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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 markdtl2]. Oneaspecin the working p_ackage 4.1 reactive power manageméntwas 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 iniechnology, power supply and control theory with industrial
addition toan existing grid athmarket modebf the ENTSGE partners of grid operators and IT consulti2g]. 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 hardwardased control stratedyealized withan
industrial controlle). The main tak for the software satp

was the incremental development of both thesicaulation
and hardware setup with the use of an industrial
computerf21].

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]).

3.1. IMPLEMENTATION OF TYPICAL GRID DATA

To cover the high divergence of mediwoltage 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]

?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 cmsumgion at the highvoltage side of the [ rural20 kv 1345km 113
main transformepf the single MVgrids including all loads, literature{8), [9] 199km 121
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