems.

Different energy storage systems will have to besatered (centralized and decentralized)
and specific business models will have to be idieqti

Centralised RES Local RES

Distribution grid

Large-scale
consumers

Transmission
grid

Smart
Appliances

Small-scale
consumers

Thermal storage, ‘intelligent
appliances’, ete.

‘Electric energy
- storage’

Figure 1. Efficiency of energy storage systems

It is important to ensure that electricity from RE&eps its RES label, even if it has been
stored before the final consumption. Possible fieethriffs should not be affected by intermediate
storage. Only the share of renewables at the pbipiimping should qualify as renewable electricity.

2. STORAGE TECHNOLOGIES AND COMPARISON

Some of the key technologies, not all of whichairthe stage of commercial application, are:
- Large bulk energy (GW):

1 Thermal storage, pumped hydro;

[0 Compressed Air Energy Storage (CAES);

1 Chemical storage (e.g. hydrogen - large scale MW0up to weeks and months).

- Grid storage systems (MW) able to provide:

1 Power: super-capacitors, Superconducting Magietergy Storage (SMES), flywheels;
1 Energy: batteries such as Lead Acid, Li-lon, NaEl&w batteries;

1 Energy & Power: LA & Li-lon batteries
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Hydrogen Energy Storage/CAES/Pumped Hydro Enetgya§e (PHES) (small scale,

10MW< P > 100MW, hours to days).

O

- End-user storage systems (kW):

Power: super-capacitors, flywheels;

|
|
|

Energy: batteries such as Lead acid and Li-lon;

Energy & Power: Li-lon batteries.
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In the transmission grid, energy storage can bed tsemprove power quality by correcting
voltage sags, flicker and surges. It can also pVine stability and Power Oscillation Damping
(POD). During the last decade, coinciding with neable energy growth, different energy storage
technologies have reached maturity and have bestalled to improve supply quality and to boost
renewable energy integration. However, these affoalve been not enough. Most studies have shown
that in order to reduce transmission bottlenecks &m decrease the generation costs, new
transmissions, interconnection capacities and tnadagement programs are needed.

The generation based on renewable energy sourdlgslayi a significant role in the energetic
scenarios of the future. This role can become ewere significant if the solutions to the problems
due to energy congestion are adopted. New trangmidsies and load management programs
together with energy storage systems can defingebourage the usage of renewable energy sources.

Electricity storage applications in transmissiotwteks may pursue different objectives:

* Deferral of investment into new transmission $ine

* Reduction of transmission losses

* Increasing the interconnection capacity amongeédocoupled subsystems

» Improvement of power system stability

* Stable power system operation and compensationti&rmittent power sources

Based on the high storage capacities required Heset applications, it is assumed that
transmission applications of storage will be afitsrp with the notable exception of the continuesdu
of the existing pumped storage plants.

The three major applications of energy storage are:

1. Power Quality: Here energy storage is appliedshort periods of time in order to ensure a
predictable power outline. Rapid cycling is gengredquired for better power quality.

2. Bridging Power: Used when switching from one powgenerator to another. Main purpose
is to ensure continuity of power supply. Usagaithe order of minutes.

3. Energy Management: Used as a storage mediurs. éips in applications that involve
delivering the power generated to the loads indégenof the timing of generation. A good example
would be load levelling where energy is boughtaat prices and stored for times when prices are
high, or generation is low, compared to demand.

Shown below, in Figure 2, is a list of energy stgralevices categorized into three types of
energy applications (based on their discharge jinTdss figure illustrates how efficient each typke
system is and where they can be efficiently utilize

Metal-Air Flow Batteries
Batteries ZnBr YRB PSB

Hours

High Energy
Super Capacitor:

Lead-Acid Batteries
Ni-Cd
Li-ion 6
— & 4'% g,
Other Adv. Batteries '.' %

9,
99%
g
. i
High Power FlyWheels % (IQQ o
LI <
Q W
S 9,
High Power Supercaps
1 kKW 10 kKW 100 kKw 1 MW 10 MY 100 MW 16GW

= ®
ST
"aﬂ’
=E
S =
T
-]

i |

)

Minutes

Discharge Time at Rated Power

Seconds

System Power Ratings

Figure 2. Efficiency of energy storage systems
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Application in
power
system

Functio-
nalities

of storage
Balancing
demand and

supply

Grid
management

Energy
Efficiency

Transmission grid-
central storage

(national and European
level)

Seasonal / weekly

Distribution grid
storage

(city level)

Daily / hourly

End-user Storage

(household level)

Daily variations

fluctuations variations
(electricity and
Large geographical Peak shaving heat/cold storage
unbalances need to be integrated)
(electricity and
Strong variability of wind | heat/cold storage
and solar need to be
integrated)
(electricity and gas
storage need to be
integrated)
Voltage and frequency Voltage and Aggregation of small
regulation frequency storage systems
regulation providing grid
Complement to classic services
power plants for peak Substitute existing
generation ancillary services
(at lower CO2)
Participate in balancing
markets Participate in
balancing markets
Cross-border trading
Better efficiency of the Demand side Local production
global mix, with time- management and consumption

shift of off-peak into peak
energy

Interactions grid-
end user

Behaviour change

Increase value of PV
and local wind

Efficient buildings

Integration with
district heating
/cooling and CHP

Table 2. Several purposes served by storage in today's psystem
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Physical size and weight of storage devices areoitapt factors and have the ability to
determine their types of applications. For instanoetal-air batteries have the 49 highest weight
energy density, and largest volume energy dentity,means that these batteries will be smaller and
lighter than a similar powered lead-acid battery,shown in Figure 3. The energy density, volume
and weight, ranges reflect the differences amongufisaturers, product models and the impact of
packaging.

The graph in Figure 3 illustrates the Weight Enepnsity vs. Volume Energy Density for
different energy storage technologies. This infdraomamay be especially important for selecting
battery types for certain applications of powerage.

1000
Output Energy Density
g { Input Energy Density x Efficiency)
hy Metal-Air
= Batteries
= 300 L
& (Mot rechargeahle
c = electrically )
2 Li -ion
0
g 100
o
b
=
s Ni-Cd
=
30
—
= . _
= B
2 E.C. Capacitors
. Fly Wheels v prechargeable |
)
10 30 100 30'0 1000
Volume Energy Density - kWh / m?

Figure 3. Weight Energy Density vs. Volume Energy Density

The overall cost of a project is always a majortdactherefore selecting the appropriate
storage device will be affected by capital coste Graph in Figure 4 displays the plot of various
battery technologies costs per unit energy vs. pestunit power. However, the chart excludes the
cost of power conversion, electronics and instaltatcosts. Also the chart does not take into
consideration the life cycles of the batteries,deeit is not a sufficient tool to estimate the kota
ownership cost which would include all these fagtor
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Figure 4. Cost per unit energy vs. Cost per unit power

In order to get a better picture of the real owhgrsost of any energy storage system, it is
necessary to factor in its life efficiency and &ydife. These parameters are important to consider
before selecting a storage technology. Low efficyerfor example, contributes to a higher effective
energy cost since now only a fraction of the ingrugrgy can be used. Also, short life spans of geora
devices contribute to a higher cost, as devicesnegd to be replaced more often. Figure 5 beloav is
graphical representational of the efficiency of émergy storage device and how many cycles (at 80%
depth of discharge (DoD)) the battery is capableTafs graph shows that for a storage device which
has requirements of relatively high discharge aigth lefficiency an EC Capacitor (super capacitor)
and Li-ion battery may be considered.

100%
E.C. Capacitors
- Fly
L2 o0% Wheels
|
o
-
kT
& 80% Flows
S Bat.
g Lead-Acid
o D%+
o CAES efficiency
o o is for the
‘E Ni-Cd storage only
—  60%
-
[¥]
&
E 0%
=
(A1)
40%
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Lifetime at 80% DoD - Cycles

Figure 5. Efficiency vs. Lifetime
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Energy

High Production
Cost

E.C. Capacitors

Long Cycle Life,
High Efficiency

Low Energy Density

o

Table 3. Comparison Chart of Various Energy Storage Teajgies

3. REGULATORY FRAMEWORK
How could the regulatory framework be adjusted rttegrate storage better in the supply

chain?

Mone

practical or economical

Mot feasable or
gconomical

Storage Main Advantages Disadvantages Power
Technologies (relative) (Relative) Application | Application
Purnped High Capacity, Low Special Site .
Storage Cost Requirement
CAES High Capacity, Low Specijal Site
Cost Requirement,
Need Gas Fuel
Flow Batteries: High Capacity, Low Energy Density
PSE Independent Power 0 .
WRE and Energy Ratings
ZnBr
Metal-Air Very High Energy Electric Charging is .
Density Difficult
Nas High Power & Energy Production Cost,
Denszities, Safety Concerns . .
High Efficiency [addressed in
design)
Licion High Power % Energy | High Production
Denszities, High Cost, . s
Efficiency Requires Special Q/
Charging Circuit
¥ High Power & Energy . 0
Mi-Cd
! Densities, Efficiency
Other Advanced High Power & Energy High Production
Batteries Densities, Cost Q
High Efficiency . Fully capable and
Lead-kdd Low Capital Cost Lirnited Cycle Life reasonable
when Deeply O
Discharged 0 Reasonable for this
Flywheels High Power Low Energy density . O application
Feasable but not guite
SMES, DEMES High Power Low Energy Density, . D q

The regulatory framework should aim to create amaktpvel playing field for cross-border

trading of electricity storage.

0 The regulatory framework needs to provide cletgs@and responsibilities concerning
the technical modalities and the financial condsiof energy storage.
0 It must address barriers preventing the integnatib storage into markets. It should

guarantee a level playing field vis-a-vis otherrses of generation, exploit its flexibility in sugmg
the grid, stabilize the quality and supplies forRgeneration. This will require new services and
business opportunities linked to the deploymerglettricity storage solutions.

0 The framework should be technology neutral, enguriair competition between
different technological solutions (not picking awver).

0 It should ensure fair and equal access to el@gtstorage independent of the size and
location of the storage in the supply chain.

O It should ensure medium-term predictability in theestment and financial conditions
(taxes, fees, etc.), enabling favorable conditifmmsall kinds of storage, particularly micro-stoeag
(home and district level).

O It could help improve the business/economic mddeknergy storage. The principal
domains where intervention are needed relate tilanycservices and the grid tariff.

289



For example, the grid tariff should be based onpgheciple of cost causality: if an energy
storage system is systematically using the grighdusff-peak periods and not during peak periotds, i
should not generate grid investment. Thus, thedhiction of a time component in grid tariffs could
take account of the part of grid investment duertergy storage.

Today, energy markets are mainly connected to teathead horizon. As a result, the
balancing products (tertiary frequency reserve)aaly to a limited extent exchangeable cross-border
among Member States. Connecting and harmonizatioEllevel of the actual very heterogeneous
intra-day and balancing markets is a preconditmneinergy storage development and needs to be
addressed urgently.

The regulators are currently drafting a framewouidgline for a European balancing and
reserve power market. This will be followed by adly binding network code drafted by the
European Network of Transmission System Operateks GO-E).

As mentioned above, ownership of storage energtesys has a significant impact on the
viability of the business model and on competitibhe question is: which ownership model is likely
to make the business case more attractive — omerdny regulation, or deregulation? More reflection
is urgently needed regarding the issue of compatitiegulated vs. deregulated; deregulated actors
within one MS (Member State), or deregulated adtodifferent MS. This issue should be addressed
as high priority.

What can the EU do to enable the short and medarm tlevelopment and deployment of
storage at all levels?

The issue of energy storage should be clearlyipasidl within EU energy and climate policy:
the internal market, 2020 and 2050 targets andsifucture priorities. EU policy needs to give clea
and consistent signals to technology developeesindustry and consumers.

The optimization of the power system and the syiesr@petween the existing system and
storage technologies must be explored and promoted.

To enable the short term and large scale deployofestbrage on an EU-wide level a number
of urgent actions could be undertaken:

0 Strategic: Developing and assessing visions fer ithle of storage in integrating
variable renewable electricity generation, optimizithe use of generation and energy network
capacities, providing services to the electricifgstem and promoting distributed generation to
improve energy efficiency and reduce £&nissions, as envisaged by the EU's 2020 bindirgets
and the indicative targets for 2050 (RES DirectiR®@admap 2050). Synergies could be made by a
common approach to storage for electricity systemd storage for transport (upcoming Electric
vehicles, Plug-in hybrid vehicles);

O Consumer level: Supporting the development of cowes-based energy storage
services linked with local RES production, smarttene and smart local grids that ensure financial
benefits for the consumers; distinctions have toriagle between short-term needs (up to 2020) and
long term visions (2020 to 2030) storage used B ities and in RES integration) (‘roadmaps’);

O Market issues: Developing a level playing field removing barriers related to
accessing neighboring markets and cross bordengrad
O Regulatory: Support for storage within the EU int# electricity market and

regulatory adjustments to enable storage to fatglithe progress towards a single internal elégtric
market in Europe;

0 Technological development: Mapping storage podéntistorage technology
development and demonstration including the interability of different smart energy networks and
deployment through Horizon 2020 (RTD, Demonstrgtienespecially regarding how to integrate
storage into the SET plan activities (European $txdlal Initiative);

0 Investment support: All different forms of energigprage could be supported providing
they contribute towards the European climate amuggntargets (technology neutral; target oriented).
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4. CONCLUSIONS

The present and future costs of energy storagstéirbigh and they are unlikely to compete
with base load generation. However the energy géomaill be viable when the marginal cost of
electricity exceeds the costs of charging and disgihg the storage and losses. This can happen when
the generating plant operates under low load feator the storage offers multiple services including
energy supply, load levelling, peak shaving, resgrregulation, reactive power supply and power
quality. Furthermore for some very special appil@a, such as extreme unreliability of a
conventional supply, need to compensate for flugigageneration or in application like EVs where a
premium is attached to the portability, they mayabalid solution.

To conclude, energy storage systems, both eleaticthermal, will be the key to integrating
variable renewable sources in the power systemtheffuture, to reduce 86 the production of
pollution and decrease the consumption of fossibueces. In the future of energy storage systems in
combination with other Smart Grid measures sucbawand Side Management will be suitable to
accommodate a truly “balanced” electricity generasystem.
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SUMMARY

Distance protections are important elements fordfiability of electrical power transmission
systems. The Positive Sequence Impedance and then@Gimpedance Matching Factor, or k-Factor,
as it is often referred to, are some of the mogtoitant settings for these protection. Should dne o
these settings be done improperly, the whole imvest in protection from instrument transformers
over the relay up to the circuit breaker is notduas efficient as it could be.

This paper explains the difficulty of k-Factor s®gs and points out cost effective solutions for
preventing incorrect behaviour of distance protecichemes.

The results of measurements performed to datel¥6rkV OHL double circuit and 400 kV
OHL are presented in the paper.

KEYWORDS
K-Factor, Matching Factor, Distance protection.

1. INTRODUCTION
In case of single phase faults, such as RN, voltiage until the fault is a direct sum of voltage

drops direct, inverse and zero sequence betwedrctian mounting location and location of the
fault:

(1)

d i h
where: 1110 sequence components direct, inverse and zeuesee currents across the
distance protection

Telsl s line currents across the distance protection;

d h
202 . line direct impedance, respectively line zeeguence impedance to the fault.

In this case the voltage across protection will3e

Y gheorghe.moraru@smartsb.ro
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Noting these: Z - K factor, generally, complex size.
Is obtained:
Upo=2Z{ fla+K,0,) a)

It is found that the impedance measured by tharmligt protection

Zy =0 —=Z]

I_R+£O D_N (4)

is equal with the line impedance to the fault,iifgée phase fault is considered phase volta%éo()
and offset currentl(R +Ko “—N).

For phase to phase faults on the ground, it isspiiefy loop phase - phase instead phase - earth
loops considering that in this way eliminates thiguence of transition resistance at fault. Meagure
impedance is proportional with the distance toféhst.

The six impedances are calculated in parallelénftfiowing format:

for phase — earth faults (valid formula for RO ghdsut similar to SO, T0):

URO
I, +Ko* 1, 5)

RO

h
SERE
where Zn (K factor);
for phase to phase faults (valid formula for RStfaaut similar for SR, TR):

URS

ZRS =
[P I (6)

Unfortunately the K-factor does not exist. There garious formats out there. For all types it
is to say that they are constants of the line,enegal independent from the length. They express th
relationship of the impedance of a phase to plase and a three phase to ground loop. The half of a
phase to phase loop is referred to as Positiveedmguimpedance Z1, three times the impedance of a
three phase to ground loop is referred to as Zegué&nce Impedance Z0 [1], [2].

One common format is the complex ratio of the Z8emuence Impedance and the Positive
Sequence Impedance.
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Ko =

NS

(7)

Because Z1 is the impedance of one line it is agsoed ZL quite often.
The ground impedance ZE can be calculated fronZéine Sequence Impedance as follows:

IN

0 _ZL

Le =
3 (8)

Defining the ground impedance this way, obviouglgds to strange results with a negative
inductive component in ZE, as soon as the thresglmaground inductance is much smaller than the
inductance between two phases. This is the caseme power cables when the shield is close to the
conductors but the conductors are relatively famfieach other. This fact is of no further concéris,
just good to know that it can happen.

Another possibility to express the relationshifhis ratio of ground to line impedance.

K. =

i

9)

KE or unfortunately even also kO are other commames for this definition. One has to be
careful how a k-factor is defined before usingSplitting the complex impedances ZE and ZL into
their real and imaginary parts R and X lead anéhdef real ratios, leads to the third commonly used
definition.

Re Xe

R and Xt (10)
Conversions between the different k-factor fornaats possible.

Ko =1+3K, (11)

For converting from the format (10) to the othaniats the other line constants (or at least the
line angle) have to be known.

_ O RIR L XeIX,
1+ X, /R 1-jR /X, (12)

L

The line angle can be used to obtain the ratio RIL that is needed for the conversion in (12).

tang, = %

1 (13)

Distance protection relays use algorithms that medesof these different k-factors to transfer
all phase to ground faults, so they can be assessédhey were phase to phase faults. This allows
using the same zone polygons independent from itlee deometry. Because different relays use
different algorithms identically measured voltagasd currents lead to different impedances
depending on the algorithm used.
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Details of these algorithms [4] are not furthercdissed in this paper; it is only to mention that
the entry format of the K factor does not allow dietthg which algorithm is used by the relay.

2. OHL PARAMETERS MEASUREMENT

Up to now the effort to measure line impedanceslafattors was so high, that it has hardly
been done. To obtain the data needed they had dseunlated manually, or by using appropriate
software tools [4]. The parameters needed to catieuhe line impedance are many.

The geometrical configuration is needed (see fid)re

* height above ground and horizontal distance &mhephase conductor and each ground wire

* average sag of the line and ground wires at rpais

Several electrical parameters have to be known:

* ground/soil resistivity

* DC resistance of all conductors

« spiralling construction of the conductors

» geometrical mean radius of the conductors

» overall diameter of the conductors

Similar parameters are needed for calculating impedances of power cables, on a first
glance they might seem even simpler, but whenighise case for new cables it might be the opposite
for old installations where often a mixture of difént cable types is used, but not documented too
well quite often.

In general it can be said that the calculationhef Positive Sequence Impedance works quite
well and sufficient for the Zero Sequence Impedadong as the ground wire is a very good one.
When the ground wire or shield is not a very goodductor and a large component of the fault
current is flowing back through the soil, thingsideto become complicated. The influence of the
ground/soil resistivity and the accurate distance of the wires above grane growing and both are
very difficult to determine along the whole lengihthe line (especially in complicated landscape
geometry).

Another cause for concern is that a huge numbeaaimeters are involved in the calculation
of line parameters. If one parameter is wrong thight cause a substantial error. In the Positive
Sequence Impedance there are several, but evenprae to error is the Zero Sequence Impedance
or k-factor, because they need parameters for dadoulation. On several occasions when our team
found wrong relay settings it was the Zero Sequdngeedance or the k-factor that was set wrong.
But we also had the situation that two similar $imgere just mixed up.

horizontsl
distance

Fig. 1— Overhead line geometrics
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Compared to the calculation the measurement of paemeters including the k-factors is
nowadays relatively simple.

The measurement is performed with currents betwieamd 100 A depending on the line
length. Using frequency selective measurement allosing currents in the size of a fraction of the
nominal currents. Anyway higher currents mean higtoeuracy therefore the biggest current possible
is chosen. Measurements on lines up to 270 km Hmeen performed so far. Overall seven
measurements per system are made, three for eadhiradion of phase to phase loops, three for each
phase against ground and one for all three phageast ground. There is some redundancy in these
measurements, allowing reliability crosschecks ealdulation of individual k-factors for each phase.
The latter seems strange at a first glance, bugogsify for short lines often not too much carégilsen
having a symmetrical line, leading to quite difigresvalues for the phases. Knowing about the
problem allows tending rather to smaller k-factimravoid zone overreaches in all cases.

A measurement on a single 400 kV overhead line witbtal length of 120 km and for double
110 kV overhead line with total length 60 km hastbeerformed in last years.

Measurement scheme used is shown in the followmge.

— I I ! | |
C 100 IEP gut| || -
L. o
-/ ' GP GBI =
i =
Fig. 2— Measurement scheme

The results are presented below (Table 1 — 400rd/Table 2 for 110 kV).

Table 1- Results parameters for 400 kV OHL sc

R/X [ohms] Err [%]

Rlcalc 4.24

R1meas 4.47 -5.42
X1calc 41.52

X1lmeas 42.69 -2.82
ROcalc 32.82

ROmeas 28.21 14.05
XOcalc 131.1

X0meas 105.92 19.21
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Table 2- Results parameters for 110 kV OHL dc

|R/X [ohms] Err [%]
Rlcalc 6.3
R1meas 6.81 -8.10
X1calc 16.37
X1meas 16.85 -2.93
ROcalc 16.7
ROmeas 10.77 35.51
X0calc 56.5
XOmeas 34.12 39.61

Analysis of impedance measurements on 110 kV OHlbocircuits
From database:

Z1= 6.3+ 16366{[Qp]
Z0=167+ 5692j[Qp]

With these data, K factor becomes:

ko=t [EZ_O - J = 0.7904+ 0.0924]

T3z
RE_14R0_1)_ 05503
RL 3 (Rl
XE_14X0_1)_ 0826
XL 3 X1

From measurements direct impedance measured is:

Zlm= 6807+ 16853j[Qp] = 18176168

For zero sequence impedance are three values skstus
1. The mean, calculated from measurements on spigiee loops:

ZOma= 1072+ 3417j[Qp]

kOma= 0.3213+ 0.0524j = 032619.3°
RE _ XE

— = 0192—— = 0342
RL XL
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2. Value calculated from the measurement zero seguleop (the three phases in parallel)

ZOmb= 1077+ 3417j[Qp]

kOmb= 0321+ 0.0512j = 032519.0°

RE - 01042F = 0341
XL

RL (18)

3. Value calculated from the measurement loop L(&E):

ZOmc= 10808+ 39052j[Qp]

kOmc= 0405+ 0.0844j = 0414012°

E = 0196E = 0439
RL XL (19)

Comparing direct impedance value obtained fromtigra (14) and (16) show that the
measured value is close to that calculated ancptaitie.

Comparing the measured zero sequence impedancesvaltuained from relations (17), (18)
and (19) reveals a certain inconsistency, espgciai zero sequence reactance. Furthermore,
measured values obtained differ considerably frbm dalculated value, given by the relation (14).
Accepting that the calculated value is correctg@idirect impedance measurements is confirmed), the
zero sequence impedance values measured are dffgcterrors introduced, most likely the circus.

2 in operation. On the other hand, we accept tipotmesis that the measured values are correct and
the calculated value is incorrect. To validate ohéhe two hypotheses was analyzed oscillogram of

19.09.2009, 23:15 a real fault RO, most likely be 110 kV remote end substation bars "seen" by the
protection of local end 110 kV substation.

Calculation are presented below:

Table 3-Parameters calculated from disturbance recordioigel fault

Values from osc. | Formulg Impedance calculator R[%]| X[%]
used

IL1:=0.74- 1.72 15 ZL1E = 807+172[Qp] |28 5.1

IL3:=-0.0771+ 0.28¢

L0:=IL1+12 + 12 | 1S ZLIE = 979+224Qp] | 555 | 35

UL1:=48.i 19 ZL1E = 989+ 206[Qp] |57 26

UL2:=-23.4-60.1
UL3:=-29.4+ 58.¢

RI%] = Re{ZL1E} - Re{ZL1Ecalg 100
where: Re{ZL1Ecalg (20)
Im{ZL1E} - Im{ZL1Ecalg
Im{ZL1Ecalg

X[%] = [100

In conclusion, the measured zero sequence impedsdribe circuit appears to be damaged in
operation and zero sequence impedance calculatad saems quite realistic (RO may be slightly
higher than the calculated value).
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These measurements must, it seems, to eliminatentluence of parallel circuits. In what
condition should be made parallel circuits (eartimetioth ends, non-earthed both ends). Remains to
be seen as we gain experience.

3. CONCLUSIOS. LESSON LEARNT.

Measurements showed that for several reasons ataémd often gave wrong results.
Therefore, most likely measurement and calculatihbe done in future. Save, selective and fast
failure clearance is only possible, if all relayrggaeters are set properly. Conclusions: for simple
circuits were confirmed calculate parameters (40@KL sc), for double circuit parameters have not
been confirmed — Z0 (110 kV OHL dc), long maneu@&% of work time), measurement (25% of
work time), OHL parameters to be measured at cosionisg, need for periodic measurements.

Future targets: HV cables measurements, confirmatomble circuit overhead measurements.

Line impedance and k-Factor are of highest impagafor a fully operational distance
protection relay.
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SUMMARY

New objectives to mitigate global climate changkte an increase of installed generator units
based on renewable energy sources and new higieeffy cogeneration units. Based on their rated
apparent power and network voltage level, theseerg¢ion units are connected either to the
transmission network or to the 110 kV sub-transioisgetwork. Different connection solutions were
developed, voltage level and size dependent. Opttier hand, TSOs must maintain and increase the
secure operation of the power system facing neWestges as high variability of wind generation or
large scale dispersion of generation as for phottaic generators. Obviously, new philosophies and
procedures for monitoring, control and protectiomvédn to be developed to integrate these new
generation units. The paper highlights on coordimaaspects regarding both large scale generating
units protection schemes and medium size renevganierating protection schemes. Essential aspects
on protection systems organisation and operation, both the power system protections and
generating units’ protections are also presented.

KEYWORDS
Line-protections, generator protection-coordinatmmmmunication schemes for protection.

1. INTRODUCTION

Large size generators (more than 100 MW), usingleymous units are connected to the
transmission network at 220 kV or 400 kV. Usuatllye generators are connected to the network
through step-up transformers and also supply auyilitransformers. The behaviour of the
synchronous generators under steady state corslgi®nvell as their dynamics are quite well known,
analysing and simulation tools are available. Theelioom size (30-90 MW) renewable energy sources
are typically connected to the sub transmission BXYOnetwork by two types of links the direct
dedicated line to an existing substation or to @& sabstation, and the tapped connection to a non
loaded line or, in many cases, to a loaded line.

The Romanian National Regulatory Agency (ANRE)esdathat units larger than 5 MW are
dispatchable and thus fully controllable, independef the nature of the prime mover or energy
source. It is the authority of the TSO to coordenéite protection philosophy and settings of the
generating units and the protections of the netwstakting with the 110 kV voltage level.

The paper highlights the current aspects on plioteystem organisation, operation and
coordination, for both the power system protectiand for the protection of the generating units at
their interface to the network.

Yflorin.balasiu@transelectrica.ro
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2. LARGE SIZE GENERATOR AND TRANSFORMER UNITS PROTE CTIONS

The large size synchronous generator unit protecistem [1] includes protection functions
against internal faults in the generator itselstap-up transformer and back-up protection funstion
against external network faults. Usually, only netivback-up protection functions need carefully
coordination to the protective system of the gfithus, the distance protection function, the line
differential protection function, the out-of-stepdk-up protection, or the breaker failure protectio
are to be considered when coordinating the settofgthe protection functions in the network.
Coordination of settings is also needed for fregydrased and voltage based protection functions. A
single line diagram of the protection arrangementaf gas turbine (GT) driven generator of a power
plant is shown in figure 1.

The generator protection trips are, as a rule,nged into three types. The General Trip
applies to the simultaneous trip of the generateaker, removal of excitation, trip the auxiliary
transformer and closing the prime mover valves. Geaerator Trip applies for all internal faultsttha
must be isolated through the trip of the generhateaker. The Breaker Trip applies for tripping only
of the line breaker and allows the generator tdatsowith the auxiliaries, thus ensuring a fast
resynchronisation when the power system allows to.

Normally, the generator, the step-up transformedt #re auxiliary transformer protection
system include the underneath mentioned proteftioctions.

a) Stator overcurrent protection. Operation of theegator above the rated apparent power
could harm the stator windings. Monitoring of statarrent, without automatic tripping is
provided, but some applications also use the stat@rtemperature protection function for
alarm and trip.

b) Stator phase fault protection. The generator diffgal protection function is used to
detect such faults and to issue a General Trighodlgh rare, a turn-to-turn fault could
exceed the differential protection function detectipossibility and some applications
provide a current unbalance protection function.

c) Overvoltage protection. Applications involving ture-generators typically do not require
such a protection function as it is unlikely thattage will be considerably different from
the preset value. However, some applications ddhisgrotection.

d) Overexcitation protection. The Volt/Hertz protectifunction is used for flux supervision
in the generator itself and in the step-up tramsércore. This protection function usually
issues a Generator Trip.

e) Field earth protection. A single ground fault i ttotor winding is not dangerous by itself
but could generate a second one that is more dliffio be detected. A sensitive rotor
earth-fault protection function is used in certapplications that issues a General Trip.

f) Loss-of-field protection. Loss of excitation resuilh loss of synchronism and operation of
the generator as an induction machine. Consequesglere torque oscillations of the
rotor shaft could occur. The reactive power defitity cause a voltage collapse, mainly if
the generator unit is connected to a weak powdesysnd loses excitation [3]. The loss
of excitation also results in a significant chadeeactive power and thus an admittance
protection function is suitable that issues a Galrerip.

g) Unbalanced load protection. As a result of supglyem unbalanced load, negative
sequence current flows through the windings thatasa flux in the air gap, rotating in
opposition to the rotor at synchronous speed andhwim turn induces currents in the
rotor body. A negative sequence overcurrent primledunction detects negative sequence
currents that exceed the threshold of the genef22ofimit and issues a Generator Trip.

h) Out-of-step protection. A loss of synchronism casuw as a result of sudden large load
changes, network faults or dynamic instability slas excitation or synchronising errors.
Out-of-step operation can result in oscillatingjtees, winding stresses and high rotor iron
currents that could damage the generator. The festiep protection function is based on
the impedance measurement and evaluation of thar@ppimpedance trajectory and
location of the electric centre of oscillations.eTprotection function issues a Breaker
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Trip, usually during the first slip cycle if theeektric centre of oscillations is located in the
generator or step-up transformer, or after a prasetber of cycles if the electric centre of
oscillations is located somewhere in the netwak ffom generator place. The out-of-step
protection function is integrated into the line mélinctional relays (F87L.1, F87L.2)
dedicated to back-up network faults and settingstnine coordinated to other similar
protection functions in the grid.

Abnormal frequency protection. For a generator ected to the power system, abnormal
frequency operation is a result of a severe distwcb. The generators must operate in a
frequency range of 47.5 Hz to 51.5 Hz, independérihe prime mover energy source.
The generator is able to tolerate underfrequenayerfrequency operation for relatively
long periods, but the turbine can be sensitiveuohsoperation regimes and issuing a
General Trip is desired. A decrease or an increéasg/stem frequency can occur as
system large disturbance, tripping of significasads, a malfunction of the regulator or
even a failure of the centralised automatic ger@ratontrol (AGC) system.

External faults back-up protection. The system bazlprotection functions are used to
protect the generator from supplying short cirauitrents onto a fault in the network
because of a primary protection failure or a lineaer failure. Such disturbances issue a
Breaker Trip. The line multi-function protectionlag includes the line differential
protection, the distance protection, some phassadh and the breaker failure protection
with remote direct inter-trip. All the settings tiiese protection functions should be
coordinated to the other protection functions i dinid.

Reverse power protection. Typically, there aredhrenditions that lead the generator to
run as a motor. The first motoring regime can oeelen turbine output is reduced, while
the generator is still on-line. The second onearar if field excitation is lost, along with
turbine output and the generator runs as an ingluctiotor driving the turbine. The third
condition of motoring can occur if the generatoreisergised when still at low speed.
Motoring following loss of turbine output can betelgted by the reverse power protection
function and a time delayed General Trip is issued.

Other technological protections. These protectioncfions include, if applicable, the
stator overtemperature protection function, thes los coolant gas/water or the reduced
seal oil pressure protection functions and are bej the scope of this paper.

Main transformer protection. The generator stegrapsformer protection functions are
typically included into two separate multi-functarrelays, the transformer differential
relay (F87-T) and the unit differential relay (FBJ- Typically, they include the
technological protections (e.g. Buchholtz, valve empressure, oil/winding/core
overtemperature, etc), the transformer differenpabtection and, if applicable, the
restricted earth fault protection function. In adufi, phase or earth overcurrent protection
functions are also included. The unit relay prosideback-up protection for the step-up
transformer, generator and auxiliary transformed a@rcludes, as main the differential
protection function. The main transformer protettionctions issue a General Trip along
with the line breaker failure protection start.

Auxiliary transformer protection. The auxiliary msformer protection functions are
typically included into a single multi-functionadlay (UAT) and include the technological
protections (e.g. Buchholtz, oil/winding/core owsrniperature, etc) and the transformer
differential protection. In addition, phase or dasvercurrent protection functions are also
included. The auxiliary transformer protection ftions issue a General Trip along with
the line breaker failure protection start.
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Figure 1. Protection organisation of a large size generator

At the interface of the large size synchronous gpgoe units to the grid, the network
protective system ensures both the line protedtiostions [2] and the back-up protection functions.
Typically, the protection organisation (figure 2ciudes two multi-function relays located into two
separate cubicles. These relays include the lifferdntial, the distance protection and phase and
earth overcurrent protection functions [4].
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Figure 2. Protection organisation in the network s/s

The main protection function is the line differ@hrotection included in both relays (F87L.1,
F87L.2) that communicate to the remote line endyelvia two separate fibre optic links. The
distance protection function provides back-up fur tine and time delayed back-up for the step-up
transformer and generator unit itself. Taking adsge of the fibre optic connection, scheme
communication for distance protection is used,his tase a permissive overreach transfer trip is
chosen. Additional, phase overcurrent protectiomcfions and earth fault protection functions are
provided.

To control the bay, a redundant control sub-sysiemsed, based of two bay control units
(BCUs) that include SCADA functions, synchro-chdakctions and inter blocking functions. The
two devices (A101, A102) are connected to sepadieores and to separate mcbs to the same VT
core, to receive the same data and each contmlsittuit breaker. In case of one BCU failure the
other one takes the control of the bay, without lasg of data.
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2.1 Single-pole high-speed reclosing philosophy

High-speed aureclosing (AR) contributes to the mepment of the dynamic stability of the
power system as for the single-pole AR the generntinues to supply the network through the two
healthy phases. The single-pole dead time may e ke bit longer than the arc de-ionizing time
and normally it is set at 1 sec. As the synchronsmpreserved during the dead time there is no need
of synchro-check devices or functions, thus sirgplg the overall protection scheme.

2.2 Power swing blocking and pole-slip tripping

Power system faces short circuits, unbalancesditesuload changes. Under such conditions
it is possible to develop power flow swings. Powwings cause oscillations of the relative positdn
the generator rotor against the system and arechang&al stress for the generator. Power swings
make the voltage envelope to reduce and the matgitd the currents to increase. The distance
protection function, basically an under impedangecfion could trip unwanted in case of stable
power swings. To prevent this, the power swing kilog scheme is used, to block all or only some of
the distance protection zones. If the power swindamping then the blocking condition resets and
normal operation is established. However, if thevgoswing is unstable, the apparent impedance
entering the second quadrant of the impedance deaistic, then a tripping signal is released. To
back-up pole slip protection of the generator uhig, relays include the pole slip protection fumicti
In case of a stable oscillation the apparent impeeldfigure 3, trace 1) could enter the protection
zones of the distance protection, mainly zone arteproduce an unwanted trip. In case of an unstable
oscillation (figure 3, trace 2) it is desired tockaup trip of the same function of the generator
protection based on the locus of the electric eeofr oscillation (ECO). If the ECO lies on the
connection line then a fast trip should be issu@d.the contrary, if the ECO lies in the step-up
transformer, or generator, then it is recommendeddit for more than one slip and trip in case the
counter of oscillations indicates it.

400 kv OHL

GSUTr
(o
R Zs

Zy

Trace 2

ECO

””” Trace 1

Figure 3. Power swing detection and pole slip trip

One method to sense power swings is based on tih@frahange of the apparent impedance
measured by the protection function [4], [5]. Tdtireate the rate of change of the apparent
impedance, many relays use two concentric charstitsr and measure the time delay between
entering the outer and entering the inner chanatiterlf the time delay is greater than the se¢,on
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power swing is declared and distance zones ar&kédbdf the time delay is shorter, then a fault is
declared and normal operation of the distance ptioteis allowed.

In case of an unstable swing then a tripping sighaéleased. There are two possibilities to
trip, on the way in or on the way out of the trapeg of the apparent measured impedance. The
second is preferred as it does not stress too migctircuit breaker.

2.3 Breaker Failure Protection

The protection organisation already presented gesviredundancy for the protection
functions. The circuit breaker (CB) as it is onlyep does not provide redundancy for a CB failure to
trip. To overcome the CB failure an additional priion function is used the breaker failure
protection (BFP). This protection function is intexd to detect CB failure to trip and to initiate th
trip of all adjacent CBs that supply the fault. Bpi®vides faster fault removal thus improving oVlera
power system stability, reduce equipment stressrapdove power quality.

Detection of CB failure is based on two simultareawonditions: a trip signal from a
protection function and current flowing through tireaker for more than the time delay setting.

In the network s/s, the BFP function is normallytpd the bus bar differential protection. For
the power plant the BFP of the line breaker (5Z_aifunction included in the line protection units
(F87.1, F87.2). For the generator breaker (52@) BRP is included in a separate device (CBF) that
gathers all trip signals that should start the BRB monitors the current flow through the CB, as it
connected to a protection the secondary core of @J3re 1).

3. POWER SYSTEM PROTECTION SCHEMES FOR RENEWABLE ENERGY
SOURCES

3.1 Protection arrangement

The sub-transmission network protective systemunfe$ protection functions against line
faults and back-up protection functions againstezinetwork faults or internal generation plantt&au
The network protection system arrangement is soratdépending on the primary connection link of
the generation station. The below consideratioasnaainly related to the single tie line connection
architecture as presented in figure 4.

Grid-A 110 kV Grid-B
| — —
[F—T= =1— ]
|
)

) Tr 110 kV/IMV

Figure 4. Single 110 kV tie line connections

In case of the single tie line connection of thaagation unit at 110 kV, the line protection
system is in some way typical, as shown in figufersa synchronous biomass generator and consists
of two multi-functional relays, noted F87L-A, F214ar the left side of the drawing, respectively
F87L-B, F21-B for the right side. The first multifiction relay (F87L) is assigned to the main
protection and is primarily based on the currem liifferential protection function for three lirads.

The data exchange between the line ends multiiiumaitrelays (F87-A, F87-B and F87L-G) is based
on optical fibre communication links. The distarpretection function is either included in the same
multi-functional relay or in a separate device.sTprotection function offers back-up protection for
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both network faults and generation units faultsw®oswing detection is used to block distance
protection zone one, in case of stable power swings

z, 52A - 110kV 52B z,
r@#—z — S I o
S
VTL :
4@7
|
52L D oF
|
D Fol-lje |
|
CT1 v [
|
O F87L-GF - — ——!
i TR 63 MVA
110/6.3 kV
cT2
VTS
—
[ F87U]
| F87T|
52G D
P
CT3 P
- (——Fs1A
CT4
| F87A
i \
GT
60 MVA
CcT5

Figure 5. Single line diagreﬁand protection system orgdiaisa

In case of unstable power swings a pole slip fancts used to trip all line circuit breakers. In
case of a pretty long overhead line it is commoruge the single-shot, single-pole AR function,
assuming proper circuit breakers and generatiois'wapabilities.

The second multi-function relay (F21) includes baek-up protection functions, the distance
protection function as the main protection functeomd also some phase overcurrent or directional
earth-fault protection functions. This arrangempregserves the generation unit connected to the
network, even if the communication channel forlthe differential protection function is broken.&h
distance protection function is also set as backeughe step-up transformer protection functions.
Some applications could include an additional rdultiction relay as back-up to cope with high-
resistive faults, mainly in case of the line diéfatial protection failure.
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3.2 Protection Coordination

The line differential protection function is basewl the well proven principle of summing all
currents that flow through the protected zone. Bya fault in-zone, the total sum of currents igadq
to the fault current, while during an external fabk total sum of currents is equal to zero. keorto
calculate the differential and restrain currentseath line end, the measured quantities must be
transmitted, in a suitable form over the commumicatink from each line end to the other two line
ends. This is achieved by transmitting the measugedntities as digital telegrams. The
communication topology can be a star one or a oimg. The differential currents are calculated for
each phase apart, thus making possible to operagie pole AR, if the line circuit breakers are @bl
to operate single pole. This can be an advantaggeierator operation, if supported. On the other
hand, attention should be paid to coordinationassegarding the pole discrepancy protection, earth
fault protection and to the unbalance protectiothase could operate during single pole dead time.
To set the differential protection one has to keepnind certain conditions that can influence its
operation such as unequal line current transformaéip, current transformer saturation or line
charging currents.

4. TESTING THE PROTECTION SYSTEMS IN THE NETWORK SU BSTATION

It is a common rule to start the field tests whik preliminary checks based on visual check of
the protection and control cubicles, visual chetlalb racks, mechanical fixing of the cases, relay
protection degree check, visual check of externalngy and proper marking according to the
applicable drawings, visual check of cubicle ardy® grounding and check of DC supply voltage.

Next, hardware checks have to confirm the propaneotions of all binary inputs and outputs
to the protection and control scheme. Activatiod deactivation of all binary inputs and outputs is
done for this purpose. Checking of the proper adarevents and messages sent to the substation
SCADA system as well as to EMS SCADA system atNleévork Control Centre (NCC) should be
done during this stage.

For analogue inputs check, the injection of alkagés and currents rated values is mandatory.
During this test it is possible to confirm the peoplisplayed values on the work stations of therobn
systems, on the EMS SCADA associated work statioksalso to check for the secondary burden of
the CTs and VTs as well as their proper connectielaged to the current direction flow.

Next step is checking of the correct operationhef different protection functions, trip relays,
alarm relays, LEDs, event and disturbance recosdiafarms and messages to local/remote control
centre. Basically, the tests have to confirm thappr operating of the different protection function
included in the multi-function protection relayscarding to the settings and configuration logior F
doing these tests single phase-to-ground and piteesse faults as well as forward and reverse are to
be simulated for each protection function and rultiction relay. To test the line differential
protection two (or more) testing devices with GRfet synchronization may be needed. Thus, from
one line end is possible to start both the local @mote testing devices based on the accurate time
synchronization and to simulate in-zone faults antdr-zone faults as well.

To check the teleprotection scheme two testingogewivith GPS time synchronisation are needed.
Thus it is possible to operate the two multi-fumctielays close to the real conditions by simutpfaults
close to each line end and recording the fasbfripth distance protection functions.

Numerical testing devices offer the facility of iorfing disturbance recordings previously
saved in a Comtrade file. After importing the fites possible to play back the event by generating
voltages and currents corresponding to those reddodfore. Starting from this facility the basiead
for simulation of a power swing or an out-of-stemdition is to generate a Comtrade file containing
the values of current and voltages closed to takames.

Functionality checks of circuit breaker trip andlose, if applicable, all switching equipment
close/open commands, teleprotection scheme andoickeng are to be done according to a detailed
procedure taking into account the substation lagodtthe protection and control system philosophy.

The final confirmation of proper behaviour of theogection system according to the actual
load flow is done by the on-load tests on energiegdipment. Checking of the correct on-line
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direction of currents and voltages for all protextiand control devices is the nearest test to real
conditions. During this test reading out the valakEsurrents, voltages, active and reactive power f
both control and protection relays is the commouw teaconfirm the proper connection of the relays.
In addition triggering of disturbance recordingsd aanalysing them offers valuable information of
relay behaviour under load conditions.

5. CONCLUSIONS

Coordination of the large or medium size genergtotection schemes and settings face the
protection engineer to challenges regarding primedtunctions selection and proper setting of them.

The use of the line differential protection functimgether with a back-up distance protection
function is a suitable solution for almost all ttgapical arrangements, including the single tie line
arrangement. However, some provision has to bentak® account in case of the differential
protection failure.

Testing of the overall functionality of the protiect scheme has to be done in order to proof
the correct operation of the protection system.id&eschecking of the proper alarms, events and
messages sent to the substation SCADA system dsaweio the NCC EMS SCADA system
contribute to the overall dependability and seayreration of the power system.

Some aspects of all these challenges were addrégsdide paper indicating the possible
solutions to achieve a robust and secure protesttheme.
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SUMMERY

Creating protection settings needed for the panama¢ibn of an AT 400 MVA transformer
longitudinal differential protection, requires tkiowledge of the limits of the protection seledtjvi

Modelling the defects using finite difference meathmay determine these limits of such
protection. At the same time, by analysing a reahé in EPTN, interpreting the activation of such
protection at failure in the EPTN 400 kV in Romartze completion of the operational logic of relay
is proposed, so that to eliminate any possibleréuguror in activation.

KEYWORDS
Autotransformer, Longitudinal Differential Protemti (LDP), Operating Conditions, Electric
Power Transmission Network (EPTN), over-fluxing teiion, switch on to fault (SOTF)

1. INTRODUCTION

Nowadays, by TSO standards, according TEL regulati@ 400 MVA auto-transformer is
protected with redundant protection systems, bothriternal defects and for defects occurring ia th
transmission network. The autotransformer or asfamer longitudinal differential protection acts o
the occurrence of short circuits in the protectoea that is in the inner connection area delimed
the current metering transformers. The protectioouil be at the same time sensitive to ,weak”
defects in autotransformers which are short cisclétween turns in the winding of the same phase or
grounding in the network with such high currentsl @afe in the meaning of not acting even in the
presence of the highest fault external currents.

Currently, for the autotransformers (400 MVA AT) BPTN are used protection systems
against internal malfunctions, longitudinal diffeti@l protection considered to be critical while fo
external malfunctions are used remote protectiamssidered to be back-up protections. Modern
numerical terminals have included both protectiamctions which, despite all technological
achievements meant to render such faster, safectise, with malfunction elimination times of 40
ms, non-selective triggers are still possible ared@nt in network operation.

2. GENERAL CONSIDERATION

Estimation of failure currents is made by directcakation, using the reactance so as to
schedule the network shown in Figure 1, yielded filowing values that will power differential
protection of the AT short-circuit single phaseptphase, two-phase with earth and phase, taking
place in different areas of EPTN:

Bvalentin.vilcu@transelectrica.ro
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Table 1

Failure Measured value of TDP at 400 kMMeasured value of TDP at 220Failure area
side [KA] kV side [KA]
at bus-bar idem to born to AT 400 kV: 12,%% 10,2Y: 10,64
400 kV B
A-N 3,38Y =0,939 + 0,93 + 1,537 5419 =153+ 153 + internal
2,349 defects
A-B 2,99 =168+ 1,68 4,89 =27 +2 7P internal
defects
A-B-N 3379 =20+ 1,28 +1,3” | 5499 =343 +217 + internal
20 defects
A-B-C 3,358% 5,54% internal
defects
at bus-bar idem to born to AT 220 kV: 21,72 20,42": 18,81%
220 kV B
A-N 2,93 =0,999 +0,99" +0,98” 549 =1,649 + 1,64" + internal
2,129 defects
A-B 2,749 =1,58Y + 1,58 4,539 =263 + 26 internal
defects
A-B-N 3,06°” =207+ 1,11 +0,89” | 531°Y =339 + 1,84 + internal
0,89% defects
A-B-C 3,17 5,23% internal
defects
at bus-bar 15,18%; 14,08Y: 13,68%:
400 kV A
A-N 1,539 =0,49Y + 0,49 + 0,55 2,467 =0,819 + 0,81 + external
0,849 defects
A-B 1,439 =0,83" + 0,83 2,37 =1,37 + 1,37 external
defects
A-B-N 1,69 =1,089+ 0,61 +0,49” | 2,62°9 =1,737 + 1,00 + external
0,759 defects
A-B-C 1,658% 2,73 external
defects
at bus-bar 6,61%: 6,3V: 5,729
220 kV C
A-N 0,489 =0,29+0,2" +0,09” 0,887 =0,33" + 0,33 +| external
0,29 defects
A-B 0,549 =0,319 + 0,31 0,89 = 0,519 + 0,57" external
defects
A-B-N 0,579 =0,49+ 0,22 +0,08” [0,95°Y =0,67 +0,36" + external
0,19% defects
A-B-C 0,62% 1,029 external
defects

3. BRIEF PRINCIPLES of CREATING LDP SETTINGS RELATED t o AT 400 MVA
The longitudinal differential protection is considd fully selective, responsible with
eliminating malfunctions in the protected area,tti® in the area physically delimitated by
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measurement, current transformers and current-adodelements and also very quick because it
does not require the correlation (query) to othretgtion systems, initiating instantaneous trigger
all the AT switches.

The differential protection works against multi-ghashort-circuits in the protection area (area
ranging between current transformers), againststauits between the windings of a phase, as well
as against ground connection on the side of tmsfibamer connected to a network of large grounding
currents. The real protection against malfunctios&le the transformer case is the gas protedtien,
differential protection being an additional protentbacking up the gas protection. The differential
relay (current relay) is connected in parallel be tdifferential circuit. Because the differential
protection is fully selective, it need not be conaded with any other protection and so the trigger
very quick. Under normal operation and especiailgxernal short-circuits, through the differential
relay passes an unbalanced current due to sevausks: current transformers are not identical,
inequality of secondary currents, adjusting theage under load, etc. In order for the protectioh n
to trigger due to the unbalanced current, which ldicae a wrong trigger, the protection deploy
current is set to a higher value than the maximabmalanced current (resulting in short-circuits)t bu
lower than the rated current of the transformemrher to reduce the unbalanced current through the
differential relay, with classical protection schesrmwere used rapid saturation transformers which
were connected to the differential circuit. Thereat relay is connected to their secondary. Assalte
of reducing the unbalanced current, the protedieploy current could be set to a lower value which
provided better conditions for the sensitivity bé tprotection. Theory of operation of the longinadi
differential protection at the AT, the limitatiorts the fully selective or very quick operation are
imposed by the operation with magnetizing shockemnis, transient or passing currents, in which case
such is rendered insensitive, braked or blockgaréwent faulty operation lacking a real malfunction
but the fault showing similar symptoms.

Modern numerical differential protections featurelaa transfer facility through fiber optic
and use open communication standards for the egehan information between the protection
terminals and the data transmission system.

All differential protections have as underlyingrriple the comparison of the values measured
as amplitude and phase of instantaneous valuesjrbgt comparison or phasorial comparison, in
other words is applied Kirchhoff's 1st Law wherahg vector sum of the current going in or out from
a knot is zero.

Another limitation for the sensitivity of the pratéon taken in consideration in the practice of
protection adjustment is the existence of a faiferdntial current due to the CT transforming esto
In the linear part of CT's magnetizing current feat this error is proportional to the secondary
current but in the case of a malfunction with tla¢ugation of the magnetic circuit of the CTs, it
determines a rapid increase of the false diffea¢otirrent.

The current differential protection achieved witlmrerical technology compares the currents
from the local protection terminal to the currergseived through the communication channels at the
protection terminal situated at the opposing endrder to determine to location of the malfunction,
inside or outside of the protected area.

The function can be implemented having as bassdfeegation on phases or a combination of
direct sequence currents, reverse sequence cuapdtgzero currents. In the first case, the system
compares currents phase by phase while in the demse is compared a mono-phase signal obtained
locally and from the opposing end proportionah® direct sequence, reverse sequence and zerntsurre

The operation of the relay is determined by théfedence” of the currents passing through the
CTs from each side of the AT. Measuring the diffitisd current is stabilized with an adjustable acal
current both for the exterior malfunction curreatsl for the minimum operating currents. Numerical
relays detect the saturation index of the CTs depto decrease the over-current number imposed for
the CT windings. Another advantage of the numeriddferential relays with fiber optics
communication is the possibility to adjust / adaphsformation ratios of the CT. Primary, input and
output current are not in phase, between them b#ieg phase difference determined by the
connections group of the AT, they are not equal,dvaportional to the primary transforming ratio,
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they are not equal even in terms of reported valinesphasorial difference of such being equahéo t
magnetizing current of the AT; with regard to &kk$e aspects, the numerical relays execute saution
by compensating the inequality of the currents, pensating the currents difference of phase,
blocking the magnetizing shock, compensating cairre@easurement errors from the sections with
different voltage, ensuring the stability of thdfeliential protection to malfunctions exterior toet
area towards the weak source; the differentialgutadn is rendered insensitive, braked or bloclked s
as not to operate faulty at the transient magmegizurrent of the magnetic circuit, the solutioeds
for the classic protections being to time to 100thestrigger protection, with the obvious drawback
that correct triggers were also delayed. Procegkimdrigger algorithm is done in a very short tiaie
about 5 ms as of the initiation of the short-citctime in which the CTs are not yet saturated, smd
is avoided the faulty trigger of the protection dtian.

4. ANALYSIS OF A LDP IN CASE OF AN EVENT IN EPTN

When a single-phase defect occurs on 400 kV A-Blwad power lines, the electric stations
protection systems in figure 1 have acted thus:

In the 400 kV A station: the distance triggered ttefect phase C, initiates the reclosing
command pulse for the circuit breaker, followinghe unsuccessfuly autoreclose; in the same mode
action system protection in the 400 kV B station;

To the energizes line A from station 400 kV B, sitaneously triggering to SOTF protection
line is definitive trip to AT 400 MVA, 400/231 kVta.DP;

Station Station Station Station
A 400 kv B 400 kV B 220 kV C 220 kv
AT 400 MVA
‘ unsuccessfull unsuccessfull Definite trip BStart-up distance Start-up distance

AR AR Definite trip protection protection

Fig. 1- EPTN schemes

4.1 VERIFICATION OF THE CORECTNESS OF LDP ACTION RE LATED to AT 400
MVA

For the AT 400 MVA in figure 1, the differential gtection was used according to the default
settings, respectively of compensating the lagging to the connection groupy$, when balancing
the currents of the following algorithm [1]:

)2 1,
Iy |=2]-1 2 -1f1_
_bB 3 2
I -1 -1 21,

The relay showed on the oscillograph the followingtant values of currents which initiate
the trigger

at the 400 kV side

lL1=241 A_-90,1°= (- 0,38 —j 241) A

lo=525 A_-158,8 = (- 489 —j 190) A

lL3=1161 AL -134,4=(-1170-j1110) A

and the 220 kV side

l.,=387 AL_96,2°=(-41,8+j385) A
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lL,= 820 AL 21,2°= (760 +j 300) A
lLs= 2910 AL 27°= (2590 + j 1320) A

The sign (-) is because the CT ,star” is made towdhe AT (towards the protected element),
and with these read values, the terminal (LDP) ggeed the following values:
at side 400 kv

L) (2 -1 -1 I,

la|==]-1 2 -1]1_

) 3 b

Il -1 -1 21,
1

Ia= 5 (2|_Ll -1, _I_LB) =-40133A

= :_J; (_ Ta+2l,- I_LS) =-11733A

lg

I_A = % (_ I—Ll - I—L2 + 2|_|_3) =51866A
- identical at side 220 kV:

2 -1 -1\1,

-1 2 -1)1,
-1 -1 21

Wl

(@]

L3

(2|_L1 - I_L2 - |_|_3) =-98533A

Wik Wik Wik

|—
>

(_ Tat2l,- I_La) =-55233A

| —
@

(_ I_Ll - I_|_2 + 2|_|_3) = 1537,66A

|—
>

With these values the protection calculates theatjpegy current and braking current:
Ioperate phase A 584 A, bperate phase B 435 A, Ioperate phase & - 1019 A;
| bias phase A- 1386,66 A, dias phase B- 669,66 A; bias phase C— 2056,32 A

In the tripping characteristic of the differentmbtection will have:
I biFF phase Al loperate= 584/ 578 A = 1,01 p.u.
I DiFF phase & loperate= 435/ 578 A = 0,75 p.u.
| DIFF phase d loperae= 1019/ 578 A = 1,76 p.u.
I restrain phaseNoperatez 1386,66 /578 A = 2.39 p.u.
I restrain phase Bloperate= 669,66 / 578 A = 1.15 p.u.
I restrain phaseCloperate= 2056,32 / 578 A = 3.55 p.u.
Settings of characteristic of phase differentiaitection is:
— pick-up value of differential current: I-DIFF=0.2;
- base point for slope 1 of characteristic: BP1=0.2
- Slope 1=0.2;
— base point for slope 2 of characteristic: BP2= 2
- slope2=0.5
With these values in the characteristic of theedédhtial protection to obtain into a locus in the
tripping area.
Idiff A=0.258 Irst_ A=2.25
Idiff B=0.295 Irst B=1.18
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ldiff C=0.571 Irst_C=3.23

A
I gifr
N operate Fault current characteristic for ch Falf[lt isti
single-side feed ‘ aractenstic
‘ —————————————————— -'”— ——————————— H
v E

Tripping |

area Slope 2: 0,5 !

Blocking !
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Slope 1: 0,2 E

-DIFF: 0,2 i Add -on stabilizatio :
A -8 ........ ,: ............................ : e/
,’/ L . : Ioperate

@—& *—
BP1: 0,2 BP2: 2 !

Fig. 2— Tripping characteristic of differential proteatio

The calculation algorithm used by terminals is thhich was presented here, the sensitivity of
such to the deploy threshold of 0.2 In/loperatgglementation recommended by the producer, can be
totally non-selective in the case of weak brakingents as shown in this paper. The yellow star on
the line of the work axis for phase B determined thgger of the protection. The events are
absolutely real, the malfunction being an exteoms at the 400 MVA AT, at app. 40 km on a 400 kV
OHL adjacent to the 400 kV bars where the AT isnemted. The non-selective trigger, the way in
which it occurred, determine the analyzing of thpeatections and the determination of those limits
of selectiveness.

4.2. MODELING FAILURE USING THE FINITE ELEMENT METH OD
Modelling with FEMM program is really helpful becgai it is designed for solving low
frequency electromagnetic fields on plane and amsegtric two-dimensional plane.
Modelling an AT winding, assuming having 36 miD00 copper winding , necessary to estimate
from quantity viewpoint the magnetic energy flowte coil developed.
E

Bl File Edit View Problem Grid Operation Properties Mesh An ndow  Help

= R P s =2 O K e It o e ?EIE; x| e

g

. |femm x

'0' Crested mesh with 4419 nodes

36 AV
[Coil:1

[ee [ [e |2 ]=]= @Ml sl

Fig. 3— creating AT coil from FEMM
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Fig. 5— Magnetic field strength shown by FEMM

As per transformer design practice and the Faclest, it is known that the peak rated value
of the flux density of a 400 MVA autotransformerkispt about 1.7 to 1.8 Tesla, while the saturation
flux density of CRGD steel sheet of core of transfer is of the order of 1.9 to 2 Tesla which
corresponds to about 1.1 times the rated valududing operation, an AT is subject to carry, rather
swallow, more than the above mentioned flux dengéy its design limitation, the AT have to face
over fluxing problem and consequently bad effeotgards its operation and life. Depending on the
designed flux density, the core saturation andttiemal time constants of the component parts
submitted to heating, the autotransformer beargrtaia over-excitation or over-fluxing capacity,
which for a short period is considered admissilet it must not exceed 110%. Magnetic flux
estimation of core / windings with FEMM program \24or different fault currents, such as those
obtained in Table 1 traversing the AT windings, niegysufficient to activate a new, more selective
protection functions. These flux values are paranmegd in relay because in case of an internat faul
the AT, the flux will be much higher, the failureibg supplied from two systems existing in parallel
the one of 400 kV EPTN, and 220 kV EPTN, respebttivevhile at external faults this will be
powered either by 400 kV EPTN or 220 kV EPTN, nevem both systems.
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5. CONCLUSION

These false tripping revealed by different modelagsumptions calculating short-circuit
currents, indicating possible erroneous LDP of arTAansformer. After making feature work from
Figure 2 this acting has been highlighted in theecaf a low current external failure at which the
specific metering errors determines erroneous@adf the protection device.

The paper analyzed the non-selective operatiom &fRD related to an AT, an external defect.
Although the release was incorrect, failure beingadine adjacent to the AT connection station, the
protection worked "correctly” according to its adktion algorithm, highlighted in the analysis.

The actions of these protection functions (LPD) rbaycorrected/ correlated with the power
overflux function (volt per hertz), also integratedhe numerical protection terminals. Valuestafg
obtained protection calculated operating currert hias current, which will compare with defaults
shown in figure 5.

Thus, an additional criterion in safety action wié entered, because as seen in shaping
FEMM flow, the magnetic flow of AT coils will be tierent at internal defects and respectively, at
external faults to the differential area.
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SUMMARY

The Live Workinging Technologies have an importemitribution to reduce/limit the impact
which electric networks bring to the environmentcogystem, neighbourhood, electricity
consumption). From this point of view and to enstine legitimacy of worker safety, Live
Workinging Technologies are very proper to be aplio all voltage levels, from overhead lines to
electric substations. An objective for SC “SmarR 18 to increase the use of these new technologies
which have a positive impact on environment andvorker safety. In this context, having already a
Live Workinging team at Sibiu Subsidiary, we ch#&sdrain and form a large number of personnel
able to perform Live Workinging. This will be madesing the experience which our experts
accumulated in the last 20 years. Other priority Sdiu Subsidiary is to introduce the most recent
Live Workinging technologies.

KEYWORDS
- environment survey; environment management sydtéra Working

1. ELEMENTS OF ENVIRONMENTAL STRATEGY

In the last 20 years the business climate in Romastorded substantial changes - on one
hand due to the efforts dedicated to integratioth@@EU, and - on the other hand due to competition
from foreign companies interested to sell their opmoducts and to develop local production
capacities.

Simultaneously, the transposition of the acquis memautaire has generated for Romanian
businesses a significant impact on the conformégds, imposed together with the development of
guantitative and qualitative dimensions of legajuieements.

So there were issued laws, government decisionsstarial orders, all aiming environmental
protection, beginning with quality of water and aimd ending with waste management, the most
important legal documents issued being OUG 195/2108nvironmental protection, completed with
OUG 164/2008 and HG 1076/2004 establishing theqmiore of environmental assessment for plans
and programs, Order no. 1026/2009 - approving ¢mmdi for the development of the environmental
report, environmental impact report, site repoafety report, the appropriate evaluation study, and
Order no. 184/1997 - approving the procedure fbreagng environmental audit.

At the same time, our country has acceded to a eurob international conventions on
environmental protection, most of them having aesianplications in the Romanian energy sector.
Since autumn 1997 the family standards EN ISO 14@ffeared, with express reference to
environmental management systems and environmaundistis.

Ymarius.oltean@smartsh.ro
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In the view of many analysts, the key step wheemrironmental management system is built
of and subsequently the own development capaciynety environmental performance, is the
determining and identifying the risks and opportiesi related to environmental issues and associated
environmental impacts. It is necessary to contishoudentify environmental issues / dangerous
activities and products, to evaluate (classify)iemmental impacts and to identify those who can
kept under control, to implement the necessaryrotimg actions.

According to SR EN ISO 14001, section 3.2.1, thdomoof environmentfinds a complex
meaning, namely:

"The environment is composed of the environment hichwthe organization operates,
including air, water, soil, natural resources, figrfauna, human beings and relations between them,
meaning that the environment extends from the argéion up to the global systém

Principles and objectives of the National StratégyEnvironmental Protection, which relate
directly to the subject of the essay consists of:

-caution in decision making;

-preventing environmental risks and damage occuegen

-biodiversity and natural ecosystems preservaspacific to biogeographic framework;

-principle "polluter pays";

-elimination with priority of the pollutants thahéanger directly and severely human’s health;

-creation of the national system for integratediemmental monitoring;

-sustainable use;

-maintaining and enhancing the environment qualitg reconstruction of damaged areas;

-development of international collaboration to e@esenvironmental quality.

In the Policy Statement of the Company’s Managememiitled ‘Goals and Commitment in
Quality, Environmental, Health and Safety at Wask 2016”, two of the strategic objectives are:
"Limiting the negative effects on the environmenthefactivities in the subsidiaries by acting over
significant environmental aspettand 'Meeting the expectations of employees on the plegi
regarding prevention of occupational accidents asctupational diseases, to eliminate the risk
factors of labor accidents and occupational disesaesesting in the work process”

Overhead lines and power substations, through tlast location in the environment, are in
constant interrelation. Conversion processes ofrggfe forms are accompanied by secondary
phenomena, non-energy, including the impact of higltage installations on the environment, but
also the environment’s influences over them playsnaportant role. It is already recognized that the
increasingly use of electricity, together with #dded comfort brings negative aspects, known under
the general term of environmental impact.

As main environmental impacts of the overhead liras be listed:

-impact on living organisms caused by electricd&elmagnetic fields, acoustic noise, toxic
substances;

-impact on the affected land;

-impact on the industrial objectives, constructiarads, bridges, pipelines etc;

-impact on receptions of radio and television;

-impact due to electromagnetic incompatibility;

-visually, psychologically impact etc.

Regarding Live Working activity, the main directiém achieve the objective of reducing the
environmental impact is to improve the traininghedintenance personnel and awareness of the same
personnel about the environmental protection anthis context, widespread promotion of the ability
of Live Workinging.
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2. GENERAL CONSIDERATIONS REGARDING LIVE WORKING TE CHNOLOGY
ANALYSIS

Live Working method is applied of about 100 yeansl &as permanently developed for the
purposes of enriching it with new technology andipment, as to meet more requirements related to:

-works on compact overhead lines;

-increase the workers safety;

-simplification of work, equipment and staff traigi

-environmental protection and accomplish continoitgupply of electricity consumers;

-the possibility of generalisation of these teclogas in all countries.

All three Live Working methodsrtibber glové, "hot stick and 'bare hand bring important
improvement in the quality of overhead lines maiatgce, proving many advantages and with direct
influence on limiting the effects over the envircemmh due to various interventions typswjtching
voltag€ method.

2.1 Live Working Technology - positive impact on tke psychic and on the safety of the
working staff.

Live Working Technology eliminates the restrictiansmovement and stimulates the quality
of maintenance operations. At the same time, #ifinology provides the safety of personnel and
equipment through the use of increasingly complakl@andy equipments, leads to increasing interest
towards work, to improvement of the workers anddisappearance of the routine, which is less
productive.

Ergonomic sciences requirements are also fulfilkbe, security rules being provided in all
phases and operations:

-choosing, arranging, maintenance and installinggefipment and working tools;

-site organization at various stages of the sarerecor activities for preventive or corrective
maintenance;

-progress phases's succession of various operatioirgy one intervention.

Studies accomplished in order to eliminate poousscled to the removal of some elements
causing fatalities as:

-human errors, the risk increasing with the comipyerf the installation (example: power
sources remained non-switched);

-wrong interventions in neighboring installatiosusing internal overvoltage);

-failure of equipment or appliances of the workanguit;

-induction phenomena (possible to double circugrbead compact lines);

-shortened of the execution time by speeding upnieeventions.

2.2 Live Working Technology - positive impact on emnomic and social conditions

From a technological standpoint, Live Working hame undeniable advantages, namely:

-Live Working operations are planned and organineadvance, provided weather conditions;

-Live Working can be performed during the normarkvechedule;

-Live Working eliminates the set of maneuvers whadfect the network, in order to bring the
installation to the stataitiplugged, maneuvers possibly causing errors and wearwpeaeent; to perform
Live Working is sufficient to make only amendmerttpctions (example: cancellation of AR);

-Live Working enables execution of operations, veéworks by interrupting the voltage could
not be performed because of time limitations;

-Live Working enable supply continuity of electticconsumers.

Ensuring continuity of electricity supply to conseirs has significant economic effects:

-reduce investments in reserve overhead linesrdoéping the power supply;

-reduce own consumption by ensuring optimal povireutation into the network;

-reduces / eliminates possible damage affectingtinsumers.

From the above, it appears that Live Working Tedbgies have significant benefits in terms
of environmental protection. So:
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-ensure greater protection of ecosystems and swiog living organisms in neighboring
areas of operation, due to reduced affected almainating execution of pathways often expensive,
removal of heavy equipment, eliminating the podisypof remaining, after the interventions, of wast
more or less toxic for the environment as wellles $peed and security of interventions which make
that fauna isn’t very affected;

-affected land is much lower than in the case t#rirentions typeswitch off because of both
rules and work discipline, much stricter, and ascestrictions around installations or below them,
and by eliminating building overhead reserve liaefops;

-increase protection of industrial objectives, dmgs, human settlements, forests etc., from
several points of view:

1. consumers are not harmed, being not interruptddpower supply. This involves reducing
the amount of scrap / waste at the consumers;

2. decreases the coefficient of ecological risk,aipwing multiple works performed in a
relatively short time, leading to increased equipmeeliability, which implies a higher lifetime
thereof;

3. crops are not affected, given the very limiteafkvspace;

-the protection of broadcasting radio and TV isriaved due to the need to equip the overhead
lines and power substations with electrical insalatelements, clamps and fittings, in order to
eliminate the possibilities of reverse creepageijgladischarge or electromagnetic field increases,
as to make possible Live Working;

-in case of water course crossings, applying irsgdasecurity measures, use of chains of
insulators and of modern clamps and fittings allmyviive Working leads, also, to an increased
environmental protection (waters and aquatic edesys) and to a substantial reduction of
environmental risk factor.

2.3 Specific Live Working rules with positive effets on the environment.

Given the legislative interpretation of the terenVironmerit it should be considered a series
of organizational and technical rules imposed byirenmental legislation, which provides the
general framework, and rules on technical, legistdaws of labor safety and health.

So:

-"rubber glové Live Working method, applicable to Low and Mediuroltage facilities, the
worker enters the forbidden zone, being equippetth wlectrical insulated boots and gloves and,
maneuvering tools with insulating handles, he eirtecontact with conductive parts on which he
intervenes;

-regarding the Hot stick Live Working method the worker remains outside tbrbidden zone
and carry out the work using tools mounted at the ef insulated rods; the method is applying to
Medium and High Voltage installations, where thafaguration and the geometry of the top part of
the towers (pillars and frames) permits it;

Fig. 1 Bare Hand Method
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-regarding the Live Working methoddre hand, the worker, isolated from the ground by
means of an insulator (ladder, chair or beam) isad@rogressively to the potential of the live part
on which he will intervene; until he reach the liuge the worker is at aflbating potential; workers
must wear an electroconductive suit (constitutingasaday cage) to protect himself from the effects
of the electric field, helmet, gloves and electroactive shoes, all parts of the protective claghin
being attached to each other and thus ensuringneitytof the currents drainage circuits;

-the electrical installation must be at normal ragnwithout unexpected switch off, otherwise
Live Working is prohibited,;

-the special exploitation regime, that requires dsdory provision of specific technical
requirements, it means that any AR is made imptessibd any re-energized is prohibited without the
approval of the responsible of the Live Working;

-weather conditions: Live Working is prohibiteddafents such as rainfall (rain, hail, snow,
frost), dense fog (with 80% humidity or who can gewously reduce visibility), atmospheric
discharges or strong wind (v = 9.5 m/s).

3. ACTIONS TO INCREASE SAFETY AND DECREASE ENVIRONM ENTAL RISK
FACTOR BY APPLYING LIVE WORKING TECHNOLOGY

Safety during Live Working, meaning minimizing ttiek of an accident and, implicit, of a fault, it
is an objective influenced by many factors of ptgkimechanical, weather or human, such as:

-factors that can affect the mechanical behavirarf@le: tensile strength) of the components
of the overhead lines or the Live Working equipment

-factors that can affect the electrical behaviothef insulating intervals;

-factors that can determine overvoltage with theximam value for which the overhead line
was designed; AR being excluded, overvoltage villie during the route up to the work area, but the
phenomenon should be avoided. In this case it dhoellspecified that the tools voltage withstand for
Live Working is usually chosen at 10% higher thhe insulation voltage withstand of the overhead
line at commutation overvoltage;

-factors that can cause arcing between worker afe pr in worker vicinity; seriousness of
accidents in these cases imposed, worldwide, imetasboratory research to exclude that occurence.

Fig. 2 and 3Working Live with manual devices

The problem of assessing whitstand voltage modifinaof the overhead lines at different
overvoltage due to the equipment used for Live Wayks quite delicate. Additionally, consider that
inside the structure of the insulator chains beainigject of Live Working exists the possibility afrse
insulation defects that lead to a reduced levehsidlation. That's why the problems have been stilidi
and are studied in laboratory, at natural scaleaBse it was found that the cancellation of AR is
insufficient, a number of solutions were adopteathsthe use of two surge arrester mounted as ofose
the place of intervention, one side of the workaam shorting an adequate number of insulators fro
the superior part of the chain of insulators andilen same phase at the pillars framing the pithar t
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which intervenes, or using two limiters type spbalrispark gap, which is fixed between the tower
crossarm and the wire’s phase on which interveates distance of several meters from the chain.

Limitation to an imposed value, however large ergughich didn't provoke unwanted
tripping in case of minor disturbances generatedobgrvoltage that may arise, creates also, in
addition to increasing safety in conducting the eLiWorking, the possibility of Live Working
approach on overhead compact lines.

Many activities performed in order to mitigate poilbn effects and to guarantee system
reliability, are based on live working methods. &ilme working have contributed to fundamental
solutions to solve the difficult problem of pollati on insulator. Using the live line working
techniques we can replace, wash and monitor thasitoss.

4. LIVE WORKING IMPACT ON WORKER

Around electrical lines or High Tension power sakisins, there is an electromagnetic field
whose action on living organisms must be known bg bperating or maintenance staff. It is
necessary to distinguish between certain unpleastiatts, like stinging or small electric spark
discharges and so-calledbid-physiologicdl effects whose existence is a matter of scientific
controversy and speculation. Development of Liverkifgg methods, imposing to stand in areas of
intense electric fields, led to onset of medicatde meaning analysis of overall health status of
persons working in such conditions. These investiga have not led to spectacular results, so could
not be revealed a clear effect of the electricdfidlowever, as a precaution, and to keep out the
technical staff from unpleasant sensations, thezeevintroduced the conductive suits, which may
screen the person who wears them, shielding it etaotrostatic effects.

The value of the induced current in living organssmear the overhead lines must not exceed
10 mA (STAS 2612), but the problem is far awaytfer workers wearing electroconductive outfits.

Fig.4. Electroconductive equipment

In 1990, International Radiation Protection Asstioia — IRPA, indicated in Provisional
directives on the limits of exposure to electricdanagnetic fields of 50/60 Hzthe limit values of
electric and magnetic fields that staff must nated. So:

-If staff is working throughout the entire workdaley must:

E <10 kVef/m,

B <0,5 mTef

-If staff is working on short term, they must:

E <30 kVef/m, and

the exposure duration will be:

t [nours/day work] =80 |
EkV/ m]
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B = 5 mTef,

the daily maximum exposure duration must not ex2hdurs.

Work periods in certain areas of electric influemeest be limited to a few hours, in order to
not enable the emergence of biological effects.

5. CONCLUSIONS

From the above, it appears that Live Working Tedbgies have an important contribution to
reducing / limiting the effects that electrical ta$ations produce on the environment (ecosystems,
neighborhoods, electricity consumers).

Until 2013 our Sibiu branch designed and appliece\Vorking technological instructions for
the electric installations of 110-750 kV, actualbeing certified by RLWA (Romania Live
Workinging Association).

From these points of view and ensuring approptegal framework of requirements regarding
work safety, Live Working Technologies are well tedi to be applied at all voltage levels, for
overhead lines and also for power substations.

Another objective of the Company "Smart" SA, exteacfrom 'Policy statement, objectives
and management commitment - in the field of Quakiyvironment, Health and Work Safety for
2010-2016 is "diversification with new activities and expansicihtioat ones provided in statutes,
with introduction of advanced technologies haviagotrable impact on the environment and on
personnel safety.In this context, within the organization, whicksplose of a Live Working team of
extremely high experience, the Company has purggedation and training of a larger number of
staff that can perform Live Working.

A priority is to apply more advanced technologieghe Live Working field and research on
new tools and devices for Live Working.
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SUMMARY

The growing dependence of critical infrastructuaesl industrial automation on interconnected
physical and cyber-based control systems has eskinita growing and previously unforeseen cyber
security threat to supervisory control and dataueition (SCADA). This paper provides an overview
of cyber security and risk assessment for SCADA BiBad, the main threat vector methods which
entities or individuals may intent to use and thanmssues that any supplier must meet to ensere th
security of Smart Grid.

KEYWORDS
SCADA,; Cyber security; Control systems; Smart Gbdta Diode; UTM; WAF; IPS; IDS.

1. INTRODUCTION

Today’s world is more interconnected than ever teeftncreased connectivity brings increased
risk of theft, fraud and abuse. At the moment, nedsttronic devices such as computers, laptops and
smartphones come with built in firewall securityfte@re, but despite this, computers are not 100
percent accurate and secure to protect data. It obsgrved that the methods of hacking into
computers are becoming more diverse and more wliffio predict. It can be done through a network
system, clicking into unknown links, connectinguiafamiliar Wi-Fi, downloading software and files
from unsafe sites, power consumption, electromagmatiation waves, and many more. However,
computers can be protected through well - builtveafe and hardware. Software complexity can
prevent software crash and security failure ifiit nave strong internal interactions of properties

Examples of critical infrastructures in our societe the power, the gas and the water supply
networks. These infrastructures are operated bynmed complex supervisory control and data
acquisition (SCADA) systems, which collect measwatrdata from remote terminal units (RTUS) or
intelligent electronic devices (IEDs) installedthre substations, and deliver the measurement data t
the central master station located at the conealter. The measurement data is usually transmitted
through unencrypted communication channels, makivege critical infrastructures vulnerable to
cyberattacks. SCADA systems for power networkscaraplemented by a set of application specific
software, usually called energy management sys(EMS).

The growing dependence of critical infrastructuaesl industrial automation on interconnected
physical and cyber-based control systems has essinita growing and previously unforeseen cyber
security threat to supervisory control and datauaition (SCADA). It is critical that engineers and
managers understand these issues and know howaie lthe information they need.

Ymihail.coteanu@ed-c.ro
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Security is not just about preventing security @itaor system compromises; it is also about
managing the inevitable successful (deliberate nadvertent) attacks. Particularly for real-time
operations, it is crucial to “live through” anyatks or compromises to the information infrastreetu
and to recover with minimal disruption to the povegsstem operations - including power system
reliability, efficiency and cost.

2. CONTROL SYSTEM

A control system is a device, or set of deviceat thonitors, commands, directs or regulates the
behaviour of other devices or systems. In the etepbwer industry, they can manage and control the
transmission and delivery of electric power, foaewle, by opening and closing circuit breakers and
setting thresholds for preventive shutdowns.

Security concerns about control systems were ldstity related primarily to protecting against
physical attacks or the misuse of refining and essing sites or distribution and holding facilities
However, in more recent years, there has been aimggorecognition that control systems are now
vulnerable to cyberattacks from numerous sourcesuding hostile governments, terrorist groups,
disgruntled employees, and other malicious intreder

Increasing the risk that these control systemsetadressed by unauthorized entities was due to
the following concerns [1]:

¢ The adoption of standardized technologies with kmewinerabilities;

e The connectivity of many control systems via, thglouwithin, or exposed to unsecured
networks, networked portals, or mechanisms condetteunsecured networks (which includes the
Internet);

» Implementation constraints of existing securityhtealogies and practices within the existing
control systems infrastructure (and its architezgyr

» The connectivity of insecure remote devices inrthennections to control systems;

» The widespread availability of technical informatiabout control systems, most notably via
publicly available and/or shared networked rescusreh as the Internet.

To succeed in their attack on control systemstiestor malicious individuals may use one of the
following methods [1]:

» Disrupt the operations of control systems by delgyor blocking the flow of information
through the networks supporting the control systettmsreby denying availability of the networks to
control systems’ operators and production contrahagers;

e Attempt, or succeed, at making unauthorized chatm@sogrammed instructions within PLC
(programmable logic controller), RTU (remote teralimunit), or DCS (distributed control system)
controllers, change alarm thresholds, or issue thoaized commands to control station equipment,
which could potentially result in damage to equipmeremature shutdown of processes (shutting
down transmission lines or causing cascading teatinn of service to the electrical grid) or rendgri
disablement of control station equipment;

« Send falsified information to control system operateither to disguise unauthorized changes
or to initiate inappropriate actions to be takersppgtems operators;

« Modify or alter control system software or firmwagseich that the net effect produces
unpredictable results (such as introducing a coserptitme bomb” to go off at midnight every night,
thus partially shutting down some of the contrdadteyns, causing a temporary brownout condition; a
“time bomb” is a forcibly introduced piece of conteu logic or source code that causes certain
courses of action to be taken when either an ewetniggered state has been activated);

* Interfere with the operation and processing oftyadgstems;

* Many remote locations containing control systenssp@rt of an enterprise DCS environment)
are often unstaffed and may not be physically nooed through surveillance; the risk of threat
remains and may be higher if the remote facilitphysically penetrated at its perimeter and inbusi
attempts are then made to the control systems’ar&sxfrom within.
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3. CYBERSECURITY [3]

Computer security, also known as cybersecurityTosdcurity, is the protection of information
systems from theft or damage to the hardware,dftevare, and to the information on them, as well as
from disruption or misdirection of the servicesytipeovide.

Cybersecurity for the power industry covers alues involving automation and communications
that affect the operation of electric power systeand the functioning of the utilities that manage
them.

In the power industry, the focus has been almasiusively on implementing equipment that can
improve power system reliability. Until recentlypramunications and information equipment have
been considered of peripheral importance - theyewsten seen as just another isolated piece of
equipment to help achieve power system reliabilipwever, increasingly the reliability of this
information infrastructure has become criticaltte teliability of the power system.

SCADA systems, essential utilities, and telecommaitions rely on information technology for
the management of their everyday operations widnatgr volumes of susceptible economic and
commercial information being exchanged electrohycalver potentially insecure channels all the
time. The massive increase in complexity and imtenectivity coupled with simple point and click
attack tools has appreciably amplified the necgssiensure the privacy, security, and availabiity
information systems.

The threat agents acting against SCADA systemg axiseveral general categories. Any of the
following may be a source of threat that can leadrt incident:

¢ Accidental antagonists who causes you harm thrigrgbrance or by negligence;

¢ Incidental antagonists who seek another targeatiatk because you are there and obtainable;

* Insiders. They may compromise or steal informatamsets because of motivations from
dissatisfaction to economic gain;

» Competitors may attack to gain a benefit or to @shimarket dominance.

» Cyber vandals;

+ Hackers and crackers;

» Thieves that may attack to further their own finahwell-being;

» Terrorists can attack in order to disrupt the catioe linking the general public and critical
infrastructure.

» The military involved in information warfare acti&n

In the Smart Grid, there are two key purposes ybec security:

« Power system reliability: Keep electricity flowinig customers, businesses, and industry. For
decades, the power system industry has been déwglegtensive and sophisticated systems and
equipment to avoid or shorten power system outalgefact, power system operations have been
termed the largest and most complex machine inwtréd. Although there are definitely new areas of
cyber security concerns for power system reliabiis technology opens new opportunities and
challenges, nonetheless, the existing energy mamagfesystems and equipment, possibly enhanced
and expanded, should remain as key cyber secuwfityiens.

e Confidentiality and privacy of customers: as the aBmGrid reaches into homes and
businesses, and as customers increasingly pattcipamanaging their energy, confidentiality and
privacy of their information has increasingly be@ma concern. Unlike power system reliability,
customer privacy is a new issue.

Cyber security solutions must be implementatioregjme driven by the configurations, the
actual applications, and the varying requiremeatssecurity of all of the functions in the system.
Typically, security requirements address the intggrconfidentiality, and availability of data.
However, in the Smart Grid, the complexity of staielers, systems, devices, networks, and
environments precludes simple or one-size-fitsadlurity solutions.
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3. HARDWARE AND SOFTWARE PROTECTION MECHANISMS

Implementation of SCADA Smart Grid information sdatuinvolve that supplier will have to
implement policies, concepts, solutions and equign@ ensure information security risk the lowest
possible and a minimal vulnerability to cyberatckhe provider must ensure that the key safety
information proposed satisfy the security policiesncepts of information security adopted by TSOs
and the use of equipment or software modules ffmramation security implementation in SCADA
Smart Grid system and integration with SCADA statisuch as:

» Data Diode for physical isolation from other syssemvhen unidirectional data transfer
occurs;[4]

* UTM (Unified Treat Management) to secure acce$dgdirectional data is transferred,

* UTM and WAF (Web Application Firewall) to publistath on the Internet and / or safe access
to web-based applications;

¢ VPN tunnel / Encryption;

¢ Login with user name and token.

The main issues that any supplier must meet toreribe security of Smart Grid are:

a) Policy on cyber security for SCADA and Smart Grid SCADA station [3]

Identification and assessment of the following ®/pé&connections:

« Internet and local area networking areas incluaixignsive networks of third parties;

« Wireless devices / GSM (Global system for Mobilen@ounications) / GPRS (General Packet
Radio Service) / 3G Internet / LTE (Long Term Eain);

e Dial-up modem

» Connections to business partners, suppliers andategy agencies

b) Switching off unnecessary connections from the SCA®and Smart Grid SCADA station

To ensure the highest degree of security of dataarks network data is isolated as much as
possible from other network connections. (Any othetwork connection introduces new security
risks, particularly when the connection createsoatea of transmission to or from the Internet).
Strategies stringent are recommended as the usderhilitarized zone " (DMZs) and " data storage
‘that ensures secure transfer of data betweenng&teork SCADA Smart Grid and SCADA station,
"Core LAN" (MZ — “militarized zone”) and networks third parties.

c) Assessing and enhancing security of any remainingoonections to the SCADA data
network

Will be performed penetration tests and vulnergbidinalysis of data network connections to
evaluate the protection of data network systemabatwork system is as secure as the weakest point
of connection, it is imperative implementation etarity systems, intrusion detection and other ways
appropriate to measure safety at any point Interfac

d) Smart Grid SCADA network data security is based orremoving or disabling unneeded
services.

Control of the server's network system data built @mmercial operating systems or open-
source can be exposed to attacks via the defatitonle services, removing or disabling unused
network and bullets, until the risk of direct aktais reduced. In addition, close cooperation with
suppliers of data system that identify secure gumétions and coordinate all changes to operating
systems, ensure the removal or disabling the ses\iz not cause downtime, disruption of service, or
loss of support.

e) The use of the security features offered by the sgsn devices

Owner’s data systems should insist that the systeider implement security functions in the
form of patches or upgrades. (Some systems confebagic security functions, but they are usually
turned off to ensure ease of installation). Analgaeh device system to determine whether security
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functions are present. In addition, factory defasdfcurity settings (such as network firewalls
computers) are often designed to provide maximumbiliy, but minimal security. Setting all
security features to ensure maximum security.

f) Establishing control using remote access / RRAS /RN network.

If there is remote access or connection provid#ata system, then it should be implemented a
strict authentication to ensure secure communicatioModems, wireless sites and network
communications of any kind used for maintenanceqnts a significant vulnerability on data network
system. To reduce the risk of such attacks, kt®@mmended to disable access and direct entryeto us
a callback philosophy.

g) Implementation of internal and external systems formonitoring intrusion detection and
determination for incidents 24 hours a day

In order to respond effectively to cyberattackswill be necessary setting out a strategy for
intrusion detection, which includes alerting netkvadministrators in relation to malicious network
activity coming from internal or external sourcégso, intrusion detection system monitoring is
recommended 24 hours / day. To complete networkitorimg, logging and daily control records are
allowed on all systems to detect suspicious agtikapidly. Constantly monitored data, alarms and
critical events will be signaled to TSOs adminiira by both critical alarm files, SMS, information
transmitted on dashboards operating.

h) Making physical security studies and remote networkassessment data to evaluate the
security system

Any location that has a connection to the data agtveystem is a possible target, especially
places without the personal or unsupervised. Magecarity survey and inventory of physical access
to each facility that has a connection to the dsyatem. (Identify and assess any sources of
information, including remote access via telephdérm@mputer network / fibeoptic cables, which
could be accessed, radio links and microwaves gigable, computer terminals, which could be
accessed and access points in wireless local netw8ecurity location should be suitable for
detection and intrusion prevention. It is not akmimo access the network in real time remotely from
unsafe locations.

1) Defining cyber security roles, responsibilities andauthorities for managers, system
administrators and users

Staff organization must understand the specific aeis associated with protecting information
technology resources by defining clear roles améirchnd logical responsibilities. In addition, key
personnel must have sufficient authority to disgkatheir allocated responsibilities. (Often, cyber
security is left to individual initiative, which pjcally leads to inconsistent and ineffective ségur
implementations). Establish an organizational stmgc for cyber security, which defines roles and
responsibilities and clearly identify how cybersatyuissues are considered and who is notifiednn a
emergency.

j) Establishing a rigorous risk management

Understanding the sources of risk calculation neétwfrom attacks and denial-of-service
vulnerability that could compromise sensitive im@tion is essential for an effective global cyber-
security protection and identification of pointsfaflure. Due to rapidly changing technology and th
emergence of new threats every day, a continuauseps of risk assessment is necessary so that the
routine of protection strategy ensure that secuetyains in effect).

4. CONCLUSIONS
Traditional power systems are moving towards dilgitanabled Smart Grids which will enhance
communications, improve efficiency, increase religh and reduce the costs of electricity services
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One of the increasingly visible issues of supemyjisaontrol and data acquisition
(SCADA)/control systems security deals with the cttisure of vulnerabilities; whether the
vulnerabilities are disclosed within a public venoe closed confinement, continues to be a heated
debate of those close to this effort. As this comityucontinues to evolve, many are observing some
progress being made regarding security-relatedevalilities, research, and disclosure, along wiéh t
many interesting issues that have come and gone.

Over time, one of the largest challenges (reahfiic the biggest challenge) is to educate all
stakeholders within this community, such that thegognize the complexity of many of these issues
discussed in this paper, while assuming responsiileses of action, and continuously improving the
security posture of their systems, regardless oéthdr they are an owner/operator, an integration
vendor, a SCADA/control systems manufacturer, oiretependent researcher performing analysis
against these systems. Ideally, the responsilfdity on all of us.
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SUMMARY

The reactive power flows affect voltages, lossed mansmission capacities. Thus MVAR
flows are a matter of increasing concern for thid gperators. The latest corresponding regulatoon f
Romania allows the grid operator to exonerate ghpent those injections of reactive which affect in
a positive manner positively the voltages in theveek. Such exemption is difficult to apply sindet
influence of MVARs on voltages is locational anchéi dependent. This paper proposes a sensitivity
based analysis for a real 110 kV network. The suiseonducted for 6000 hours and outlines voltage
to sink’'s MVARSs.

KEYWORDS
Voltage sensitivity — reactive power compensatioptimal placement — voltage control.

1. INTRODUCTION

Reactive power is a topic of constant concern aaenn electric network operation. Nowadays
everyone agrees on the drawbacks of reactive paafiercts voltage magnitude [1], increases losses
[2], reduce available transmission capacity (ATJ) tbhe network [3] etc. Transmission and
distribution companies are interested in reducesagtive power flows [4], mainly by compensation or
reciprocally cancelling [5].

The synchronous generator is the most common soofcreactive power. It can deliver
MVARSs at opportunity costs. Another traditional ceee power, spinning too, is the synchronous
compensator. This one can has no active load andupe more expensive MVARs. The new
generation of reactive power sources, employedcéonpensation purposes as well as for system
control, consists of flexible AC transmission de@sdFACTS): thyristor controlled reactors (TCR),
static VAR compensators (SVC), shunt static synobus compensator (SSSC) and static
compensators (STATCOM), [6], [7].

The features and capabilities of the reactive posmurces become very important in a
competitive market environment. The cost charasties of the solutions able to supply the required
reactive powers in secure steady state and dynapecational conditions are of great importance.
These elements are to be refereed in conjuncticdh thie sensitivities of individual elements,
depending mainly on their location in the netwd#,

The compensation of the reactive power is maimlgated towards voltage control. Optimal
voltage control through V/Q ancillary service lookiso for loss reduction and capacity relieve for
hosting additional flows.

The reactive power problem is rather local: orduative flow seeks to pair with the leading
reactive power of the nearest capacitive elemenmadst cases the consumers are inductive and they

Yleman78@hotmail.fr
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shall be compensated either by neighboring undetdd lines or specific compensator.

However, transformers and transmission line extolin reactive powers, which depend on
the system load. Nobody pays for these reactiveep®weither beneficial or not for the network
operation.

2. COMPENSATION OF REACTIVE POWER
Various methods are available for evaluating tifeotfon voltage control of reactive power

injections on voltage control [references].

2.1. Marginal sink variation method
This outlines 1Q contributions to voltage upholdiieg marginal sink variations. The sensitivity
of 1Q at bus i to the marginal variation of sinkrn bus j is:

-1
dQ _dQ (9§
SQ=—"=—"0—- 1
< dS du (du )
wheredQ is 1Q at bus i which maintains voltage if sinkoais j varies ofdS; .

The overall sensitivity of IQ at bus i is the sufrequations (1) for all sinks:

sQ=Y5Q @

with ¢ — no. of consumers.
The I1Q sensitivity of all the g reactive “sourcég’a marginal variation of the sink from node j is:

$Q =3 5Q @

Full IQ sensitivity to all sink marginal variatiofiecomes:
g c 1
c Zin zdsj
j=1

g _
Q= sqQ =~ ' (4)
229w T w

Sensitivities from (1) ... (4) allow to compare tewdat efficacy of As-U/Q service provider
bids. However, these sensitivities deliver no gystic way for ranking bids.

2.2. PIV curves method

In this method the loads are increased not by ajimarvalue, as in the previous section, but
until the system reaches the stability limit. Tleersario is chosen to fulfill the purpose of thelgsia
(e.g. we can increase only the consumption fronegion, at various quotas, at constant/variable
power factor).

The issues aren’t wide-ranging. Moreover, the selrof the scenario can be critical.

By simulating a consumptionA(Sj‘j:l C) increase up to the stability limit, balanced b§@

units (all others remaining PU buses at constaetcifipd voltages and powers) we get the IQ
variations,AQ; . Various specified voltages can be utilized.

The appraisal of different 1Q, reveals the efficaalyeach reactive power “sources”. The
conclusions are useful rather for security analyfss for assessing As-U/Q tariffs.

2.3. Fictitious compensators method

When the 1Qs change, voltages alter. Fictitious pensators at each PQ bus can restore
system voltages.

We denote byQ™ the IQ of the As-U/Q service provider from bus jregime x andQ{™ its
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IQ minima (lower edge of secondary range for vataggulation from Figure 1). For synchronous
compensators and static ,sources” weQéfT"‘) =0.
By simulating a variatiomdQ{® :
AQY® =Q -Q™ (5)
] ] ]
we determine the Igs of the fictitious compensatangch “replace” the missing injection. For
a load at bus i, the resulting fictitious 1QQ®, defines its “duty” for theAQ!® service. Because

AQ; # Y AQ®, the “duties” aren’t normalized and must be shaf@d. pro-rata: load i pays to
provider j matching to(AQi(C)/Z AQi(C)j Q).

2.4. Back-up generation method

An 1Q, AQ®, can be “replaced” not only by a fictitious compator, but also by the 1Q of
another As-U/Q provider. For the provider from luse note:

. AQY 1Q in the regimex;

. AQ!U"™) 1Q in the regime having the same voltages as amd Q, =Q™.

We can consider that the IQ8Q!® (at bus j) andAQ, ™"’ (at bus k) are equivalent. This
statement is very useful for assessing tariffsA®J/Q service in the operating reginxe

2.5. dVv/dQ sensitivity method
The voltage sensitivities to IQ describe a wideagdréool in voltage control. The reactive

power injection at bus k meant to correct the \ggtat bus i of abouAU, is:
AU,

AT ©
where:SU,,Q,) = N, (7)
k
is the reverse, (#Q, /JU,) of the corresponding element of the Jacobian.
Equation (6) exhibits that the voltage at bus i barequally corrected by an IQ of:
_ S(U;,Q))
AQ; =AQ, B ——— (8)
SU;.Q))
at bus j or by an injection akQ, at bus k.
For voltage regulation at bus i:
. (6) defines the required amount of challengingdtigms for voltage correction;
. (8) states the tariffs’ ratio for two IQs at bugemd k, which are equivalent in voltage

“correction”S(U,,Q,)/S(U;,Q;).

3. ROMANIAN REGULATION FOR REACTIVE ENERGY

The Romanian Regulatory Authority for Energy - ANR&s settled new guidelines for coping
with reactive power matter and specific tariff igsuin [9]. All basic elements are explained in this
order; definitions, conditions, formulas and conipgitmethodology for the reactive energy payments.

This regulatory norm states that lagging reactimergy (inductive) and leading reactive
energy (capacitive) have not to be compensatedramg into the final invoice. Each of them entitles
for separated payments. From this point on, if polaetor falls below 0.65 than the tariff for reiaet
energy, inductive or capacitive, becomes threedimigher than for power factors between 0.65 and
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0.92. This rule intends to discourage the consurt@raun al low power factors. In such cases,
inductive loads draw from the network and capaeitines inject into the network massive reactive
power. Thus reactive flows related to the consuheestive powers become even more harmful for
the network producing additional losses, excessiméage drops and diminishing of the available
transmission capacity.

In order to stimulate the positive behavior of do&isumers and to reward those which have a
positive impact on the voltage regulation the ANREler 33/2014 states the conditions required in
order to exonerate network users of their paymimteeactive. This addresses prosumers which:

. participate to the V/Q regulation, under the ccsnih of the network operator, for the

energy exchanged injected in/drawn from the netvdoning this service;

. contribute to the improvement of the voltage lelbg injecting or drawing reactive

power.

The second case seems unsharp because it lacksaticality in defining the benefit of
reactive power injections on voltage regulationvieer. This opportunity could entitle a prosumer
having sometimes fortunate V/Q sensitivity to waibe exonerated for the reactive energy exchanges
with the network. In order to characterize the troatribution to this service over a time period,ia
depth analysis, as in section VI is required.

After applying this Order in the last 18 month, AERas published some global outcomes
and has decided to continue applying it with micbhanges and updates, [10]. The results are as
follows:

. the inductive energy billed raised with 15% fomger factors between 0.65 and 0.92 and

with 25% for users operating at power factors lvelb65;

. the capacitive energy payments have increaset2by for power factors between 0.65

and 0.92 and by 200% for users operating at poagofs bellow 0.65.

The last case corresponds to situations where itgapower is injected in under loaded
network region and has to be hardly discouragelth&lse results entitled the Regulatory Authority
for Energy from Romania to maintain this rules d@odcorrect some descriptions. Moreover, the
network operators where asked to apply exoneratwwmisly based on in depth analysis and
measurements. Thus only beneficial reactive powex® to be rewarded. All the others have to be
penalized according to their perturbing effect.

In the following section the opportunity of ANREgrdation regarding the reactive power
tariff is analyzed by considering a set of operatiegimes for a 110 kV distribution network. The
presented study cases outline the influence oftiveapower on the voltage level by using multiple
analysis approaches.

4. EVALUATION OF REACTIVE POWER INFLUENCE ON GRID V OLTAGES

The considered study cases have considered alld\k\M distribution network configuration.
The survey is conducted for 6000 hour. In ordegualuate the influence of the reactive power flows
on the voltages in the test distribution network #uthors propose basically three approachedyfirst
by direct comparison of two simulation cases (#e operation of the test network vs. the suggested
compensated configuration); secondly by using aerpmetation of sensitivity based analysis in the
buses of the test network; finally, by analyzing thformation given by Q-V curve.

4.1. Direct simulation

According to this approach, two cases are consid@reorder to perform a comparative
analysis. There is considered the real normal ojperaf the test HV network. The power flow
analysis is performed and the bus voltages arergeie The output data is consequently compared
with the values resulting by analyzing the netwoperation after the reactive power was totally
compensated in an interest consumer bus.
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The method is rather inefficient for studying dotime operation, since the number of the
analyzed steady regimes is practically doubled.

By exemplification, the F2 bus is considered € $8g.1. The bus voltage increase by
comparison with the case of nil reactive powerdtn is 0.02 p.u. - see in Fig. 2.

Figure 1: lllustration case - map of bus voltage variationthe test network determined by Q injectiontia tontrolled
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Figure 2 Voltage of the compensated bus F2: a. Q injectid®.5 MVAr; b. zero reactive power injection

4.2. Sensitivity dV/dQ based analysis

This approach is facile to use. Neverthelessétsthot give information about the effect on the
voltage in far placed buses.

The dVv/dQ sensitivities depend on the networkisfiguration and parameters, as well as the
voltage control in the area. The differences of tthe analyzed operation regimes refer only at the
power injections MW/MVAr’s in the HV network.

For the analyzed bus case a reduced dispersiorbeaobserved for these parameters: i.e.

around 10 on the analyzed time interval (6000 houwsee Fig.3. Therefore a value equal t& d#n
be considered as reference for the sensitivity.
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Figure 3: 12 month evolution of sensitivity dV/dQ for theadyzed bus #F2

For the analyzed case (bus #F2) by annulling gected reactive power of 19.5 MVAr the
voltage decreases with approximately’3019.5 MVAr~ 2%, as it can be seen in Fig. 4.
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Figure 4: Sensitivity dV/dQ for the analyzed bus #F2

In the same manner it is also possible to analyeeinfluences of other buses’ injections on
the voltages in the network since the relationsiipse-effect is analyzed separately — e.g. Fighs.
sensitivities are more volatile and more diffictdt be reached. Therefore an estimation of these
sensitivities based on the own injections (Q-Vha same bus) is preferred although there is aofisk
a lower precision.
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Figura 5: Influence of Q variation in the analyzed bus ambltage of other buses of the network

3. Q-V curve based analysis
The Q-V curve indicates the value of reactive eoimjected in the bus so that its voltage to be

brought to the target value — e.g. Fig. 6.
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Figure 6: Q-V curve for the analyzed bus #F2

The operation point is far of the instability ar@nd the slope of Q-V characteristic (sensitivity
V/Q) is almost linear for the voltage’s admissid@nd of 0.9...1.1. The slope of the Q-V
characteristic is equal to £on this area.

5. CONCLUSIONS

The reactive power compensation is considered th&t efficient method for voltage control
in the power networks (V-Q dependency).

The control efficiency is evaluated based on thesiseities of the voltages to the reactive
power injections (dV/dMVAr).

This type of analysis allows identifying the créllcareas by considering the voltage control.
Consequently, the proper recommendation regardiimgguhe existent structure or further investment
in new compensation can be made.
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