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Ab;tract- The secure supply qf an_cillary services i_n the future transmission systenfEACTS)the reactive power demand in
electrical energy supply systems an important question of both  the transmission systeffio optimizethe compliance wittthe
distribution and transmission system. Decentralized generation tqlerable voltage bands in the transmission system a
units provide an increasing share ofthe electrical power b eqjevel concept comparable to the control power reserve
genertion. Thus, these units are an important factorwithin the has been establishél] . First he tranformer tapchangersre

overall grid state. The latest grid code requirements for icall defined | .
generation units depending on voltage level and nominal power set automatically to secer predefined voltagesetpoints.

include the ability of reactive power provision, in the distribution ~ Secondly the setpoints of the voltage regulatar of the
grid mainly for voltage band optimization. This required Synchronous generatorare optimized or reactive power
reactive power provision and in addition, the current grid compensators are switched oAfterwards optimal power
expansion as well as the grid integration of new consumems.g. flow (OPF) methodsare used to monitoand optimizeall
electric mobility , leads to ongoing changes within the reactive control varibles.
power exchange between all volge levels. In future grid states
an optimized reactive power exchange will be needed for a secure  The reactive powedemand of distribution gridsas been
grid operation. In this paper, the results of the interdisciplinary ~ depending on thactive powedemandf theloads. Low load
resear ch pforoptirized reaitiveower management states in (mediumoltage) grids with high shaseof cables
of medium-voltage grids regading the high-voltage level are |eadto reactive power prasiorl for the higher voltage levels,
desc_rlbed as We!l as the outlook for further researclyuestionsin peak load stas to a high reactive power
the field of reactive power exchangacrossall voltage levels. demand(seeFig. 1) [2]. Within the ongoing transformation of
Keywords power system management; reactive power control; the energy supply system thashare of distributed
distributed power generation; wind power generation, smart generatioDG) units mainly using renewable energy
grids sourceqRES) is increasingThe primay energy sourcesf
the DG are therebyfluctuating with time. Because the DG
|. INTRODUCTION units aremainly canectedn the distribution grid and hence to
the low-voltage(LV), medum-voltage(MV) or
The provision of reactive power is an important ancillarfrigh-voltage(HV) grid, the load flow dection between all
service for as well the transmission syststhe distribution voltage levelsas well asthe amount of reactive power
systemof the electric power gridBecause the transmission ofexchangeis changing. Furthermore the ogation between
reactive power over longdistances leads to massive voltag@ctive and reactive power is getting more and more
drops, it has to be solved as a local problem hedéactive unpredictable and independent of the current loaditiity
power derand of all grid components and consuntexs to be but more @pendent on the current feedof the distributed
provided for all points in timewithin varying grid states. generation and ratio ddG and loading. This leads on the one
Tradtionally the synchronous generetoof conventional

power plantprovided with differenfield ratiosin .addition t0 I | this paper current and voltage are assumedate direction in
static VAR compensators orléxible alternating current a passiwWer Hroawc Heir zf hl pfeil syste
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hand to points in time where distribution grids start to providéuctuating with time. Without a highevel coordination and
reactive poweto the ultrahigh-voltage(UHV) level and on possible loss of the synchronous generatotee UHV level

the other hand téncreasingreactive power demand in all the reactive power gply within all voltage evels could be
voltage levels. demanding because first a high demand and second a high

In future grid states with high shares of DG synchronouesxChange of reactive power has to be supgaliaticontrolled

generators of conventional power plamtgy no longerbe Several solutions for this problemare discussedUnder
evenly distributed inthe transmission systeamdactivein all  reserve of the future grid expansion plans, the integration of
points in time Hencethe future reactive power supply in the high-voltage direct current (HVDC) power linagith the
highest system levekill presumablyhave to be reassignedaccording voltage source converters (VSC) copitdvide
and the reactive power exchange within all voltage levesslditional reactive power sources in the transmissisteisy
rearanged(seeFig. 1). This could lead tanore control variables in a hybrid grid

. - . . operationwith high-voltage alternating currentHVAC) and

A classiccharacteristitoad state is a low &l state without HVDC systemg5]. Also classic saltions with expansion of

active or reactive power supply of DG units. In this grid statgtatic VAR compensators ather FACTS area possible
power lineswith high nominal voltges with low loading

provide reactive pwer (blue arrows irfFig. 1) because of their solution - with _weltknown modeling and simulation
capacitive characteristiesd the load state below the naturalapproaChe%]’ [7]. Because one driver of the reactive power

operational The low reactive power demand (redr@ws in exchange variations are the DG in the disttion system, an
P . pow . . optimized reactive power magementwith the useof DG
Fig. 1) of normally high demanding loads, agy. industrial

loads could in this casebe supplied by theapacitances of units and an optimized reactive power exchange imvi
3 C PP y pacit voltage evels is also a common stibn [2], [8], [9].

power linesandthe synchronous generaterahich in some

casescould also operate underexcitedseeFig. 1). Within

suchload cassin some exterthe MV level especially in rural II. REACTIVE POWERMANAGEMENT OF

regionscould providereactive power to the H\level. DISTRIBUTION AND TRANSMISSIONGRIDS
wi :ﬁ;‘;{%aésgel xiitghhlljoeadwstatle As a consequence of the high generatioDG in the lower
i nd voltage levelsvoltage band problemsanoccurif the power
i supply isnot handled correctlf10]. Thereforthe grid codes
S @ @D and requirements forgeneration units in thenedium or
T | T M=) low-voltage gridsdemand detadld outlinedreactive power
> = _ - provision of generation unitsThis has been progressively
@ reactive power @ increaed with the growingshare of DG in the energy supply
@ o demand system.The grid codes are specifieipending on nominal
> . —{=P voltage and poweof the generation uni_{§], [4]. In_this way
—= voltage band problems atide need ofyrid expansiorcanbe
@ reactive power @ minimized In addition wth the beginning ofhe yea2016 the
provision /ﬁS EuropeanCommission in cooperation with the European
= = A e Network d Transmission System Operat¢ENTSOE)
> — i— =
= [l ' I published comparablebinding grid codes for all voltage
levels[11]. The national grid codes will be complemented
@ @ with the new equiremants and define open issues.
> _ . — One challengewithin the analyses and standardization of
i g P = N— = distribution grids is the high diversity of these grids ge&gly
in the lower voltage levels. The relevant grid parameters as
Fig. 1, Change of reactive power demaaud exchange e.g. load density, length of lines, share of cables anthsian

within all voltage levels with DG varyextensivelybetweere.g.rural and urbagridsas
well as between different regiondence every distribution

P : jd is considered to beery individual The German forum
f I | high |
One future problematic grid state could be a high load Staqgtwork technology / network operation (VDE FNN) has

with active and reactive power supply of DG units with e.g. 3¢V e . .
fixed inductive power facﬁocosﬁ) t%phéndlethe problem ofg le_J[|shed a 9.“'0'.9"”? for th? evaluation oéthae_lctl\_/e power
voltage increase at high fe@d of active powef3], [4]. In ab|I|ty of Q|str|but|on . gnds[S]. These gwdellngs are
load cases like thisie reactive powemnehange throughout all cpn&dgred n thscenarlodefmmon(see3.2) and stationary
voltage levels woul be clearly different All power lines Simulations of this studysee3.3).

(including the cables) would demand reactive power becauseThe reactive power provision is one important aspect in the
the indwctive share exceeds the capacitive characteristis/aluaion of the possibilitiesas well asthe boundaries of a
because of the load state above the natural operationth®sofuture energy supply system mainly based on DG using RES.
loads and trasfiormersdemand readte power The demand Because this is an integrated matter of both system
of the DG units is dependemn their active power supply, thus levels (transmissia and distribution system) a coherent
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overall system model is needed to analyze the interecti generation nits and lossesare used as main resulting
acrossall voltagelevels[12], [13], [14]. The research project variables(seeFig. 2 andFig. 4 to Fig. 7).

SmartNord developed several imgisciplinary methods and

approaches for research questions in the fields of decentralized [ll. RESEARCHPROJECT Q

coordiretion procedures, integrated marketsjcro grids,

capability and environmerds well asthe powergrid and  The interdisciplinaryresearch projecfi i Q intelligent
European marketl2]. Oneaspecin the working p_ackage 4.1 reactive power managemeéntwas a one year lasting
was the development ofvaltage level comphensive system cqopegtion between research institutes of information
model (seeFig. 2) to evaluate the integration of DG units inyechnology, power supply and control theory with industrial
addition toan existing grid athmarket modebf the ENTSGE partners of grid operators and IT consuliag]. The main

transmission syem([13], [15], [16]. This model was used 10 egearch question of the project was to anadym optimize
analyze both stationary as well as dynamacpsse$17]. the controland stability ofreactive power provision of DG

The projectSmartNord covered the anadgs of active Unitsregarding requements for the reactive power exchange
power supply of DG within all voltage levels,efluency at the main HV/MV-transformer for _specnfl setpoints.
stability analges with control power reserve of DG units andDifferent approaches and methodologies have been evaluated
voltage band optimization in the transmissiorstap[17]. by the use of both sefre analyses ad a co-simulation
Within the analgesof stationary processes the reactive powef€tup. An industrial controthardware was used to be
provision wasbriefly simulated with synthetic higholtage €valuated forthe different control taskswithin the project
grids and several ecarios[18] for adapted versions of a First the interconnection of the siulation modelswas
mediumvoltage bensmark grid[19]. The research question €stablished via software interfaces. Second a-tireal
covered the pan European integrated grid and mark@fulator wasused in order to establish the communication

simulation, thus an effective largecale approach was used. With the hardwaréased control stratedyealized withan
industrial controlle). The main tak for the software satp

integrated grid and market model was the incremental development of both thesiooulation
@ . and hardware setup with the use of an industrial
computerf21].

(UHV)

uItr&high-voItage/_ ;

The input rameters of the research project, in this project
the grid models rrd load data, have beeanalyzed in
characteristic diribution grids in differenscenariosetups of
the reactive power provision of tHeG units in stationary
time-series simulationgseechapt.lll). These resultshave
beenthe basis of thevaluation of optimizedeactive power
exchangeof the rural grid regarding the Hlével and the
co-simulation approach and evaluation of control
strakgies(seechapt.lV and[20]).

high-voltage
(HV)

medium-voltage

(MV)
3.1. IMPLEMENTATION OF TYPICAL GRID DATA
'(E"\V/‘)V‘)“age ........ To cover the high divergence of mediwwitage grids four

typical MV grids (SeeTABLE 1 and TABLE 2) have been
selected and modeled i the power system modeling and
simulation toolDIgSILENT PowerFactory22]. In the first
project stage a common rural grid frariterature sourcavas
Considering the high divergence of mediunitage grids used to have a quick sep[8], [9]. Additionally the project
and the increasingnterconnection of the transmission andpartners (an urban and a rural grid operator) providéd
digtribution system, a more detailed approach for emsalgf needed grid specification{seeTABLE 1) for one rural
an optimized reactive power exchange between differep0-kV-grid, one urban 1®V-grid and one suburban
voltage levelsvasneededThus wthin thefollow-up project 20-kV-grid. The data includedmeasured data at the
to SmartNord the research projeéti @ intelligent reactive HV/MV-transformer All data had been transferred and
power managementi stationary analyses of severalimplemented inPowerFactoryto enable a manageable data
medum-voltage grids in different scenarioshave been exchange between all research partners
realized to identify the reactive power ability of characteristi
distribution gridg20]. In this way possible reactive power,

Fig. 2, Adaptel cohesive grid and load moddl8]

ﬁ;ABLE 1, STRUCTURAL PARAMETERS OF THEANALYZED MV GRIDS

provision conceptsbetween medium and higroltage grids [-9fid power lines | local substatios
could beelatorated The colesive grid and load model was| Urban10 kV 415km 67
reduced to the M\and HVlevd and the totahggregategyrid || Urban20 kV 95.2km 113
power casumgion (P, Q,)at the highvoltage side of the rural 20 kv 1345km 113

. ) S : literature[8], [9] 199km 121
main transformepf the single MVgrids including all loads,
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All grids show different characteristics for as well the These points are not the maximum/minimum load states or
topological data $e€TABLE 1) as well as the installed power maxmum/minimum feedn of the DG, but typical points
of DG andthe particulapeak loadseeTABLE 2). In the rural  within the correlation of all load and generation data. The time
grid one wind farmclose to the HV/MWransformerwith  points are useful to compare differeatenarios or grid
eleven wind turbine genaiors (WTG) with 22 MVA installed aralyses, thus the shown color classification is used to
power in total is notable. Whilstin the grid of previous highlight these specific load statesthe resultgcf. Fig. 4 to
works[9] a mix of WTG and pletovoltaic(PV) units was Fig. 7).
used the urban grids have only a few DG unit€luding

combined heat and power B{CHP)installed in the current 3.2. SCENARIODEFINITION

state. Time series simulations within different scenarios have
TABLE 2, INSTALLED POWER OFDISTRIBUTED GENERATION UNITS IN b?en u_sed Ot evaluate. the reactlve_ power C&pgbl“ty of
THE ANALYZED MV GRIDS IN MVA distribution grids. The aim is to determine the operational area
grid WTG =Y, chHP loads of these gridsand thu§ the possible. e}djusting range for a
urbanio kv 0 i) ) 1764 potential control of@active power provisiof8]. According to
. the latest grid codes four scenarios were defined for the
urban20 kV 3.7 174 5.37 3944 simulations GeeTABLE 4).
rural 20 kV 2215 3.2 0.23 35.22
Iiterature[8], [9] 6 19.1 0 25 TABLE 4, SCENARIOS FORDG UNITS AND LOADS IN THE STATIONARY
GRID ANALY SES
scenario WTG PV loads
Because the research focus of the projext the control of 1 1 0.95 ind. 0.98 ind.
DG units, the urban 1RV-grid without any DG was not 2 0.95 ind. 0.95 ind. 0.98 ind.
arelyzed in detail.The grid operatorprovidedthe measured 3 0.95 cap. 0.95 ind. 0.98ind.
data of active and reactive power at the highage side of 4 cos@i)(P) 0.95 ind. 0.98ind.
the main HV/MMttransformer at the substation. Henc

o reduce theproblemon the comparisomf control of
ctive power through a silgy control unitin different
setupsthe photovoltaicunits have been simulated wiftxed
power factors according tthe current grid codd8], [4],
irrespective of nminal power or date of instation. The
different reactive power provision of the wind turbines is

With these synthetic load and generation data ifnerefore the main research tasécduse for the rural grthe
combirgtion with the nominal data in the grid models thecontrol hardware was sap to optimize the wind farm at the
original grid behaviohas beemeproduced21]. However the main bisbar and the results shall be congide[20], [21].
simulated grid behavicat the main transformer differs from
the meaured data, because afhighersimultaneousnessf
the load and DGas well asmissing information ofurther
influendng factors.

different canfigurations of the DG units should be analyzed in
time series simulations, all loads and generation units nequg
data for one yeaf he source offte nornalizedtime serieof
the loads was the parent projectSmartNord[12], the
normalizedgeneration datavas determinedrom public data
of a transmission system optar [23], [24].

The scenaricd with the functioncos()(P) describes a
reactive powesupplyproportional to the active powErwith
two boundaries for low and high power provisamtording to
the curent grid cales for generation units in mediuwroltage

The maximum valugof active powerhave beerused to grids[4].
determine the need of scaling factors analog to the
simultaneity factor in standard grid ansdg. The cos(li) 4
implemented time series leath specific grid characteristics 0.951
shown inTABLE 3. With the combination of the normalized
time serieghe dates fortypical high and low load states could
be determined.

underexcited | overexcited
o
N

TABLE 3, CHARACTERISTICPOINTS IN TIME OF HIGH AND LOWLOAD 1 : |
date time wind solar | loading : P/Py
dd.mm.yyyy | hh:mm in % in % in %
PAROEIISY 13:00 55 99 68
PRIy 19:00 89 0 72 0.95+
18.07.2015| 13:00 0 87 81
30.10.2015 | 20:00 0 0 67 Fig. 3, cos(i)(P)-characteristic foscenario4 according td4]
11:00 70 59 39
04:00 95 0 15 ) o , o
09:00 0 72 29 In this paper the charagtstic is defined with limits of 0.2
01.10.2015 | 05:00 0 0 10 and 0.8 for the ratio cF?/_Pn'(r'atio of act'ive pqvveP to nomip_al
powerPy) and 0.95 as liméttionfor theinductive or capacitive
load factos.
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3.3. REACTIVE POWERMANAGEMENT OF TYPICAL
MEDIUM-V OLTAGE GRIDS IN DIFFERENTSCENARIOS

scenarias notpractically resonablen all points in time but
works as negative boundary for the capability aseyThe
scenariod with the cos)(P) characteristic is always between
the limitations of 0.95 underexcited and 0.95 overexcited (see
Fig.3) and thus between scenafioand scenarid3 (see
8.9.Fig.4'|‘ high loadcasel).

For the modelled mediwvoltage grids all scenarios were
simulated m time series of one year omehour steps. The
results are shown for all griqexcept the urban 14&V-grid)
with the characteristic points of high and low load highlighte
in the diagrams. For the reactive power capabditglysesthe
shown diagrams providegood indicatiori8]. The results of
the time series simulations are plottedth each reactive
power Q,, to the correspnding active powePR, at the main

i SR ) 20-kV-urban grid
transformer forevery singlepoint in time. In this way o _
PQ-clouds or-curves can beleterminedfrom the load flow  The urban grid with 20 kWiominal voltage has only very
calculations, which escribe the stationary grid behavior forfew DG units installed. Thus in all scenarios a very
the different gridsover ore year precisely and allow a Propational behavior of active and reactive power to the load
comparison of different input paraters[8]. statesvas obviousAdditionally, because of the shorter length

o of lines and higher load densithe minimum value ofQy is
20-kV-rural grid (literature) only about3.5Mvar (seeFig. 51 low load case).

For this grid model detailed anals have been published in
several studief8], [9], hence it was used as benchmark for the
simulation setup.

At points in time with high load and only little generation
the reactive power follows the active power demand 1L
proportiondly (seeFig. 47 high load casd). The high share o
of PV units in this grid leads to a constant reactive power 4
AR . . - b g .
provision within all scenarios. Hence the grid behavior is not > 0 \:
varying significantly between labnalyses. Low loading of E x u
lines brings out the capacitive characteristic of the powerg °
cables, especially for a rural grid with long circuit 5 -1f o
lines(seeFig. 47 low load casd). The results showrimarily 3 $ % 6 ®
for scerariol and scenarid®? a typical grid behaviorof o
mediumvoltage grids with a high share abalancednixture 2 2T °
of DG units[8], [9]. g B o
8r -3t
5 3 A 5 10 15 20
§ 4+ ! ‘. ) active power Py in MW —»
£ 5 » O scenariol O scenario 3
S 2t b i % scenario2 ¢ scenario 4
o
§_ o ? . Fig. 5, Results for the 2&V-urban grid in thescenaricanalyses
2 X o
g 25 To match the measured data of the grid operator a scaling
= _ ° factor of 06 had to be usedor all loads because the
-4t simultaneousnessf the used load time series did not exactly
p recreate the original data. The results show a typical overall
6l grid behavior for nearly all points in time with a negative
10 55 0 5 10 15 20 25 20 reactive power Hance to lhe upper voltage leveRotential

active power Py in MW —»

0O scenariol O scenario 3
% scenario2 ¢ scenario 4

Fig. 4, Resultsfor the 20kV-rural grid h the scenaricanalyses

The unusual capacitive power factoiscenaria3 (thewind

scenariosfor reactive power optimization could bensore
optimized grid behavior orminimization of the impact on the
upper voltage leve] if more DG units arenstalled witha
future expansion of RES in urban grldee this

20-kV-rural grid

The rural gridincluding the measured data from the grid
operator was the main simulation subject of the research

turbines provide reactivepower and increase the nodalprojectfiQo. With a 22MVA wind farm installed at the main

voltages) leads tathe mosthegative operational pointsr the

reactive power exchange at the main transfoi(sesrFig. 4 i

low load case). Due topossiblevoltageband problems this control-hardware. The

120
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busbar a goodracticeoriented setip could bebuild up
especially for the cgimulation approach with the
results of the stationarygrid

©2016 North Sea



Garskeet al. (205) Optimized Reactive Power Management Across Different Voltage Levels on the ExdampBrafs

analyses(seeFig. 6) show adifferent characteristic ofictive
to reactive power behavior as the other ol

grids(cf. Fig. 4 andFig. 5).

In comparison of all scenarios the results show the high
influence of all DG units and especially the wind
farm (seeFig. 6):

Contrary to the other grid simulations, the measured data { the original grid as well as the simulation results show a
and the results did first not match either qualitative or high negative behavior of the reactive power for most

quantitative. This can be explained witHdifferent input
parameters in the load flow calculatiche aggregation of

points in time (compensators have not beearsiciered
in the simulations)

some sbgrids (as e.g. the cables of the wind farm and a few

bigger industrial loads), different voltage -petints at the
main transformer and of course a atu more individual
behavior of all loadsvithin the real grid in caparison to the
simulation As a solution a base load ofMvar had to be

installed to match the measured datantjtative.

2

reactive power Qy in Mvar —»
o

B
N O

'
[aY
N

25 -20 -15 -10 -5 0 5 10 15
active power Py in MW —»

O scenariol O scenario3
% scenario2 ¢ scenario4

Fig. 6, Results for the 2&V-rural grid in thescenaricanalyses

The qualitative behavior could not be

all scenarios have a big influence dretoverall grid
behavior(power exchange and voltage bands)

1 scenarial differs from the results dhe literature grid
because ofiifferent WTG/PV and load ratio

1 scenari2 and 3 are primarily proportional of
wind-farm active power to reactive power (the
influence of the PV units is diminished)

1 scenariod differsas inFig. 4 betweerscenarid2 and3
because of the used c})-characteristic

1 the reactive power ability differsignificantly with the
availabk actve power of the DG units

1 the difference between the characteristic points in time
variesfrom only a fewMvar up to 14Mvar at weak
load and high wind generation

The 14Mvar difference at the peak generation appmtate
the overall reactive power abilityf ahe wind farm.In the
optimizationof the reactive powesxchangdsee4.1and4.2)
a typical operation diagram of wind turbines was used to
determine thisharateristic more detailedWithin the project
this results were used as framework for the further studies with
the control hardware, aplemented also with analys of
control values and system stitiyi [20].

3.4. COMPARISON OF THESTATIONARY GRID ANALY SES

All resultscombinedwith a synthetic simulation of the
urban10-kV-grid, which was supplementedth a WTG for

matChe@omparison purposegjive a good overviewof the high

satisfacorily. The exact operation for active and reactivejierqgence of the stati rid behaviofseeFiq. 7
power of the wind farm in the time span of the measured data g g ( 9-7)

could not be elaborateHowever independent from the actual

operation of the wind turbines ihag comparison between the

measured data arlde results ofhe four scenarioseeFig. 6)

the best match has beemost likely an operation between

eitherscenari@ (cos(i) = 0.95ind.) orscenaric4 (cosi)(P))
to reproduce a most matching overall grid behavior

An improved methodology of recreating measured grid data

and he influence offurther possible improvements for
emulating the original grid behavior as e.gdifferent grid

switching states and more individual loads is still a missing

task(seechapt.VI). Furthermore the grid model was
syoplemented with 40énm2 AL cables with a standard

two-stringtopology for the wind farmto consider the

influence of theconnectingcables to thereactive power
exchange. This was also an important petar of the control

hardware.

Fig. 7, Results of all mediunvoltage grids combined
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