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Abstract

Long term supporting schemes for photovoltaic (PV) systestailation have led
to accommodating large numbers of PV systems within loadetscin distribution
grids. High penetrations of PV systems can cause new teheti@llenges, such as
voltage rise due to reverse power flow during light load amth iV generation condi-
tions. Therefore, new strategies are required to addresasociated challenges.

Moreover, due to these changes in distribution grids, @dfit response behavior
of the distribution grid on the transmission side can be etqee Hence, a new equiv-
alent model of distribution grids with high penetration &f Bystems is needed to be
addressed for future power system studies.

The thesis contributions lie in three parts. The first parthef thesis copes with
the PV modelling. A non-proprietary PV model of a three-ghasingle stage PV
system is developed in PSCAD/EMTDC and PowerFactory. THiéerent reactive
power regulation strategies are incorporated into the isoged their behavior are
investigated in both simulation platforms using a distriti system with PV systems.

In the second part of the thesis, the voltage rise problereritedied by use of
reactive power. On the other hand, considering large nusndfdPV systems in grids,
unnecessary reactive power consumption by PV systemgifirstdases total line losses,
and second it may also jeopardize the stability of the ndtvimthe case of contin-
gencies in conventional power plants, which supply reagbewer. Thus, this thesis
investigates and develops the novel schemes to reducévespotver flows while still
keeping voltage within designated limits via three différapproaches:

1. decentralized voltage control to the pre-defined sattpoi

2. developing a coordinated active power dependent (APDag®e regulation Q(P)
using local signals

3. developing a multi-objective coordinated droop-basathge (DBV) regulation
Q(V) using local signals

In the third part of the thesis, furthermore, a gray-box loaadeling is used to
develop a new static equivalent model of a complex distidiougrid with large num-
bers of PV systems embedded with voltage support scheméise roposed model,
variations of voltage at the connection point simulateatéoihs of the model’s active
and reactive power. This model can simply be integratedlo#d-flow programs and
replace the complex distribution grid, while still keepitig overall accuracy high.

The thesis results, in conclusion, demonstrate: i) using-based simulations in
PowerFactory can provide us with quite similar results gighre time domain instan-
taneous values in PSCAD platform; ii) decentralized vadtagntrol to specific set-
points through the PV systems in the distribution grid isdamentally impossible due
to the high level voltage control interaction and directility among the PV systems;
iii) the proposed APD method can regulate the voltage urfiesteady-state voltage
limit and consume less total reactive power in contrast eostandard characteristic
Cogp(P) proposed by German Grid Codes; iv) the proposed optimized Bthod
can directly address voltage and successfully regulatetite upper steady-state volt-
age limit by causing minimum reactive power consumption e as line losses; v) it
is beneficial to address PV systems as a separate entity egthiealencing of distri-
bution grids with high density of PV systems.



Sammanfattning

Genom att man under lang tid har givit ekonomiska incitaniéinsystem med
solceller (PV), s& har mangden solcellssystem okat ktsfég del distributionsnat.
Storre mangder solcellsanlaggningar kan orsaka nya teknoisnaningar, sdsom span-
ningsoékning. Darfér behdvs nya strategier till att motasdaegtmaningar.

P& grund av dessa forandringar i distributionsnéaten, kanféraanta sig en annan
respons fran distributionsnaten vid spanningsandringatransmissionssidan. Darfor
behodvs aven en ny modellering av distributionsnét vid hatphsolcellssystem for att
kunna genomfdra analyser av framtida kraftsystem.

Avhandlingen bidrag ligger inom tre omraden. Den forsteededv avhandling-
en avser PV-modellering. En generisk PV-modell av ett siefmstegs solcellssystem
har utvecklats i PSCAD/EMTDC och PowerFactory. Tre olikatgtgier for reaktiv
effektreglering har integrerats i modellerna och derasdiwde har undersokts i bada
simulerings-plattformarna for distributionssystem meat andel solcellssystem.

I den andra delen av avhandlingen atgardas hoga spannireghhjélp av reaktiv
effekt. Men man maste dven beakta att med manga solcetissydistributionsnat,
kan onodig reaktiv effektférbrukning i solcellssystem €t forsta 6ka de totala led-
ningsforlusterna, och fér det andra aven aventyra statgliti natet nar det galler ofér-
utsedda bortfall i konventionella kraftverk, vilka utrjgt for forsdrjning av reaktiv
effekt. Saledes underséker denna avhandling, samt utwreikh systemen for, minsk-
ning av reaktiva effektfloden samtidigt som man fortfaraskihalla spanningen inom
angivna granser. Detta studeras med tre olika metoder:

1. decentraliserad spanningsstyrning till férdefinierbdevarden

2. utveckling av en samordnad aktiv effektbaserad (APDysiégsreglering Q (P)
med hjalp av lokala signaler

3. utveckling av en multi-objective spanningsbaserad (D¥ktiv effektreglering
Q (V) med hjalp av lokala signaler

| den tredje delen av avhandlingen anvands en gray-box-theoidg till att ut-
veckla en ny statisk ekvivalent av ett komplext distribotinat med ménga solcells-
system med integrerad spanningsreglering. | den forealagodellen varieras spéan-
ningen vid anslutningspunkten for att den erhallna ekentn ska ge bra resultat vid
olika situationer gallande aktiv och reaktiv effekt. Denmadell kan enkelt integreras
i belastningsfordelnings-program och déarmed erséattaaleplexa distributionsnétet,
men anda behalla en htg noggrannheten.

Avhandlingen visar att: i) RMS-baserade simuleringar i Bddvactory kan ge lik-
nande resultat som simuleringar med momentan-varden i Pe@attformen; ii) de-
centraliserad spanningskontroll till specifika borvardemom solcellssystem i distri-
butionsnat ar i grunden omdjligt p& grund av den hdga inteakn mellan span-
ningsregleringen i de olika PV-system; iii) den foresladi®2D-metoden kan reglera
spanningen under en statisk spannings-grans och forbnuikaire total reaktiv effekt
till skillnad mot den vanliga karakteristiskaosp(P) som ingar i German Grid Co-
des; iv) den foreslagna optimerade DBV-metoden kan dirgdréla spanningen och
reglera den till den dvre statiska spanningsgransen tithetimum av reaktiv effekt-
forbrukning och ledningsférluster; v) det ar férdelaktigt beakta solcellssystem som
en separat enhet nar man gor ekvivalenter av distributiinmed hég koncentration
av solcellssystem.
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Science... never solves a problem without creating ten . more
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Chapter 1

Introduction

This chapter introduces the background of the photovolkg#tems integration into grids,
presents the associated challenges with high PV penetratiscusses the necessity of
the presented research in thesis, defines objectives am@ sdemonstrates the scientific
contributions and publications, and finally provides thegel outline of the thesis.

1.1 Background

Steadily diminishing fossil fuel resources in Europe, aadine hand, and long term plan-
ning for decreasing green house gas emissions, on the ahdr have promoted use of
renewable energy resources in the European Union'’s psli€ier instance, the European
Directive 2009/28/ EC obliges the state members to the [fireterenewable energy tar-
gets by 2020 [1, 2]. Deploying renewable energy resourcesmig environmentally helps
the CO2 balance but also positively affects the trade deffdihe EU due to energy im-
ports. There is currently a hot discussion regarding thewable energy targets for 2030
and it is expected to roughly have 70% new installed renesvabiver capacity out of the
total new installed power capacity between 2013 and 2030 [1]

Photovoltaic systems are a key option among the availablewable energy sources.
The abundant availability of the sun power in each countovigies a better ground for
deployment of PV systems as a potential energy resourceeder, distributed PV sys-
tems, in contrast to the other renewable energy sourcesssuend power generators, are
more easily integrated into the distribution grids at aningdor instance by installing at
rooftops of buildings. Furthermore, the ever-decreasosj of PV systems installations
along with encouraging feed-in tariffs have even more putdystems in the limelight.
The focus on more integration of PV systems along with a nitstirr their technology
and market have led to a huge drop in PV systems electricyinaecent years, roughly
60% from 2008 to the second quarter of 2013 [1]. It is worth fizering that during the
same period, the module prices, which used to be the domfaetot in the total PV cost,
have dropped even more, around 80%, and now representtigas4@% of the total cost
of a PV system [1]. Consequently, the PV-generated el@gticice in some residential

1
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Figure 1.1: Installed PV capacity by the end of 2012 in thedparstates (in MWp) [2].

regions is already cheaper than the retail price. Therefbeegrid parity, defined as the
moment when the cost of electricity generated by PV is coitipetvith the retail price,
is already met [1, 3—6]. The falling cost of PV systems andatssgociated residential grid
parity will steadily open new markets for PV systems.

PV industry has been one of the fastest growing industrydasghe compound an-
nual growth rate of PV systems, which has been around 55%tbeelast decade [1].
Fig. 1.1 depicts the evolution of cumulative PV electrigjgneration capacity in the Eu-
ropean states by the end of 2012 in which about 70 &Was installed and contributed
to the 2.5% of the final consumption [2]. The cumulative PV @ration capacity has in-
creased 373 times from 185 MWp in 2000 to roughly 70 GWp in 26H@vn in Fig. 1.1.
Installed PV generation capacity in 2012 scored the firsk @mong all other installed
power generation units, 51.7% of the net new power capakity. 1.2 shows the global
market share of the cumulative installed PV capacity; Gegmand Italy scored the first
place and the second place in the global market share [7jugih&urope has dominated
the global PV market, more than 50%, an emerging secondaretnautside Europe is
growing [7]. For instance, PV market in China grew by 3.7 GW®2012, which shows
300% increase compared to 2010, and followed by 12 GWp in 2@h&h was above
the expected government'’s stated number 10 GWp [1, 8]. litiaddo that, in China, an
ambitious target of 100 GWp by 2020 is under discussion. dealso a big growth in
Japan’s PV market in 2012 by connecting 1.7 GWp to reach ah6uGWp that in turn
followed in 2013 by a boom of 6.9 GWp new installed capacity8]1

1The size of PV systems is typically expressed in watt-peag)(W
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Figure 1.3: Estimation of installed PV systems per voltagyel in Europe by the end of
2012: (a) cumulative capacity (b) number of connections [2]

Though PV systems can be integrated into high, medium anddtage grids, they are
mainly connected to the medium and the low voltage grids. EBg shows the estimated
installed PV capacity per voltage level in Europe by the eh?0d2 [2]. The estimated
numbers of the installed PV systems per voltage level arstithited in Fig. 1.3b [2]. Nev-
ertheless, PV systems have unevenly been spread out wifféredt European countries
and even more uneven within the voltage levels and diffexsgions of a country. In Ger-
many, for instance, there are more than 33 GW of installed y&tems by end of March
2013, of which 70% have been connected to the low voltage @ridls and about 25% to
the medium voltage (MV) grids [2]. Besides, regional diffeces are also comparatively
significant and some regions in Germany, for example, haeady encountered high lo-
cal penetration of more than 200 kW/Rroompared to the national average, which is 39
kW/km? [9, 10]. Accordingly, the LV grids have been more prone toesignce the high
density of PV connections.
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The focus in this thesis is on the LV distribution grids. Foamg years power was
only generated at large-scale conventional power plariteedtigh voltage levels and then
delivered to consumers located mainly in distribution giatithe medium and the low volt-
age levels. Nevertheless, the presented statistics deératmisow drastically this model in
mind has changed during the last decade and now pure corsumtbe distribution grids
have changed to prosumers, which not only consume but atsbupe power via small-
scale PV systems (or other distributed sources). This &eolin the nature of the power
system operation, likewise other evolution phenomenagmtiture, needs adaptations for
survival.

1.2 Challenges and motivations

High penetrations of PV systems within load pockets in iiation grids have led to tech-
nical challenges such as reverse power flow and overvolfa§el1-19]. One of the main
challenges for distribution system operators (DSO) is keefhe voltage profile within an
acceptable band designated by standards. Voltage viotadioe to the surplus flow of PVs
power would have a negative impact on the stable operatitotbf supply-side units and
demand-side appliances. Overvoltage may also shorteifeéhare of equipment. In this
regard, integration of more PV systems in grids may be del&y® proper action is taken.
Itis therefore required to contrive remedies to resolveafioeementioned consequences of
high PV power penetrations and in the meantime increaseritidngsting capacity of PV
systems.

Different remedies have been proposed to deal with the utedavoltage problem
associated with high PV systems penetrations that can ai@nke divided into three cat-
egories, namely system level, plant level and interacévell

The system level has to do with remedies that target the ghédrather than costumers
or PV plants. Plant level remedies focus on PV plants andatalled before the point of
common coupling (PCC). The interactive level includes sohs in-between, in which a
communication infrastructure is required to link decisinaking units, installed at differ-
ent locations in the grid, with plant components.

The system level remedies with the high effectiveness irLYhgrids are [2]

» Grid Reinforcement [2, 9] in which the capacity of transformers and the cross-
sectional area of conductors can be augmented by addingaesidrmers and lines.
Though this solution is effective and simple for supporting voltage profile, it is
first costly, especially in the case of underground cabled,second quite cumber-
some in terms of making an efficient planning to address @urttevelopments of
loads and generation.

* On Load Tap Changer (MV/LV transformer) [9,20-22] can control the low volt-
age side of the transformer to suppress the overvoltageh®undntrary, since the
MV/LV transformers usually feed several feeders, lowerialjage to mitigate over-
voltage on one feeder may lead to undervoltage in a neighdpdeieder with less
or no PV power surplus. It is also worth mentioning that MV/ttédnsformers in



1.2. CHALLENGES AND MOTIVATIONS 5

the current distribution grids are not equipped with on ltstdl changer capability;
therefore, adding this function will increase the cost of MW stations.

The plant level remedies with the high effectiveness in tfgtids are [2]

» Plant Level Storage[22, 23] can be deployed to save the surplus of the PV power
for the later use especially in peak demand. The large cagbodige systems is the
main disadvantage.

 Active Power Curtailment [9, 12, 16, 24] can be used to reduce feed-in peaks of
PV systems and in turn reduce the surplus of the PV power ggoer The loss of
income followed by the loss of energy is the main disadvamtdghis approach. Itis
also important to state that this remedy is in contrary withgpirit of the European
Directive rules on privileged integration and priority ass for renewable energy
sources [2]. Therefore, this remedy should be the last egigle option, when all
other inexpensive remedies cannot solve the problem [2].

» Reactive Power Control[9,13,25-28] through PV systems can mitigate the voltage
violation caused by PV active power generation. The effeogss of voltage control
via reactive power regulation depends on the R/X ratio offtieeler; the lower the
R/X ratio the better the efficiency. Therefore, reactive ppaupports are relatively
more effective in the MV grids than the LV grids due to the intezl lower R/X
ratios.

* Static var compensator (SVC)[2] can be installed in LV grids to suppress the volt-
age rise caused by PV systems generation. This approadatigely expensive and
it is often necessary to install SVC outside of substatiorsder to reach a high effi-
ciency in voltage mitigation. Moreover, as mentioned earloltage compensation
via reactive power in LV grids might be less effective than ights.

The interactive level remedies such as demand side managane:supervisory con-
trol systems rely on a communication infrastructure. Meegpthe effectiveness of these
methods in the LV grids, in contrast to the aforementionethods on the system level
and the plant level, are considered less [2].

With that being said, each remedy has its own pros and conset#y, from an eco-
nomic point of view, the voltage profile regulation via réaetpower contribution of PV
systems is to be preferred over other remedies [9]. Morethvere is no technological bar-
rier because PV systems can simply modulate reactive pamédasto producing active
power; therefore, reactive power regulation does not recariy new physical component
except oversizing the PV inverter to accommodate the ngaptwer contribution. Since
the cost of a residential PV inverter is less than 9% of theallesl PV system cost [1],
oversizing the PV inverter by 12% for accommodating a powaetdr of 0.9 would not
be costly. From the regulations perspective, the reguldiarriers have been resolved in
some countries like Germany and the German Grid Codes (GG®) seactive power
contribution in the LV grids [29].
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Therefore, the main focus of the research presented intteig is on using reactive
power capability of PV systems at the plant level to regwaltage.

Considering large numbers of PV systems in grids, unnepessactive power con-
sumption by PV systems firstly increases the total line lmsaad secondly it may also
jeopardize the stability of the network in the case of caygimcies in conventional power
plants, which supply reactive power [30]. Therefore, it fggoeat importance to figure
out mechanisms that can keep the voltage within the desidriaiundaries with the min-
imum reactive power consumptions. Furthermore, since dhentunication infrastructure
does not normally exist in the distribution grids, it is dal¢o develop offline coordination
mechanisms between adjacent PV systems. Hence, this,thgsismpared to the current
available methods, investigates and proposes voltagesigrhemes that are able to coor-
dinate PV systems to reduce reactive power consumptiomutithe aid of communication
systems.

Due to the high-density interconnection of PV systems irctirdemporary power sys-
tems, the power flow is not unidirectional anymore. This mmeanon, apart from the
local challenges, may change active and reactive powepnsggs of distribution grids
(lower level grids) to voltage variations in power transsios grids (higher level grids).
The change in the voltage-power characteristic at the Idewe grids may affect the be-
havior of the higher level grids. Accordingly, it is a mattdrimportance to address how
to model new distributions grids for the higher level stsdie

Normally, the dimension of distribution grids is high dudaoge number of sections,
branches and load points necessary in routing feedersghrpublic districts [31]. Be-
sides, the real size of power transmission grids can b#sicalquite big and, therefore,
considering a detailed distribution grid to study powengmaission systems is neither prac-
tical nor necessary. Consequently, distribution gridsgemeerally considered as an aggre-
gated load model in studies of the higher level grides. Thgegated load model of a
distribution grid is normally represented by the constamitage, constant current and con-
stant power load model (ZIP load model) [32-37]. With emagd?V systems, they have
normally been considered as a negative load due to theiigcf88—41]. Nevertheless, as
stated earlier, the growing PV penetrations can changedi@ge-power characteristic of
the distribution grids. Furthermore, equipping PV systevith voltage support schemes
may even cause more changes in the behavior of the distibgtids. Consequently,
it is necessary to find new equivalent models that can capherelominant behavior of
the distribution grids with the high density of PV systemsbexided with voltage support
schemes.

To summarise what said above, this thesis addresses thwifod) questions

1. How does an individual PV model with the reactive poweutatjon ability behave?

2. Isit possible to obtain a certain voltage profile via PMtegss considering controller
reactions?

3. Are the proposed reactive power regulations in the staisdzfficient? If not, how
can they be improved?
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4. Is there a need for a new reactive power characteristit tthe proposed ones by
standards? If yes, how should they be designed?

5. How to make a proper equivalent of distribution grids witgh PV penetration?

1.3 Scope and objective

The work presented in this thesis was performed within $uwesitde Energy Technologies
and Strategies (SETS) Erasmus Mundus Joint Doctorate &rogupported by the Euro-
pean Commission. The overall aim of this thesis is to ingasé and develop proper volt-
age support schemes via reactive power regulation of P\ésysstand further to develop
an equivalent model of distribution grids with the high dgnsf PV systems embedded
with voltage support schemes. To do this, one first needstta geoper insight into oper-
ation of one individual PV system. Thus, at the first stagdnefdoctoral project, the work
focus was mainly on the instantaneous modelling of a PV sy$testudy its behavior.

Since voltage regulation through PV systems must operdténvone to a few sec-
onds, a quasi-static analysis is assumed to be appropfiaterefore, quasi steady-state
power flow calculation is considered for designing voltagpmort schemes, which basi-
cally means the system dynamics and transient disturbanee®t considered. Features of
the voltage sensitivity matrix are deployed for designiiffpcent voltage support schemes.

This thesis only addresses technical aspects of possikitoss for keeping voltage
profile under the steady-state voltage limit while redudivbreactive power consumption,
and so, the financial consequences of different policiesatranalysed here.

It is worth mentioning that the focus in this thesis is to pys@ and develop methods
that can address overvoltage associated with high PV pmioetr Nevertheless, the pro-
posed methods can be extended to address under voltag@sitlia case of weak grids
when load demand is much higher than the production of P\ésyst However, this is not
studied in this thesis.

The applications of load modelling can basically be dividetivo categories: 1) static
applications and 2) dynamic applications. In this thesly the static applications, which
incorporate only the voltage-dependant characteristics,considered for equivalencing
distribution grids with high PV penetrations.

1.4 Scientific contribution

The contributions of this thesis lie in three areas: first mdeldling and studying behavior
of an individual PV system; second, in evaluating voltag#ifg support schemes through
different reactive power strategies embedded in PV systénisl, developing a static
equivalent model of distribution grids with a high densify?% systems. The contributions
of the thesis are summarized as follows:

1. Modelling
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» Developing a non-proprietary PV model of a three-phaseglsistage PV sys-
tem incorporated with three different reactive power ragjah strategies in
PSCAD/EMTDC simulation platform [P-I];

« Comparing the developed model based on the time domaiantasteous val-
ues, PSCAD/EMTDC platform, with a similarly developed mdukesed on the
rms values in PowerFactory platform [P-II];

2. \Voltage Control/Support

« Using the voltage sensitivity matrix along with controktries, namely Rel-
ative Gain Array and Condition Number, to evaluate the fmlitsi of con-
trollability among PV systems for controlling voltage ptefio predefined set-
points, [P-III];

» Developing a novel coordinated active power dependertagel regulation
method Q(P), which utilizes the voltage sensitivity matixone operating
point to determine individual Q(P) characteristics thad lecal information
but provides a coordinated response without the aid of coniration sys-
tems. [P-1V].

» Optimizing the proposed method in paper IV using an optatidn formulation
to optimally coordinate the parameters of individual Q(Ramacteristics while
still local measurements are employed [P-V];

« Developing a multi-objective coordinated droop-basdthge regulation method
Q(V) in which a multi-objective design is used to adjust tlaegmeters of the
Q(V) characteristic without the aid of communication syssgP-VI];

3. Equivalencing

« Using gray-box modelling concept to develop a static egjeint model of dis-
tribution grids with large number of PV systems embeddet wititage sup-
port schemes [P-VII].

Table 1.1 illustrates the correspondence between theqatiolhs and the concepts used
in the contributions.

1.5 List of publications

Publication | (P-I)
A. Samadi, M. Ghandhari and L. S6der, “Reactive Power Dynamic Assegs$iof
a PV System in a Distribution GridEnergy Procediavol. 20, pp. 98-107, 2012.

Publication Il (P-II)
A. Samadi, R. Eriksson, D. Jose, F. Mahmood, M. Ghandhari and L. S66em-

parison of a Three-Phase Single-Stage PV System in PSCADPawerFactory,”
Proc. 2nd International Workshop on Integration of SolamRo into Power Sys-
tems Lisbon, Portugal, pp. 237-244.
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Table 1.1: Items considered in the various publications.

Publication
| 1] 1] v \ VI VIl
PV modelling v v
Dynamic studies v v
Quasi steady-state v v v v v
Evaluation of voltage controllability via PVs v
Active power dependent power factoosp(P) v v v v v v
Active power dependent reactive power characteristic Q(P) v v
Droop-based voltage regulation Q(V) v v
Aggregation v
Optimization v v v

Publication 1l (P-111)
A. Samadi, R. Eriksson and L. Soder, “Evaluation of Reactive Powern®upinter-
actions Among PV Systems Using Sensitivity AnalysBdc. 2nd International
Workshop on Integration of Solar Power into Power Systehisbon, Portugal,
pp. 245-252.

Publication IV (P-IV)
A. Samadi, R. Eriksson, L. Soder, B. Rawn and J.C. Boemer “Coordinatsie
Power Dependent Voltage Regulation in Distribution GridhWwV Systems,|EEE
Transaction on Power Deliveryol. 29, pp. 1454-1464, June 2014.

Publication V (P-V)
A. Samadi, E. Shayesteh and L. S6der “Optimal Coordination of Q(P)r&ttaris-
tics for PV Systems in Distribution Grids for Minimizing Retéve Power Consump-
tion” CIGRE, AORC Technical meetinilay 2014, Japan.

Publication VI (P-VI)
A. Samadi, E. Shayesteh, R. Eriksson, B. Rawn and L. Sdder “Multi-Gtboje Co-
ordinated Droop-Based Voltage Regulation in Distributt@mds with PV Systems”
Renewable Energyol. 71, pp. 315-323, Nov. 2014.

Publication VII (P-VII)
A. Samadi, L. Soder, E. Shayesteh and R. Eriksson “Static Equivalebigiribu-
tion Grids with High Penetration of PV Systems Embedded witliage Support
Scheme'Provisionally accepted to IEEE Transaction on Smart Grid

1.6 Division of work between authors
Publication I, I, IV

A. Samadimade the outline, work and wrote these papers under the\ssioerof
L.Séder, R. Eriksson, M. Ghandadhari and B. Rawn.
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Publication Il
A. Samadi made the outline, wrote the paper and performed the workpgtbe
model in PowerFactory which was developed by D. Jose and Rnidad with the
help of A. Samadi This work was performed under the supervision of R. Eriksso
M. Ghandhari and L. Soder.

Publication VI
A. Samadimade the outline and wrote the pap&rSamadiperformed the simula-
tion, modeling and analysis except the optimization in GAMS8ch was contributed
by E. Shayesteh. This work was performed under the supenvidi B. Rawn, R.
Eriksson, and L. Sdder.

Publication V and VI
A. Samadimade the outline, work and wrote the paper. E. Shayestehilooted his
knowledge in optimization and equivalencing. These studiere performed under
the supervision of L. S6der and R. Eriksson.

1.7 Thesis outline
The rest of this thesis is organised as follows:

Chapter 2 briefly describes the evolution history of PV systems, defiverious compo-
nents involved in a PV system, presents a three-phase stage PV model, and
further discusses different strategies for regulatingtiea power of PV systems
presented in Papers | and II.

Chapter 3 provides a brief background on load flow and sensitivity gsial It also de-
scribes how features of voltage sensitivity matrix in cowjion with the relative
gain array and the singular value decomposition can be wsgdantify the level of
interaction among PV systems in case of using direct AC-loltsge control strat-
egy, and along with evaluation of the voltage controlldili

Chapter 4 demonstrates how the features of the voltage sensitivityixnalow system-
atic coordination of Q(P) characteristics among PV inusriehile still using local
measurements as presented in Papers IV and V.

Chapter 5 depicts how the features of the voltage sensitivity matmiasgsociation with
droop control concept can be used through a multi-objecd&gign to optimally
coordinate characteristics of the droop-based voltaggivespower among PV sys-
tems in radial distribution feeders. Along with Paper Vingroduced.

Chapter 6 describes the use of gray-box modeling concept in systemtifibation to
develop a static equivalent model of distribution gridswitgh level penetrations of
PV systems embedded with the GGC standard characteistig{ P). This chapter
also introduces Paper VII.
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Chapter 7 highlights the key conclusions of the thesis and summaitess for future
research work.






Chapter 2

Grid-connected PV systems

This chapter briefly describes the evolution history of Psteays, defines various compo-
nents involved in a PV system, presents a three-phase sitagje PV model, and further
discusses different strategies for regulating reactivevgioof PV systems presented in Pa-
pers | and Il.

2.1 Background

The fundamental element of PV systems is solar cells, whiehreade of semiconductor
materials to convert sunlight to the electricity. The vergtfpractical application of PV
systems was providing electricity for the orbiting satelNagnuard | in 1958 [42]. The
material of the first generation solar cells was single efysiticon wafers. The huge cost
of solar cells as well as the low efficiency limited the use lodfpvoltaic systems to only
space applications for many years. Nevertheless, the weadtérnative energy resources
directed much attention towards terrestrial applicatiohBV systems. Therefore, solar
cells were gradually used in terrestrial applications saglgrid connected PV systems.
During the last decade, long term supporting schemes hawveded big markets for grid-
connected applications that in turn channelled more rebearand investments in solar
cells technologies. Consequently, the price and the dffigief solar cells have dramati-
cally improved to the extent that new generations of solis bave been introduced and,
moreover, grid-parity (defined as the moment when the cosiegftricity generated by
a grid-connected PV is competitive with the retail price} lsdready been met in some
residential regions [1, 5, 6]. PV systems hereafter refgrid-connected PV systems.

2.2 Components of PV systems

The building blocks of a typical PV system is illustrated iig.F2.1. The system is com-
posed of two main components: 1) solar arrays, and 2) a powvelitioning unit (PCU).
The sunlight is converted to DC power electricity via soleags and the generated DC
power is in turn converted to AC power through the PCU. Sonmeqfdhe generated AC

13
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Figure 2.1: Schematic of the building blocks of a typicatlgconnected PV system.

electricity power is consumed by local loads and the surpfuilbe AC power is pumped
into the distribution grid. In the following, elements ihved in PV system operation are
briefly discussed.

2.2.1 Sunlight

The solar radiation incident on a particular earth’s swefdi@stically varies due to differ-
ent reasons such as atmospheric effects, clouds, watersyguulution, latitude of the
location, the time of the day, and the season of the year. eftwer, the instantaneous
received power of solar radiation on the earth’s surfaceifsigntly varies. The instan-
taneous power of radiation incident per unit area is calteatiance and expressed in
[W/m?]. The global solar irradiance on a horizontal surface onetieh is composed of
two components, namely direct and diffuse [43, 44]. Theadicemponent is the part of
global irradiance that directly reaches on the horizonteese. The diffuse component is
the part of the global irradiance that scattered by pashimgigh the atmosphere. For tilted
surfaces, there is another component called Albedo, wisithd part of solar irradiance
that is reflected by the earth’s surface [43, 44]. The irnackeis normally used to evaluate
the performance of a PV system at each point of a day. In desigfV system, however,
the average of the solar irradiance over a time period isogeepl. The integration of solar
irradiance at a particular location over a time period idechbolar irradiation or insola-
tion expressed in [kKWh/R). The yearly solar irradiation is normally used as a meagure
assess the potential of solar electricity generation asagetconomic aspects at different
regions. For a typical crystal silicon PV system with horitaly mounted solar panels,
for instance, yearly solar electricity generation at resighl areas in Northern European
countries (e.g. Denmark, South Sweden, Baltic countriesfiNGermany and France)
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Figure 2.2: Solar cell: (a) I-V and P-V characteristics; Egctrical equivalent model.

mainly falls in the range of 700-800 kWh per kWp; the diffuseliation has the highest
share in these regions [45]. The highest potential for s&stricity generation is located
at Southern European countries (e.g. Portugal, Spain alyg With yearly production in
the range of 1100-1350 kWh per kWp [45]. The poorest solartedity generation is in
Northern Sweden and Finland that falls bellow 700 kWh/kW) [4nstalling solar panels
in an optimum inclination angle and orientation can boostrlyesolar electricity produc-
tion by 9-26%; increments higher than 16% can be attaineccan&navian and Baltic
countries [45].

2.2.2 Solar cells

Solar cells are generally a semiconductor-based electdmvice that converts sunlight to
electricity power composed of voltage and current. Nonmalie output of a solar cell
is characterized by current-voltage curve and power-geltaurve. Fig. 2.2a shows the
typical I-V characteristic curve of a solar cell for a cent@iradiance assigned to the left
hand sidey-axis. Two main parameters of each |-V characteristic aenajrcuit voltage
Voc and short circuit currerisc. These two parameters heavily depend on the irradiance
level and the cell temperature. Irradiance variations mgaiffect the short circuit current
of solar cells while temperature variations mainly afféx dbpen circuit voltage. Fig. 2.2a
shows a typical P-V characteristic of a solar cell for a darbaadiance assigned to the
right hand sidg-axis. Two main parameters of the P-V curve are vol¥ger and current
Impp @t maximum power point.

An ideal electrical equivalent of a solar cell is modeled lyuarent source in parallel
with a diode. Nevertheless, since losses are inheritedparty physical componentin the
real world, a series resistance and a shunt resistance naaddee to make a more realistic
equivalent. The schematic of a single-diode electricalvadent of a solar cell is shown in
Fig. 2.2b.
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The I-V characteristic of the single-diode model is mathecadly represented as fol-
lows [46,47]:

gy VIR

o (2.1)

I =1pn—To(e
wherel, is the dark saturation currerRs is the cell series resistandgy is the cell parallel
resistance, A is the diode quality factbgy, is the photo-generated current avidis the
junction thermal voltage, which is described by

kK STC
= 2.2

wherek is the Boltzmann'’s constard,is the charge of the electron afgrcis the temper-
ature at standard test condition (STC), when the solariarag on the surface of the cell
is 1000 [kw/n?] and the temperature of the cell are’25 Different approaches have been
proposed to identify the parameters of the solar cell edgemig46—-48].

A solar cell delivers a certain power according to its |-V i@weristic. Therefore,
solar cells must be connected together to provide adeqabiégye and current for practical
applications. In this regard, solar cells are connectediiies to form solar modules; solar
modules in turn are connected in series or in parallel andntealon a supporting frame
to form solar panels. Solar panels are also connected iessanid in parallel to form solar
array in order to provide adequate power and voltage forgbeamnected to grid.

The equivalent model of a solar array is represented anatogahe solar cell equiva-
lent in 2.1 by incorporating the number of parallel and seciells of the solar array.

The size of PV systems is typically expressed in watt-peak)(&hd this basically
represents the output power of PV array at the STC [45].

Vi

2.2.3 Power conditioning units

Solar arrays produce uncontrolled DC power; therefore, & employed to first control
the arrays DC output power and second convert the DC powdretdigh quality AC
power. From power processing perspective, the PCU of P\ésystan be either single-
stage or double-stage systems. In a single-stage PV sydtedC power of solar arrays
is directly converted to the AC power via an inverter, while@-DC converter prior to the
PV inverter is incorporated into a double-stage PV systentohtrast to single-stage PV
systems, double-stage PV systems provide higher fleyibilipower control, but at the
expense of extra cost and lower reliability [49].

At a specific irradiance, the power operating point of sokdiscand similarly solar
arrays is not necessarily located at the correspondingmmaripower point. Therefore,
one of the main tasks of PCUs is to regulate the voltage ancutivent of a PV array such
that the PV array can deliver its corresponding maximum p@tehat certain irradiance.
This task is called maximum power point tracking (MPPT).f&é&nt MPPT algorithms
have been proposed and implemented in PV systems to thet ¢ix&grihere are at least
nineteen distinct algorithms in the literature [50].
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The other main task of PCUs is controlling injected AC cuti®rch that the injected
AC current first attains the same frequency as the grid, aoohsk depending on size of
PV active and reactive power, yields a proper phase-shilft kgispect to the voltage at the
point of connection.

PCUs must also be able to perform other tasks such as istaddiection, protection,
voltage amplification, and filtering harmonics [51, 52].

2.3 Single-stage PV model

One of the main challenges associated with studying PV sybihaviors has been the
availability/lack of non-proprietary PV models. Thoughhgoanies may have their own
proprietary detailed-model information, it is hard to get¢ information of such models.
Hence, there has been a need to develop a non-proprietargl tiad can capture the
dominant behaviour of PV systems embedded with reactiveepoegulation functions
in order to examine the behavior of PV systems in a distriloutirid. Moreover, it is
worth mentioning that implementation of reactive powertcolrstrategies is a challenge,
because some criteria, according to standards, must biefliifput it has not explicitly
been mentioned which procedure and how.

There were some PV models in the literature [28,53-55] gthesdels mostly assumed
unity power factor operation for PV systems [53-55] or jushsidered reactive power
support for medium voltage connected PV systems [28]. Hewevdetailed residential
PV model in LV grids that can represent different reactivev@oregulation strategies had
not been addressed in the literature.

In the first stage of the PhD project, therefore, a non-petary PV model of a three-
phase, single-stage PV system is developed in Paper |, wistribes controller design
procedure and introduces a novel investigation on the itapbaspects of three different
reactive power regulation strategies. The model first imgleted in the PSCAD simula-
tion platform based on the instantaneous values, and futdweloped in the PowerFactory
simulation platform based on the rms values to also evallifferences and similarities
between these two domains.

Fig. 2.3 illustrates the main schematic of the develope@getiphase, single-stage PV
system model connected through a transformer to a disiwitogtid. The PV system model
consists of solar array, dc-link capacitor, voltage sowaaverter (VSC) and peripheral
control systems. The output power of the solar array feedldrdc-link capacitor and
is converted through the parallel connected VSC to AC powerminals of the VSC are
connected to the PCC via an interface reactor, which shovirdmg R, where R represents
the resistance of both the reactor and VSC's val@ess a low-pass filter to eliminate high
order current harmonics generated by VSC switching. The ytem is interfaced with
the grid through a transformer, which makes an isolated gtaand also amplifies the
output voltage of the PV system to match with the grid voltiegel. The distribution grid
is modeled by the Thevenin equivalent, whBgeandLg are equivalent grid resistance and
inductance, respectively.



18 CHAPTER 2. GRID-CONNECTED PV SYSTEMS

PV system

F—————— oo X7P7 }T::::—Tfi 7777777777 pCC Distribution

} Py 0, LC filter } 0,

| Ipy O

| > W

! + C_L + TV[} R_L s |

1 7 I S IR G=1 }

} Array T - - I } } I

\ b ! }

| == -

| SZ }

I

| PLL |

I

} Vsd V.\'q }

| I~ Ref Generator™ | !

| ‘} ) ) \ - 1Opcc !

| dq frame current | 4 | 0 controller @-‘@ }

} "2 controllers } strategy K=

| - [ Ppcc }

- - |

} Ipy ¥ } p }

| Vi | | £ py

A L S T o T o e e B ol
I

I

Figure 2.3: Schematic of a three-phase, single-stage Piéraystructure connected to a
distribution grid.

Phase Lock Loop (PLL) is used to convert ac signals in thefedhue to corresponding
dc quantities in a proper dg-frame. Using dc control sigiredead of sinusoidal-varying
signals, which are synchronized with the grid frequenegashlines control process. Ac-
tive and reactive powers of the PV system are controlledhgaitand g axes, respectively.
Active power is controlled through regulating dc-link \adie. Reactive power control will
be explained in the next subsection. Control process cagpthree control loops: inner,
middle and outer loops. The inner one is current control jdbp middle one is dc-link
voltage regulator loop as well as reactive power controbja@nd outer loop is the MPPT
loop. As can be seen, the MPPT determines dc-link voltaggeate. The error between
dc-link voltage and its corresponding reference voltagemensated b¥,qc(s) compen-
sator to provide the reference active power, which in tueatas ... In order to augment
the performance of the dc-link voltage regulator, outpuv@oof PV is deployed as a
feed-forward to eliminate the nonlinearity and destabitiimpact of the PV array output
power [53]. Depending on reactive power regulation stiaigg reference command is
generated.igre @andigret are passed through current controllers to produce modglati
signals for valves of the VSC.

2.3.1 Reactive power regulation

Generally speaking, reactive power of the PV system at thé &4 be regulated in two
main approaches:
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Figure 2.4: Controller block diagrams for reactive poweyulation: (a) direct regulation;
(b) indirect regulation.

1. Direct regulation in which reactive power is directly regulated to a presetigas
shown in Fig.2.4a

2. Indirect regulation or direct AC-bus voltage control in which AC voltage at the
point of PV connection to the grid is directly controlled tgeset value as shown
in Fig. 2.4b, and by doing so, reactive power is indirectiyulated.

However, one should keep in mind that the reactive powerritmriton of PV systems is
limited due to the certain size of the VSC (for instance, idesrto accommodate reactive
power to achieve a power factor of 0.9 at the maximum PV agime@er without any
active power curtailing, the VSC must be oversized by 11%jyelsas regulation barriers
specified by standards such as the German Grid Codes, whidievdiscussed in Chapter
4. In other words, active and reactive power of a PV systent beiBmited to the nominal
apparent power of its VSG/P2+ Q2 < S,

The reactive power preset in the direct regulation mode eaattained via different
characteristics such as:

Constant power factor characteristic: in which PV systems regardless of the feed-in ac-
tive power levels, contribute a constant fraction of feedgctive power as reactive
power. It is worth mentioning that unity power factor is nonsidered in this cat-
egory. In this approach, hence, when there is no voltagatiol, PV systems still
may contribute reactive power (unnecessary reactive power

Dynamic power factor characteristic Cos@(P): this method was originally proposed by
the GGC to reduce reactive power consumption as comparée toonstant power
factor approach [29]. Fig. 2.5a depicts a more general chenigtic curve of this
method in both inductive and capacitive modes. Dependintherfeed-in active
power level of the PV system, the power factor level as wethasype of generated
reactive power varies. This method, in contrast to its predsor, can reduce the
unnecessary reactive power contribution of PV systems.

Active power dependent reactive power characteristic Q(P) the main concept of Q(P)
characteristic shown in 2.5b and t@®sp(P) characteristic is the same. In other
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Figure 2.5: (a) Dynamic power factor characteri§twsp(P); (b) Active power dependent
reactive power characteristic Q(P); (c) Droop-based geltagulation characteristic Q(V).

words, both of them are an active power dependent charstiten which the feed-
in active power of the PV system is used as a feedforward kignzalculate the
required reactive power.

Droop-based voltage regulation characteristic Q(V):voltage at the PCC is employed
as a feedforward signal to calculate the required reactbveep according to the
droop characteristic as shown in 2.5c.

The Cosp(P), Q(V) and direct AC-bus voltage control strategies wereiporated
into the developed model. Detailed design procedure ofldped PV model controllers
including parameters tuning is presented in Paper I.

2.3.2 Results and discussion

The developed model in Fig. 2.3 is implemented in PSCAD sitiah platform to eval-
uate and compare the performance of three reactive powelatem strategies, namely
Cosp(P), Q(V), and direct AC-bus voltage control. Simulation résghow that the model
works as expected based on the given design procedure inlPHpgalso noticed that the
dynamic of the PV system in terms of reactive power provisimmbe quite fast (in order of
tens of milliseconds). Furthermore, based on this conftguratwo identical PV systems
are integrated into a quite small distribution grid to irigeste the interactive impact of the
controllers and reactive power strategies. It is demotesdrtnat a lack of coordination be-
tween set-points of PV systems in the direct AC-bus voltaggrol strategy brings about
negative interaction among installed PV systems in the saaisty. This is presented in
Paper I.

The implemented model in PSCAD simulation platform wastferideveloped in Pow-
erFactory simulation platform in the rms domain. The resdimonstrate that the rms
domain model in PowerFactory can provide quite similar ltssaas time domain instanta-
neous values model in PSCAD and with advantage of lower sitioul time. Therefore, the
performance of large number of PV systems can be easilyextudiing rms simulations.



2.3. SINGLE-STAGE PV MODEL 21

At this stage of doctoral project, two questions were raised
1. How can one quantify the interaction level of voltage colrdmong PV systems?;

2. Is there the possibility of decoupling interactions irseaf using direct AC-bus
voltage control method?

PSCAD and PowerFactory simulations are not efficient in jgiog analytical insight into
controllability and quantification of voltage control inéetions. Therefore, the features of
voltage sensitivity matrix, which indicates how voltageoae node varies with regard to
active and reactive power variations at any node, along sathe control theory concepts
are employed to address the raised questions.






Chapter 3

Direct AC-bus voltage control via PV
systems and associated interactions

This chapter provides a brief background on load flow and isieitg analysis. It also
describes how features of voltage sensitivity matrix injeoction with the relative gain
array and the singular value decomposition can be used tatiiyehe level of interaction
among PV systems in case of using direct AC-bus voltageat@titategy, and along with
evaluate the possibility of the controllability.

3.1 Introduction

Prior to design of a control scheme for a process one shoudgiigate the input-output
controllability of that control scheme defined as the apiid achieve acceptable control
performance, i.e. keeping outputs within designated eefegs despite small bounded dis-
turbances and uncertainties [56]. The main aim of this @ragto measure controllability
among the PV systems in a distribution grid for direct AC-bakage control by use of
voltage sensitivity features as well as concepts ofehative gain array RGA) and thesin-
gular value decompositio(EVD). For this purpose, the voltage sensitivity matrix sed
as the steady-state gain of the multi-variable system. drfitet method, the RGA of the
voltage sensitivity matrix is utilized as a quantitativeasere to address controllability and
the level of voltage control interaction among PV systenige 3econd method éondition
number(CN), in which the SVD of the voltage sensitivity matrix isagkas a mathematical
measure to indicate the voltage control directionality agnBV systems. In the direct AC-
bus voltage control process, reactive power of PV systedisates manipulated variables,
which are fed to the plant system, while AC-bus voltagesdatdi controlled variables (the
plant outputs). Operating modes of PV systems reactive piimguctive and capacitive
modes) determine the input direction to the plant systenffei@int input directions can
cause different impacts on voltage variations; strongativeality indicates a large range
of variations in the plant gain for various input directipne. the plant gain is strongly
dependent on the input direction.
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Sub-matrices of the voltage sensitivity matrix indicate gensitivity of the bus volt-
ages and angels to the variation of active and reactive pmjesations at all buses. The
voltage sensitivity matrix of a power grid, therefore, prws analytical insight into power
grid behavior. The voltage sensitivity matrix has widelebemployed in quite different
studies [12,24,57,58]. However, the application of the R&w CN in the voltage sensi-
tivity analysis to indicate the degree of the voltage cdriti@raction among PV systems
was not addressed in the literature.

This chapter, therefore, takes advantage of the voltagetseéty matrix in conjunction
with the RGA and CN concepts to analytically investigatedhrect voltage controllability
via PV systems in a distribution grid and associated inteyas. Moreover, impacts of
feeder R/X ratio and distance between buses on the diretetgetontrol are also of con-
cern. Applying the aforementioned methods provides aryéinal view that how the volt-
age control interaction and directionality among PV systéma distribution grid would
be affected by the distance and R/X variations.

3.2 Load flow and sensitivity analyses

In power systems, where power values are known rather thaents, set of power system
algebraic nonlinear equations are expressed in terms ofiplawown as power flow equa-
tions. Power system analysis via power flow equations, confyrinown as load flow
analysis, form the core of power system studies. They asngasfor many static analy-
ses such as planning, economic assessments, reliahilitiest and sensitivity analysis, as
well as being used as the starting point for dynamic analysels as transient stability and
contingency studies.

The -model equivalent of a line between two nodes of a power sysseshown in
Fig. 3.1. Node-voltage-based power equations are foredks follows:

Sk = Vilik

= Pk+]Qik (3.1)
Pk = Vi(gkVi — (gkcosdk) + bisin(dk) ) Vi ) (3.2)
Qk = VMi((—bio—bw)Vi — (gksin(dk) — bixcogdik) )Vk ) (3.3)

whereSy is the transmitted apparent power from naode nodek; Py andQj are active
and reactive part a§y, respectivelygi andbj are the conductance and the susceptance
of the line between nodeandk; big is half of the shunt capacitance of the ling;and
are the magnitude and the angle of the voltage at node

Power balance equations at noaé a power system with several interconnected nodes
can in general be expressed as follows:

N
R = Vi) Vk(Gikcogdk) + Bisin(di) )
&1

N
Q = Vi) Vk(Gisin(dk) — Bikcogdk) ) (3.4)
&1
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Sy=PtO Vi<, V=i tibir V<8
=P, . — =P, 40,
k1 Qi Sti=Pritj O

Yio=Ibio Yio=Tbro

Figure 3.1:-model of a line.

whereG;; is equal to the sum of all conductances connected to nd@g is equal to the
conductance between nodendk with the negative signB; is equal to the sum of all
susceptances connected to nddBj, is equal to the susceptance between nioded k
with the negative sign.

Therefore, the power flow equations are functions of the ritage and the angle of
voltages.

R = or(V,9)
Q = goV,9) (3.5)
The aim of the load flow analysis is to use iterative methodsdiee the compact

form of power flow equations in (3.6) to find the voltages atbaibes and, consequently,
determine the state of the power system.

0=g(V,d) (3.6)

Once the power flows are known, the active power losses canrbputed as well. The
total active power losses on the line between nicatedk in Fig. 3.1 is derived as follows:

Ak = Pk+F
= (VW + V&) gk — 2ViVkgikcos(8) (3.7)

TheP_ix can be split up between two corresponding nodes as follows:

Pliki = Vi20ik — ViVkgikcos(3k)
Plik = Vi20ki — ViVigkicos( &) (3.8)

whereP i j andP j x correspond to nodeandk, respectively.
Considering all connected noded tthe total active power losses associated with node
i becomes

N

Ri=> (Vi2gik — ViVkgikcos(d) ) (3.9)
&1
ki
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and, consequently, the total line losses can be determied a

n n
A=YV gikVi—Wcos(d 3.10
i; |k; ik [Vi — Vkcos(di)] (3.10)
k£i
3.2.1 \Voltage sensitivity matrix

The voltage sensitivity matrix is a measure to quantify gresgtivity of voltage magnitudes
(V) and anglesd) with respect to injected active and reactive power. Thsisigity matrix
is obtained through partial derivatives of power flow equagiin (3.5) as follows [59]:

-1
no) | [emen amgu)
72 oV
AP
- @ g [AQ} (3.11)
N—
Sy

The voltage sensitivity matrids, consists of four sub-matrices that denote the partial
derivatives of bus voltage magnitude and angle with resjpeattive and reactive power.
Due to the importance of the voltage magnitude regulatiomdriation of active and re-
active power, sub-matrices that are related to variatiovotihge magnitudeS% and S\é

are of more interest and concern in this study. Each elenfehiese sub-matrices is in-
terpreted as the variation that may happen in voltage at Buesctive power (or reactive
power) at bug changed 1 p.u.

3.2.2 Loss sensitivity analysis

Total line losses in (3.10) and power flow equations in (3t&)Yanctions of voltage magni-
tude and angle. Therefore, sensitivity coefficients ofl tina losses with respect to active
and reactive power variations at busan be derived as follows:

dR _ g ORI S IR Y
dR ~ 2,95 0P J;av,- oR

L 0R 05 & 0R 3,
2,35 0Q J; aV; 9Q

dR
— = 3.12

Eq. (3.12) can be rearranged in a matrix form with the helpefiltage sensitivity matrix
Sy as follows:

daR IR
Ll
dQ oV

wheredBP_ /0d anddR /dV can also be derived from (3.10).
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3.3 Control concepts and applications

Before designing a particular control strategy for a systém essential to investigate the
input-output controllability of the system defined as théitgtto achieve acceptable con-
trol performance via the control strategy. Direct AC-bustage control via PV systems
can generally be considered as a multiple-input multiplggot (MIMO) control process
in which voltages are controlled variables and reactive ggovalues of PV systems are
the manipulated variables. The presence of directions iM®lIsystems characterizes
their main difference with scalar single-input singleqmutt(SISO) systems [56]. Unlike
scalars, matrices and vectors include directions. The@adifiMO systems may dramat-
ically vary with the input direction. Two methods to quantihe degree of directionality
and interactions in MIMO systems are the relative gain aaag the condition number,
respectively [56].

As mentioned earlier, the main contribution of this chapéaralso presented in Pa-
per I, is applying the aforementioned control concept#hi® voltage sensitivity matrix
derived from load flow analysis in order to analytically istigate the direct voltage con-
trollability via PV systems and quantify associated int&icns.

3.3.1 RGA method

Although the RGA was basically introduced by Britsol [60f fairing the input and output
variables in a MIMO system, it has also been exploited as @mgémeasure of control-
lability [56, 61]. The relative gain array has been addréssemany literatures and is
frequently employed as a quantitative measure of conbititiaand control loop interac-
tion in a MIMO control design. The RGA is originally formuéad for steady-state analysis
and it was later extended to include the dynamics [56]. Ia shiidy, the RGA concept is
used to analyze the voltage sensitivity matrix, which isgkdted from system algebraic
equations and therefore does not comprise dynamic.

The proposed interaction measure through the RGA inditet@she apparent transfer
function between manipulated or input variablg) @nd controlled or output variableg;]
is affected by control of other controlled variables. Thisasure is shown by;; and is
described by the ratio of the transfer function between argimanipulated variable and
controlled variable while all other loops are open, and thagfer function between the
same variables while all other outputs are closed as follows

. (g—&’ij) | ukjconstant -
) — ] .
(%‘j) | Yijconstant

In other words, the RGA is the ratio of the open loop gain betwivo variables to the
closed loop gain of the same variables while other outpwgarfectly controlled. For

a MIMO system withG(0) as the steady-state transfer function, the RGA is defined as
follows:

A(G(0)) =G(0)® (G(0)™1) (3.15)



CHAPTER 3. DIRECT AC-BUS VOLTAGE CONTROL VIA PV SYSTEMS AND
28 ASSOCIATED INTERACTIONS

Where® denotes element-by-element multiplication.

Equation (3.14) demonstrates that the open loop gain betyedu; changes by the
factor )\ij’l while the rest of loops are closed by integral feedback obnifhis implies
that the pairing should be preferred for RGAs that are adiosinity as possibledj;=1
implies that there is no interaction with other control Isop decentralized control system,
intuitively, requires the RGA becomes close to the identigtrix [56]. A MIMO process
with a decentralized control system works as several inggget SISO sub-plants. If
RGA elements are greater than one, the decoupling or imersed controllers can be
used to decouple interactions. However, systems with IR@A elements are basically
hard to control owing to high interactions and input undettes, and hence inverse-based
controllers should be prevented, because they are nottrddesides, pairing with negative
RGA elements must be avoided due to the integral instalptizy.

Application of the RGA in the voltage sensitivity matrix

Sub-matrices of the voltage sensitivity matrix in (3.11pnesent steady-state gain of the
system, and so, the RGA 6% which describes the voltage sensitivity with respect to
reactive power variations, is given as follows:

ANSh) = S % ((sg)*l)T (3.16)

The RGA of% in (3.16) is used to investigate the possibility of contbllity and inter-
action among voltage controllers of PV systems to contribge of buses to pre-defined
set-points via regulating reactive powetr.

To sum up, in the RGA method, first the voltage sensitivitynras derived; then, the
RGA of & is calculated; and in the final step, RGA values are evalua®@A values
close to one demonstrate a decentralized system. If the RiBfes are large but less than
5, the decoupling compensators can be used. However, laégevRlues, more than 5,
correspond to controllability problems because of highriattions and input uncertainties
[56].

3.3.2 CN method

The CN method is a useful way to quantify how the range of jbsgains of a MIMO
process varies for an input direction [56, 61]. Wide (or oesyrange of possible gains for
a process implies high (or low) directionality. Therefarapther measure to quantify the
level of interaction in a MIMO system is the CN defined as th@rhetween maximum
and minimum singular values of the system wW&{D) as its steady-state gain [56, 61]:

(3.17)

A process with a large CN implies high directionality and &led to be ill-conditioned
[56]. The steady-state gain of MIMO process varies betwe@(0)) ando (G(0)). Wide
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range of possible gains for a MIMO system indicates largeationality. Such a plant is
often considered sensitive to uncertainty that, in turny tead to a poor control perfor-
mance [56]. A large CN may be brought about by a small singudare that is generally
undesirable.

Application of the CN in the voltage sensitivity matrix

Similar to the RGA method, in the CN method, the voltage siitgi matrix must first be
derived. Then, SVD os\é is computed and, consequently, the CN is calculated. CNfarg
than 10 demonstrates controllability problems [56].

3.4 Results and discussion

The RGA and CN methods are applied to a test radial grid with BVV-equipped houses
connected through a step-down transformer to a mediumgelgaid. To address the ef-
fect of R/X ratio, both overhead lines and underground caate considered. The results
demonstrate that the RGA increases for larger R/X ratioerdfore, the larger the R/X
ratio the higher the interaction level among AC-bus voltegetrollers of PV systems. Itis
shown in the test system that the positive elements of the R@Ahe all case studies, are
larger than one, irrespective of the R/X ratio, the totalloati/generation, node distances
(tested up to 500 m) and power factor. Hence, decentralifethds voltage control (con-
trolling voltages to predefined set-points) without dedupis impossible. Moreover,
since the positive numbers of RGA are large, more than 5gudétoupling controllers
is not recommended due to sensitivity to input uncertaibg].[ The CN results are also
along with the RGA results. More details can be found in papefhe results indicates
that the AC-bus voltage control to the predefined set-paifitsnot work in larger radial
LV grids either.

To sum up, the direct AC-bus voltage control is not a propetrod strategy for LV
radial distribution grids; therefore, it is more practitalsupport the voltage instead of
directly controlling it. Accordingly, the doctoral projemainly focused on direct reactive
power regulation strategies to support the voltage such(B} &hd Q(V) methods, which
will be discussed in the next two chapters.






Chapter 4

Active power dependent reactive power
characteristic Q(P)

This chapter demonstrates how the features of the voltagsitséty matrix allow sys-
tematic coordination of Q(P) characteristics among PV i&es while still using local
measurements as presented in Papers IV and V.

4.1 Introduction

The GGC proposes@3p(P) characteristic curve to support the voltage profile via a PV
system’s reactive power [29]. In such an active power depen(APD) power factor
characteristic, the required reactive power is determawedrding to an identicalosp(P)
characteristic for each PV system, independent of its iogdn the grid. Though the GGC
states the distribution system operators (DSO) can useraatkastic differing from the
standard characteristic depending upon the grid configumahe specification of such a
characteristic is left with the DSO. Moreover, since thendtd characteristic does not
consider the voltage profile, its employment can cause wessacy reactive power con-
sumption. Considering large numbers of PV systems in guidsgcessary reactive power
consumption by PV systems firstly increases the total liseds, and secondly it may also
jeopardize the stability of the network in the case of cagdimcies in conventional power
plants, which supply reactive power [30].

A method that can provide a coordinated, systematic cheniatit for each PV system
along a feeder is, therefore, needed. This chapter progigels a method. This method
utilizes the voltage sensitivity matrix of one operatingmido determine individual Q(P)
characteristics that use local information but providesardinated response without the
aid of communication systems. As mentioned in Chapter Zesthe concept of Q(P)
andcosp(P) characteristics is the same, the proposed method in factystamatic ap-
proach of adjusting setting parameters of the GGC standwihcteristic. Since the grid
configuration is addressed in the voltage sensitivity mathie proposed method basically
introduces a specific characteristic based on the grid aanafiipn for each PV system.

31
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Figure 4.1: (a) Reactive power operation area for a gemeratiit connected to LV grids;
(b) Standard characteristic curve fwsp (P).

The voltage sensitivity matrix has been widely used to camjrapacts of active power
curtailment and reactive power support through PV systemthe voltage profile in low
voltage grids [24], to define coordinated droop factors m dlative power curtailment of
PV systems [12], to demonstrate the voltage control intema@mong PV systems using
control theory [62], and to eliminate the voltage variatéra target node due to the oper-
ation of a wind turbine in a microgrid via reactive power sagg58]. However, locally
coordinated Q(P) characteristics for several PV systendiéstnibution grids have not yet
been addressed.

4.2 German Grid Codes

The GGCs comply with the limit values of voltage quality sified by EN 50160 [63].
According to the EN 50160, the allowable voltage range in Indgis between 90% to
110% of the nominal voltage. Within this voltage toleranemd, the GGC states DG
units that deliver at least 20% of their rated power are peeahito freely change their
power factor within the hatched sector represented in Figr.4The power factor range for
units larger than 13.8 kVA is between 0.9 under-excited aret-excited while for units
between 3.68 kVA and 13.8 kVA it is 0.95 [29]. Reactive powentribution augments the
integration of DG units into LV grids.

The reactive power control comes along with a consideratweep loss in LV grids.
Hence, in order to reduce the power loss, the GGC proposes#héP) standard charac-
teristic curve in Fig. 4.1b, where P afglaxrepresent the feed-in and the maximum active
power of the generator unit, respectively [29]. The objectf the standardosp (P) char-
acteristic is requiring the generation unit to operate iruader-excited mode when the
feed-in active power passes over a threshold of 50%.gf in order to mitigate the re-
lated voltage rise. Therefore, the GGC standard settingYosystems can be illustrated
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according to Fig. 4.1b. The proposedsp (P) characteristic requires inverter-based vari-
able generation units such as PV systems. Upon a changeva potver, the generation
unit should provide the required reactive power based osdh@oint on the characteristic
curve within 10 seconds [29], which can be fulfilled by adjugthe band-width of the re-
active power controller. The GGC mentions that dependirguifferent aspects, i.e. grid
configuration, load and feed-in power, the DSO may need aacltexistic different from
the standardosp (P) curve shown in Fig. 4.1b. Nevertheless, the GGC does noeaddr
how to specify the setting parameters.

Thecosp (P) method can not explicitly consider grid voltage stabiligchuse the curve
used is not a function of voltage. Furthermore, local deriamebt also addressed in the
cosp (P) characteristic. The local active power demand can affectdbal voltage and in
turn the overall voltage profile; the higher the active dechte lower the voltage. Be-
sides, inductive demand, e.g induction motors and lightal¢ast that are frequently used,
can also lower voltage. Therefore, since toap (P) characteristic does not take into ac-
count either voltage or demand, unnecessary reactive pmywsumption can be expected
in the case of high or medium demand, when the overvoltagessslikely. This can be
considered as the main drawback of twsp(P) characteristic or in general arg(P)
characteristic. Nevertheless, one can use the net loagta@on, i.e. generation minus
load, at the connection point of load demand and PV systengtalan theQ(Phet) char-
acteristic instead of using only the feed-in power of the 8tem in order to consider the
effect of local demand. This though is not investigated ia thesis, it can be considered
as a further investigation in the future works, which wik@albe worthwhile to compare it
against voltage dependant characteristics Q(V).

4.3 Coordination and design of Q(P) characteristics

In the APD reactive power characteristic shown in Fig. 4tBa,general relationship be-
tween active and reactive power of a PV system is defined sl

_ m(P— Hh) P> PRn
Q= { 0 P <PBn (4.1)

wheremis a slope factor anBy, is an active power threshold above which the PV system
commences consuming reactive power to regulate the voltadgerefore, in the APD
method two parameters must be defined for each PV system.

Figs. 4.2b and 4.2c provides a comprehensive picture obckenistics of the proposed
APD method that will be discussed in detail. In this methodnigue slope is designated
to each PV system while active power thresholds can be didbatical or non-identical.
Once the feed-in power passes the power threshold, reactiver compensation unit kicks
in to regulate the voltage to the steady-state limit basetisolesignated slope factor. In
the proposed APD method, the voltage sensitivity matrixmpleyed to coordinate these
two parameters among PV systems along a radial feeder biatemeither the target-bus
(TB) voltage or the voltage profile (VP).
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Figure 4.2: (a) General characteristic of APD reactive pd@();(b) characteristic curves
of the proposed APD method at the presence of identicallibtés(c) characteristic curves
of the proposed APD method at the presence of non-identicegholds.

The voltage sensitivity matrix is calculated for the maximoet load/generation, i.e.
generation minus load, without voltage support schemes pbint is called critical oper-
ating point. For the defined critical operating point an ad#tg amount of reactive power
is calculated that can cancel out the associated maximumvaltage. If the calculated
reactive power eliminates the maximum overvoltage, oneatsmintuitively assume over-
voltage cancelation for all other less severe cases compatbe critical operating point.
In other words, the critical operating point is the worstecasenario, which is considered
as a designing criterion to ensure over-voltage cancel&bicany other cases. The voltage
deviation required to remain under the steady-state vweliagt is considered as a measure
to find the active power thresholds. The threshold levelsidjasted in such a way to keep
the target-bus voltage (the most critical voltage) underdteady-state voltage limit. In-
formation from the voltage magnitude sensitivity sub-ncas are used to derive the slope
factors to regulate the target-bus or the whole voltage lprofihichever case is chosen.
In the following subsections, it is first discussed how tondethe slope factors and later
explained how to adjust the active power thresholds.
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4.3.1 Computing the slope factors

The proposed APD method uses the voltage sensitivity miattocally regulate either the
TB voltage in a radial feeder or the VP of a radial feeder withesal PV systems.

Target-bus voltage regulation

Concerning the ideal voltage regulation, based on (3.1i) [tossible to regulate reac-
tive power of each PV system at each node in such a way to makiartet-bus voltage
deviation zero as follows:

AVrg=0= i (& RALES 5\6 i780Q1) (4.2)

wheren is the number of PV system&Vrg is the voltage deviation at the target-bus,
%LTB and %LTB are respectively voltage magnitude sensitivity indicethattarget-bus
with respect to active and reactive power correspondingedtsi. The controlled rela-
tion between active and reactive power variations of eaclsy®#em can be expressed as
follows:

AQ = mAR
(Q—Quni) = m(R—Rn) (4.3)

wherem;, the slope factor at the busis assigned to be the value obtained by substituting
(4.3) into (4.2):

M= — % i,TB
%i,TB

Rn; andQy, are active and reactive power thresholds of the PV systehedtusi. The
thresholdRy,; is specified as described in the next section. Since the ARAg®regula-

tion should kick in abové&y,;, Qi is, therefore, assumed zero. The choice of (4.4) ensures
voltage regulation by settindQ to cancel the left term of (4.2). By doing so, analogous to
(4.1), the required reactive power injections at each bndeaderived as follows:

(4.4

| m(R—-Rni) PR >Hhnm; ,
Q= { 0 Aomn Y (4.5)

Eq. (4.5) can be r/earranged to express the active powehtsicelevel as a fraction of its
maximum powerP,,; = Rn;/Pnaxi Which is hereafter called simply threshold, as follows:

pl / PI /
n’Hjmaxi(Pmaxi B Pthai) Praxi > Pthai
0 < Pt/h,i

Prmaxi

Q= vi (4.6)

wherePnay; is the maximum power of thieth PV system.
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Voltage profile regulation

In the previous subsection, the voltage at the target-bregislated and the main reactive
power pressure is imposed on the PV system at the targertius case of thresholds with
equal values. It is, however, possible to regulate the geltong the feeder by keeping
the voltage profile deviations at all nodes as close as pedsitzero using the following
objective function:

Mingm,) (ZW% SPU )2> 4.7)

wherem; is the optimization variable and represents the relatidwéen reactive and ac-
tive power variation at bus j (similar to Eq. (4.35%1 andS\é,ij are given parameters from
load-flow analysis at the critical operating point, affdis a weighting factor parameter,
which determines the importance of the voltage regulatidouai with respect to other
buses. Thé&\{ could be set equal to each other, which in turn implies norjyi@on-
cerning voltage regulation. However, the target-bus galtaegulation is normally more of
concern, and so, one can attribute a larger wight factoradatget-bus. For instance, the
characteristic o) can be employed to find a weight vector. The diagonal entrﬁ%o
depict the influence of the reactive power variation at onedouthe voltage at the same
bus. Therefore, normalized diagonal entrieséfcan be used as a measure to determine
weighting parameters in order to indicate the importana@tige regulation at each bus:

— %,ii
W = %tr(%) (4.8)

Computing the slope factors to minimize (4.7) uses the whidta@mation of the volt-
age sensitivity matrix. In other words, minimization of adiitage deviations at all nodes
are addressed in (4.7) as compared to (4.2) where only csdide voltage deviation at
the target-bus and merely employs sensitivity entriesasponded to the target-bus. Once
the slope factors are computed, the required reactive patveach bus can be derived
similar to (4.5).

4.3.2 Computing the thresholds

As discussed earlier, threshold{fh, are adjusted in a way to regulate the TB voltage to
steady-state voltage limit. The maximum deviation at theiS B

AVmax,T B= (VmaxT B— \_/) (4-9)

whereVimaxTg is the maximum target-bus voltage that occurs at the critiparating point
andV is the steady-state upper voltage limit in LV grids.

The overvoltagéVmaxTs is due to the active power injections corresponding to the
left term within brackets of (3.11). The required underitsareactive power to cancel the
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overvoltage is given by the equality
n
AVmaxTe = — Zl (Ri780Q) . (4.10)
i=

The negative sign in (4.10) is due to under-excited natuthefrequired reactive power
that is basically negative in the defined Q(P) plane. Thgsn#yative sign is used to match
both sides of the equivalence in (4.10).

In order to calculate the thresholdsQ; in (4.10) must be substituted by (4.3). In this
regard, there are two possible options. If thresholds asemasd to be identical, this leads
to unequal reactive power sharing among PV systems aceptdi®#.6) and as shown in
Fig. 4.2b. If equal reactive power sharing among PV systemgsired, this at the critical
operating point means unequal thresholds as shown in RAg. Wentical thresholds force
PV systems close the target-bus to contribute more regativer. By doing so, those PV
systems are more prone to excessive reactive power loadlihgir inverters. However, it
is possible to equally share reactive power among PV sysaéths critical operating point
using non-identical ratio values of active power thresholequally distributing reactive
power among PV systems can prevent excessive reactive poading on PV inverters,
but it also results in higher total reactive power consuompti

Thus, the threshold can, generally, be derived in two wayexpkined below:

Identical thresholds, Pt'h iden
By substituting (4.3) in (4.10) and assuming identical $hidds, one deduces:

. AVmaxTB
S MPraxiSY, Tai

Ph=1 (4.11)

Non-identical thresholds,P;,, non-iden

Considering the equal share of reactive power for each P¥syat the critical operating
point, AQ; = —Qmax according to (4.10) the required under-excited reactweqy for
each PV system is calculated as follows:

AV,
Qmax= nmjax,TB_ (4.12)
PHIRES CRey
Then, based on (4.3), the thresholds for each bus are cdwda follows:
Phi=1+ Qmax i=1,.,n (4.13)
’ M Pmaxi

4.4 Optimal coordination and design of Q(P) characteristis

The developed APD approach in the previous section congpfaa different variants
for designing parameters of the APD reactive power chariatits namely 1) target-bus
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voltage regulation with identical thresholds (APD TB idep) target-bus voltage regula-
tion with non-identical thresholds (APD TB non-iden), 3)tage profile regulation with
identical thresholds (APD VP iden), and 4) voltage profilgulation with non-identical
thresholds (APD VP non-iden). Though Paper IV provides aitéet discussion regarding
the advantages and disadvantages of each variant, the fitialad choice of the variant
is left to users. The APD Q(P) characteristic design metipodsented in Section 4.3 are
further developed in Paper V, and the fundamental concefpii®flternative approach is
discussed in this section. The main aim of the new approadnvsloping an optimization
formulation that can streamline deployment of the APD designcept presented in Sec-
tion 4.3 to optimally coordinate the APD Q(P) parameters iagnBV systems within the
grid.

4.4.1 Optimization formulation

The objective of the new proposed method is to design theestoy the threshold of
Q(P) characteristics in such a way to minimize the sum of #teted areas in Fig. 4.2a.
The total area is related to the total reactive power consimmpbut not exactly since the
probability of different consumption levels is not condtam this regard, the following
objective function is proposed

n

min(Qmaxi , Rni) ;((Pmaxi —Rh,) Qmaxi) (4.14)

whereR; andQmaxi are optimization variables, and, respectively, are thevagiower
threshold and the maximum required reactive power of thg @{Bracteristic for the—th
PV system. As illustrated in Fig. 4.2a, the slapeis a dependant variable, which is a by-
product of the optimization variables.

4.4.2 Constraints

The theoretical concept behind the APD method in additiosoime new concepts is em-
ployed to figure out the constraints of the proposed objedtimction. Accordingly, the
proposed objective function must be subjected to the fatigwonstraints:

I. Voltage regulation

The main goal of using Q(P) characteristics is to eliminbageRB overvoltage at the critical
operating point by generating a proper set of reactive p@aadidates that satisfies the
defined equality in (4.10).
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Il. Maximum reactive power contribution

The reactive power contribution of PV systems is limitedaxdang to the GGC regulation;
thus, to comply with the GGC standard, @gaxi is subjected to

[ 1
0 < Qmaxi < Pmnaxiy| —5e— — 1 4.15
= Qmaxl = Pmaxi C0§¢maxi ( )

The rate of reactive power changes versus active powetigarsdepends on the slope, and
in order to limit rapid changes of reactive power, the slagmdr of the Q(P) characteristic
has to be limited. This limit is defined using the sensitasti Based on sensitivities in
(3.11), the voltage deviations of buses within the grid camdpresented by

A
AV, S 11 S 1n % 11 % 1n '_31
; : : : : A
AVvig| = |S¥1a1 - Sren %Tal %Tan o (4.16)

Agy
AVy S\:/’ I S\é nn % ni % nn

lll. The slope limit

[ Aqn

SubstitutingAQ; in (4.16) by (4.3), according to the controlled relationviaetn active
and reactive power variations of each PV system, gives

JA\%] 011 - Oin| [Bp1
= : : (4.17)
AVp On1 -+ Opn Apn
whereaj; is defined as follows:
aji = SPYj,i + mSVQj,i (418)

If all as become non-positive, voltage variatid\s will be suppressed for any increase in
production of PV systems. Accordingly is limited as follows

Vj (4.19)

So, the maximum value ofy that satisfies (4.19) for all cases is selected as the slope of
thei —th PV system.
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Table 4.1: Qualitative Comparison.
Method \Voltage Reactive Inverter Total
RegulatioR Powef Loading  Losg
APD TB iden +++ ++ o] ++
APD TB non-iden +++ 0 +++ +
APD VP iden +++ + +++ ++
APD VP non-iden +++ + +++ ++
Optimal APD +++ +++ +++ +++
GGC -- -- ++ --

*+++ superior, ++ very good, + good, o average, - poor, - - infer
[1] Regulate the voltage to steady-state limit

[2] Causing less reactive power consumption

[3] Decreasing reactive power loading in PV inverters

[4] Causing less active power loss by reactive power

4.5 Results and discussion

The proposed methods are applied to a utility LV grid locaa¢dNorthern Jutland in
Denmark, consisted of eight feeders and thirty five buses réBults demonstrate that
the proposed methods considerably reduce reactive powagewss well as active power
losses caused by reactive power injections as compared ®@®C standard characteristic.
Moreover, the results show the advantage of optimizatiomigation in the optimal APD
method. A qualitative comparison of the proposed methotis thie state of the art, which
is the GGC method, is provided in Table 4.1. More detailedmfound in Papers IV and
V.



Chapter 5

Voltage dependent reactive power
characteristics Q(V)

This chapter depicts how the features of the voltage segitgithatrix in association with

droop control concept can be used through a multi-objeatasign to optimally coordinate
characteristics of the droop-based voltage reactive poamong PV systems in radial
distribution feeders. Along with Paper VI is introduced.

5.1 Introduction

The APD reactive power characteristic Q(P) cannot expfieitidress voltage limits; this
is considered as a shortcoming of the APD method. The GGCaalsuts this lack and
thereby recommends network voltage dependent reactiverregulation methods, Q(V),
in the near future. Nevertheless, the GGC does not propgsspatific Q(V) character-
istic. A grid impedance-adaptive Q(V) approach has beepgwed in [64] that requires
the PV inverter to measure the grid impedance. In the caseutiipte PV systems, the
lack of a synchronized injection signal contributes to a Bawuracy of impedance mea-
suring [52, 65] and the performance of the Q(V) can negatikel affected. It was shown
in [66] that for different LV grid classes a set of static paeters can be found by trial and
error for grid impedance based Q(V) characteristic to gbtaptimal but still acceptable
performance. An improved Q(V) algorithm is proposed in @B, however, it needs a
communication infrastructure to transmit all nodal infation to a centralized controller
in order to dispatch the minimum reactive power among PVesgst Investing for a com-
munication infrastructure may be costly and there may babidity challenges, so there is
a need of an alternative approach.

There is a need to develop Q(V) characteristics that aredb@séocal information, but
still take account of the system’s structure and dependsnaind minimize reactive power
consumption and total line losses caused by reactive pdafermation about the effects
of a local injection on power flow are described by the voltagesitivity matrix. The
voltage sensitivity matrix, as discussed in the previowptér, has been widely employed.

41



CHAPTER 5. VOLTAGE DEPENDENT REACTIVE POWER CHARACTERISTS
42 Q(V)

The droop control concept has been primarily utilized in powystems with multiple
generators and converters to droop frequency of each switiciés delivered active power
in order to share the load among them [68, 69]. However, itadam be employed to share
the reactive power by drooping the voltage.

The main contribution of this chapter is utilizing the valéasensitivity matrix and the
droop control concept to systematically coordinate anddpe the Q(V) characteristic
of each PV system in a radial grid using only local measureésenorder to regulate
the voltage profile under the upper steady-state voltagié l#nmulti-objective design is
taken into consideration to optimally adjust the settinfsdividual droop-based Q(V)
characteristics of PV systems such that the reactive poarswmption profile and total
line losses profile are minimized.

5.1.1 Drooping technique background

Droop control is a well-known concept in conventional powgstems used primarily for
the load sharing among multiple generation units [68, 68]this method, the frequency
of each generation unit is allowed to droop in accordanch itstdelivered active power
in order to share the system load. Analogous with the frequédnoop control, drooping

voltage magnitude via reactive power can provide the pdisgibf sharing reactive power

among generation units. Power flow concept between two géorisources can basically
demonstrate the theory of load and reactive power sharirtgods. For instance, active
and reactive power flow between two voltage sourdeandVs,, can be derived as follows:

R(V1 —Voc0g &1 — &)) + XVasin(dy — &)

P=Vi R+ X2 &Y

Assuming that the resistance is negligible, which is the égad1V grids, and the dif-
ference between; andd; is small, one can easily see that active and reactive power ar
predominately controlled by power angle, which in turn tedeto the frequency, and volt-
age magnitude, respectively. In LV feeders, however, thé fatios are generally large
and thus the reactance term (X) becomes much smaller thisteree. By doing so, the
voltage magnitude and angle in LV grids are mainly affectgddtive power and reactive
power, respectively. Nevertheless, [25] shows that theyeational droop approaches in
interconnected HV systems can be applied in the same manh¥rgrids. However, with
regard to the line losses and the inverter loading, voltagalation through reactive power
in LV grids may be less effective for feeders with high R/Xieat Therefore, it is neces-
sary to develop a method to be able to minimize the reactiveepoonsumption required
for voltage support.

5.2 Formulation of DBV regulation

In the DBV regulation method, the local voltage of the conimecpoint of a PV system
is directly employed as an input to calculate the requiredlleeactive power to regu-
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Figure 5.1: Characteristic curve of reactive power droadwoltage level.

late the voltage. Therefore, the consumption of reactivegoaan be explicitly managed
by severity of the voltage violation. Consequently, using Q(V) method can prevent
unnecessary reactive power consumption in contrast to @ od, which employs the
delivered power of the generation unit as an input.

In the DBV method, the general relation between reactivegraiia PV system and
the local grid voltage is defined as follows:

_f mV=Vn) V>V
Q_{ o Vv (5.3)

wherem is the slope factorkdvar/V) andV4, is the voltage threshold above which the PV
system must absorb reactive power to mitigate the voltageréfore, the DBV character-
istic has two parameters that must be defined for each PVisyste

Fig. 5.1 provides a general picture of the DBV charactexistj is the drooped voltage
at the critical operating point, which occurs for maximunt lead/generation, anfQ is
the required reactive power to push the critical voltag@i®ddack under the steady-state
voltage limit. Thusm can be calculated as follows:

m= AQ
Va —Vin
In the proposed DBV method, the voltage sensitivity matsiemployed to coordinate
the slope factor and the voltage threshold of each PV systenga radial feeder by
considering overvoltage at the target-bus on the feedementhe maximum critical voltage
deviation occurs. This worst case deviation occurs for tgimum net load/generation
point. The maximum voltage deviation with respect to theargteady-state voltage limit
has to be canceled, hence, fk@required in (5.4) is computed using the voltage sensitivity
matrix computed at the maximum net load/generation opeyaidint.

(5.4)

5.2.1 Computing the parameters of Q(V) characteristic

The maximum voltage deviation from the upper steady-stalage limit in (4.9) occurs
at the target-bus and at the presence of the critical opgrptint. It was shown in (4.10)
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that it is possible to regulate reactive power of each PVesysit each node in such a way
to compensate the last-bus voltage deviation. Howeverhh#enge is how to associate
the AQ in (4.10) with individual PV systems in order to properlytdisute the required
reactive power of each PV system along the feeder.

Obviously, the drooped voltage of the target-Bésr s, must be equal t&; once the
required reactive power of each PV is known, the droopedwgelfor the rest of buses can
be calculated by the following equation

n

Va =Verii— ) (R,;AQ)) (5.5)

=1

whereVej is the critical voltage at the busat the presence of the critical operating point.
As can be seen in Fig. 5.1, thg; should be higher than the correspondifyg. Thus, if
the calculated/y; is lower, the correspondinfyQ; in (4.10) must be set to zero because
the corresponding PV should not contribute reactive poweowling to (5.3) and the other
injections QQj, i # j) must be recalculated.

By having the value of the voltage threshold and the requieadtive power of each
PV system, the corresponding slope factor is calculateedbas (5.4).

In the DBV method, the voltage threshold ak@ of each PV system can be determined
through two approaches, namely multi-objective DBV desigd equal reactive power
sharing, that will be explained in the following subsection

5.2.2 Approach I: Multi-objective DBV design

The slope factor and the voltage threshold of the DBV charéstic for each PV system
can be determined through an optimization that will be ergldin the following subsec-
tions.

Objective Function

In the proposed multi-objective approach, three diffetarget objectives are minimized,
namely maximum reactive power consumption, maximum liresés caused by reactive
power, and overall profile of reactive power consumptione Gleneral form of the pro-

posed objective function is:

wy x f1(AQ) +
maxaQuvy,) | We x f2(AQ,Vin) — (5.6)
ws x f3(AQ)

where target objectives are weighted by facters- ws. How to set the weighting factors
depends on the DSQO'’s choice of what is the main concern. leRépthese factors were
chosen to weight in a similar manner the three target obgstincluded in the objective
function, wl=w2=w3. This value selection implies an equatimization priority among
the three target objectives.
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» Target Objective 1:
The required reactive power for PV systems can be choserimeasway to minimize
the sum of individual reactive power consumption of each P&tesm at the critical
operating pointin (4.10). Thus, the first objective targgormulated as follows:

=300 1)

Since the nature of under-excited reactive power is assuoked negative, the ob-
jective target is considered by positive sign in the objectiinction (5.6).

» Target Objective 2:

The first objective target only minimizes the total reactiesver consumption at the
critical operating point. However, since the system’s afing points vary, it is re-
quired to minimize the reactive power usage over the rangeltdges experienced,
represented by the hatched triangle in Fig. 5.1. The hatateslis related to the re-
active power consumption, but not exactly since the prditabif different voltage
levels is not constant. Nevertheless, minimizing the suhatéhed areas of all Q(V)
characteristics can reduce the total reactive power copsam Therefore, the volt-
age threshold in the DBV characteristic can be adjusteddh suway to minimize
the reactive power profile over the voltage profile through fillowing objective
target:

n
fo = ZAQi (Vi — Vini) (5.8)
i=
Similar to the previous objective target, due to the negatizture of under-excited

reactive power, this objective target is also considerdl positive sign in (5.6).

 Target Objective 3:
Since consumption profile of reactive power is minimizedar8j, the profile of line
losses is, in turn, supposed to be minimized. Neverthethssactive power loss
caused by reactive power at the critical point can also bemiwed. According to
(3.12), the variation of total line losses caused by reagiwwer variation is:

AR = _i%iAQi (5.9)

Therefore, in order to minimize the line losses one shoukimize the right hand
side of (5.9)

h?Z%Mi (5.10)

Since both multiplying terms in (5.10) are negative, thigecbive target must be
considered with negative sign in (5.6).
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Optimization variables

In the proposed optimization, the decision variables aametiege power consumptiohQ,
and threshold voltag®y,, at the critical operating point.

Constraints

In order to find a proper, feasible set of candidate solutfollewing constraints must be
fulfilled:

 Constraint 1:
The main goal of the DBV method is to eliminate the maximumreskage at the
worst case operating point; hence, the set of candidatévegower values has to
fulfill this criterion by satisfying the equality in (4.10).

» Constraint 2:
Reactive power consumption imposes extra loading on P\ttiereas well as the
grid transformers. In this regard, as also mentioned egthie GGC limit the amount
of reactive power to a specific value based on the size of P¥éss Therefore,
reactive power of each PV system should stay within the fatig band

1
—F)maxi\/(thmxi - 1) < AQi <0 (5-11)

wherePnaxi and cosgmayi are the maximum generation power and the minimum
allowable power factor of the PV system at the hus

» Constraint 3:

The analysis of unit characteristics is based on the assomiiat they contribute
appropriately to limit the voltage of the target bus, whigtairadial feeder, normally,
happens to be the last bus downstream on the feeder. Thiswoeedgeneral to be
true but normally occurs in the worst case of light load ald\ production condi-

tions without any voltage support. In this case voltagesindrease monotonically
along a radial feeder. Hence to preserve the analysis iateimd(4.10), the voltage
thresholds

1<Vin1 <Mh2 <...<Vhn <Vdn =V (5.12)

» Constraint 4:
Each PV system on the feeder can contribute reactive poweifonly if its corre-
sponding drooped voltage in (5.5) drops below its corredpanvoltage threshold.
Therefore, according to the negative nature of under-edcéactive poweAQ; <0,
the following constraint must be satisfied for all PV systems

AQ; (Vaj —Venji) <0 (5.13)
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which is met when first there is a need for under-exited reagower contribution
(non-positiveAQ;) at thei —th PV system, and second the drooped voltage of the
same PV system is greater than the corresponding voltagehtbid.

» Constraint 5:
The slope factor in the Q(V) characteristic shown in Fig.i5.4 dependent variable,
which is a byproduct of the decision variables and the drdomdtage derived in
(5.4). Since one does not want to have rapid changes in vegmtiver support just
because of a small change in load and/or solar irradianeesltipe factor has to be
limited. This limit is defined by use of the sensitivities. @deding to Fig. 5.1, for a
voltage variation at the busbove the voltage threshold, the required reactive power
variation at the same bus is given by

AQi = mAV, (5.14)

According to (3.11), the relation between the voltage temmat the bus and the
reactive power variation at the same bus can be related by

AV; > —5:0Q (5.15)

By substituting (5.14) in (5.15), one can get

m > — (5.16)

%i,i

5.2.3 Approach II: Equal reactive power sharing

The general tendency in the approach | of DBV method is thaty®tems at the beginning
of the feeder contribute less or no reactive power for théaga regulation compared to
PV systems at the end, and so, the main reactive power peassuitd be imposed on PV
systems located downstream on the feeder. This in turn,ndiépg upon the maximum
overvoltage level, may result in overloading at the coroesiing PV inverters. Therefore,
one possible option is to s&Q; in (4.10) equal to each other in order to take the advantage
of all PV systems in the grid and, moreover, to prevent digpdretween PV owners.
Then, the equal required reactive pow#€; = g, can be easily calculated from (4.10).
Nevertheless, as it is demonstrated in Paper VI, this causes overall reactive power
consumption and line losses.

Apart from theAQ setting in the DBV characteristics, the voltage threshofist
also be adjusted to provide the possibility of equal reagbiewer sharing among all PV
systems. Therefore, it is important to find a set of voltagesholds that can guarantee the
participation of the nearer upstream PV systems on the feétince, since the first PV
system on the feeder has the least participation tenddmeynaximum possible voltage
threshold of the first PV system that allows its participaii® considered as a criterion to
find the rest of voltage thresholds. The maximum voltagestioll of the first PV system
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coincides with its corresponding minimum slope factor. rEfiere, the maximum voltage
threshold of the first PV system on the feeder can easily loeilzdéd as follows

Vih1=Va1— (5.17)

Mmin1
In order to determine the rest of voltage thresholds, thdazet/generation of all PV
systems is monotonically and simultaneously increasediranide mean time the first-
bus voltage is tracked; once the maximum voltage threshmpears at the first bus, the
voltages of other buses represent the rest of voltage thicsh

5.3 Results and discussion

The DBV method are applied to a LV radial test grid consistidive PV-equipped houses,
connected via a step-down transformer to a medium voltaige gresented in Paper VI.
However, the DBV method further developed and applied tagelasystem presented in
Paper VII. The result demonstrate that the features of thag® sensitivity matrix in asso-
ciation with a multi-objective design can be used to optlynadordinate characteristics of
the droop-based voltage regulation among PV systems imathel feeders. It is shown that
the total reactive power consumption and associated l@sedswer in the multi-objective

approach, which also finds better combination$gfandAQ that not only reduce max-
imum reactive power consumption and line losses at thecatitiperating point but also
decline the reactive power consumption profile, as compartte equal reactive power. It
is also shown in the test case that a characteristic minimiaf reactive power consump-
tion and line losses has higher and narrower ranges of &otiveor each PV, and a large
slope, with the effect that voltage deviations are compeaisanly when they approach the
highest allowable value. At the other extreme, a charatiethat instead results in equal
sharing by PVs is shown to require wider activation rangekslawer gains, but to also

incur the penalty of higher losses and reactive power copsiom If the narrow activation

range is considered as a problem then possible extensiddiisggadditional constraints on
activation range and other parameters to accommodatdqalassues. Moreover, in the
future scenarios if consuming reactive power by househwldgystems come along with

the cost penalties, finding a mechanism to equally sharedghalty of reactive power may
be more efficient than equally distributing reactive powaoag household PV systems.



Chapter 6

Static equivalent model

This chapter describes the use of gray-box modeling corinepistem identification to
develop a static equivalent model of distribution gridshwhigh level penetrations of PV
systems embedded with voltage support schemes. This chgoténtroduces Paper VII.

6.1 Introduction

Generally speaking, traditional power systems feed powaetransmission lines to dis-
tribution grids, where the majority of power system loads iamstalled. In contemporary
power systems, this, however, may not be the case becausgdbeation of distributed
generation units such as PV systems into distribution drédsresulted in pumping power
to transmission lines in light load conditions. Therefaaedifferent response behavior
of distribution grids in terms of active and reactive powariations versus voltage vari-
ations on the transmission side can be expected. Moreosaneationed earlier, high
penetration of PV systems into distribution grids can cdasal problems such as over-
voltage [2, 9, 11-19]; using reactive power based schemespport voltage may even
change more the power-voltage characteristics of digtdbugrids. Hence, with a rapid
transformation of pure consumers to prosumers, modellfragtive distribution grids is
important for studying future smart grids.

Normally, the dimension of distribution grids is high dudaoge number of sections,
branches and load points as compared to a power transmsg&tem with generation and
transmission [31]. On the other hand, the real size of a pew&tem can basically be quite
big and, therefore, considering a detailed distributioid ¢@ study the power system is
neither practical nor necessary. Running a power systemlaiion including a complex,
detailed distribution grid is cumbersome and, hence, ihjgdrtant to have a simple model
that can encapsulate the general behavior of the compl&bdigon grid in order to fa-
cilitate the investigation of power systems. In other woitlthe area of investigation is
the transmission system, considering the distributiod gith its all dimension is ineffi-
cient. Besides, even considering the whole dimension adigteibution grid to only study
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one part of it, is not appropriate. Hence, there is a need tbafisimple equivalent of the
distribution grid that still can provide reasonable prixis

The aggregated static model of traditional distributioidgis normally represented
by the constant impedance, constant current and constardrgoad model (ZIP load
model) [32-37]. Distributed renewable energy sources siscRV systems are tradition-
ally addressed as a negative load in the aggregation of laad$PV systems [38—41].
Nevertheless, as mentioned earlier, high penetration¥ &fyBtems in contemporary dis-
tribution grids can change the behaviour of distributioidgir Equipping PV systems with
voltage support schemes such as the standasp(P) characteristic required by German
Grid Codes (GGC) [29] may even cause more changes in the patage behavior of
distribution grids. For instance, the feed-in power of P¢teyns in theCosp(P) charac-
teristic is directly imported as a feedforward signal tareate the required reactive power.
Therefore, PV systems not only change the behaviour of tidergterms of active power
but also in terms of reactive power. However, these issuesinat been addressed in static
aggregation of contemporary distribution grids in theréitere. Accordingly, it is needed
to develop a new equivalent model of contemporary distidougrids that can capture the
dominant behavior of PV systems embedded with voltage suppbemes.

The main contribution of this chapter is developing a statjaivalent of the distribu-
tion grid consisting of large number of PV systems equippith voltage support schemes
by the use of the gray-box modelling concept in system idieation. In the proposed
model, distributed PV systems within the grid are represgtals a separate entity in the
aggregation, and loads are also aggregated as a separatguil@lent. In the proposed
procedure, all inputs and outputs are measured at the fgpdint, which is the boundary
point between the part of the distribution grid that is of cem to be aggregated (lower-
level grid) and the rest of the grid (higher-level grid). T¥mtage at the feeding point
serves as the input, while the outputs are the net genetadiossumption active and reac-
tive power of the ZIP/PV equivalent. The proposed static\edent model of the distri-
bution grid is formulated for load-flow studies that can dliyrpe integrated into load-flow
programs and replace the true distribution grid, whild stih keep the overall accuracy
high.

6.2 Backbone of equivalencing procedure

Developing an equivalent model is mathematically an idieation problem. Depending
upon the available physical information and insight of theetsystem, there are three
choices for the model structure, namely black box, gray bakwhite box [70]. In the

black-box model, the topology of the true system is not knewd merely the input and
output data of the true system are available, which the aito map the input data set
to the output data set by adjusting free parameters suchhatutput of the equivalent
model becomes as similar as possible to the true systeme Iwhiite-box model, as the
other extreme case, not only the topology of the true syssémown, but also the physical
components and their associated composition rates arawddable. Thus, the task in the
white-box model is to find an exact mathematical model of the system. In many cases
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developing such a model can be complex and may deviate fremputpose of developing
a simple equivalent model. The gray-box modeling is somethi between, in which the
topology of the true system is available but not the exactmmmants and their composition
rate. Hence, there are still number of free parameters that be estimated via the system
identification and, in this regard, the aim in the gray-boxdelds to identify the free
parameters based on the observed data behavior similag tdatbk-box model.

The physical structure of distribution grids is known; hewe physical components
of demand and their composition rates are not availablerefbie, one can select a gray-
box model to develop a load equivalent. The dominant phi/bielaavior of the true grid
is represented via a set of equations in the described grayrwodel, and the mismatch
between the model and the true grid is left to an optimizapimtess to estimate the free
parameters of the gray-box model.

The gray-box load modeling has been addressed in the peelietature [35-37, 71].
A dynamic equivalent of a MicroGrid, which consists of onlylid oxide fuel cells and
high speed single shaft microturbines, was developed ulsangray-box model along with
evolutionary particle swarm optimization algorithm foeittifying equivalent parameters
in [71]. The dynamic equivalent of an active distributedwatk was developed using
gray-box model and MATLAB System Identification Toolbox fparameter estimation
purpose [35-37]. However, equivalents of distributiordgrcomprising large amount of
PV systems embedded with voltage control scheme have notdullressed in the litera-
ture yet.

6.3 Set-up

In order to develop an equivalent model of a target distidmugrid as a true system via the
gray-box model, the following steps must be carried out:

* selecting a proper equivalent topology that could captiieedominant behavior of
the true system;

formulating the corresponding equations of the seleaipdlbgy;

« determining the inputs and outputs;

estimating free parameters through the identificatiorcgss;

validating the performance of the identified free paramsadéthe equivalent model.

6.3.1 True system

The main objective of this study is to develop a static edaivemodel of a true distribution
grid with a high penetration of PV systems embedded @itsp(P) characteristic that
can be integrated into load-flow programs. Therefore, the siystem, in this study, is
a distribution grid that consists of one feeding point; rilsition transformers and lines;
individual loads at different nodes within the grid; andiindual PV systems. The feeding
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point is the boundary point between the distribution leved a higher level grid, where
the equivalent of the distribution grid is to be obtained.

Active and reactive power of loads in the true grid are regmé=d by constant impedance,
constant current, and constant power load model (ZIP model)

A = Ro(aV?+aV+ap) (6.1)
Q Quo (BV2+ BV + Bp) (6.2)

whereP_o andQ_g are the load active and reactive power at the base volagen; and
ap are the ZIP coefficient for active power that their sum musetpeal to one. Besides,
Bz, B and B, are the ZIP coefficients for reactive power that also musel@asum equal
to one. Though simulated results using ZIP load model majatieirom the actual field
test results, the ZIP load model has been widely recommeaddditilized in majority
of system studies [32-37]. Therefore, in this study the A&dlmodel is employed to
represent the behavior of the actual load model in the trategy.

Furthermore, PV systems are assumed embedded with eitheedhired GGC stan-
dard characteristicosp(P) represented in Fig. 4.1b or the DBV characteristic represen
in Fig. 5.1.

In order to roughly simulate field test results, quasi-statialysis of the true grid is de-
ployed to provide the simulated data of active power andtresapower versus the voltage
variation at the feeding-point of the grid.

In order to consider variations of solar and demand, diffeseenarios are investigated
for developing the equivalent load model. In each scendréstate parameters of the grid

that represent the status of the grid are assumed known. tateeparameters of the grid
are

1. the total load active power consumption within the gridhet base voltagé oy,
which is the sum of all individual loads at the base voltage

L
Rlotot = Z PLo; (6.3)

wherelL is the number of loads within the grid;

2. power factor of individual loadsosy o, that in turn yields the total load reactive
power;

3. the total PV productioRpytot, Which is the sum of all individual PV systems.

6.3.2 General layout of the equivalent

The general layout of the equivalent is depicted in Fig. &the topology of equivalent
model and formulating its corresponding equations areudsed in Section 6.4. As can be
seen in Fig. 6.1, the input of the equivalent model is the lmigge at the feeding point
(V). State parameters of the grid are also imported to thévatpnt model to determine
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Figure 6.1: Schematic of the equivalent model set-up.

the status of the equivalent model. The values of state pEmand the voltage can
vary within specific ranges. Thus, the free parameters okthgvalent model must be

estimated such that the output of the equivalent model carodstrate similar behavior as
the output of the true system within the same ranges of vanisin the state parameters
and the voltage. The outputs of the proposed equivalent hravdethe net active and

reactive power of the equivalent PV model and the equivated model.

6.3.3 Estimating free parameters

The flowchart of free parameters estimation process istifited in Fig. 6.2, where the
bus voltage at the feeding point serves as the input. Thati@miof V triggers the corre-
sponding variations in the load characteristics at eacle fmothe true system. The larger
variation of the V provides a better insight into the loadrettteristic. Generally, voltage
variations bigger than 0.1 p.u. can demonstrate the vollependency behavior of the
load [33]. Under the V variations and grid state variables,rioise-free outputs of the true
systemP, andQ, are obtained. In real case applications, however, theralamgy/s some
noise and disturbance associated with measurements aasneltertainty at the load level
and its composition rate at each node. In other words, theerisian inherited part of any
measurement based load modelling approach. Therefot@sisttidy, the noise-free sim-
ulated results are polluted with a Gaussian noise to resefhhdQ characteristics as a
real case application.

The V variations along with corresponding grid state paitenseare also imported to
the gray-box model to estimakeandQ. The difference between output of the true system
and the gray-box modelis fed back to the parameters tuning algorithm to estimatérée
parameters by minimizing the sum of squared errgrezl, which represents the model
error at the end.

In a nutshell, the procedure of estimating free parametessinmerized as follows:

« selecting N different feeding voltages;

* selecting M different scenarios for state parameterseftid;
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Figure 6.2: Free parameter estimation process in the goayrimdel.

* analysing the reaction of the true system for each caseatilow analysis;

« estimating free parameters such that the equivalent ggsva reaction which is as
close as possible to the one in the true system for all cases.

6.3.4 Model error

Any model identification method introduces a model error posed of two components,
namely bias error and the variance error [70]:

(Model erron? = (Bias error)? + Variance error (6.4)

The bias error has to do with the model structure and bagidalhonstrates the systematic
deviation between the true system and the model structuoemally, modelling a non-
linear process leaves a bias error. Bias error in aggragatia distribution grid consisting
of various load components is unavoidable. Generally,eiasing the flexibility of the
model by increasing the number of parameters will lead teeldovas error. Nevertheless,
the bias error and the variance error are in conflict and dhg@scomplex model results
in a larger variance error. It is shown in [70] that the vacaerror increases by number
of the parameters. The variance error depicts the deviatbmeen estimated parameters
and their optimal value that happens due to using a finite aigl/rdata set. Moreover,
it can be shown that regardless of the model, for a largeitrgidata set (data set that is
employed to estimate the parameters) the variance erroodppately has a linear relation
with the number of free parameteras follows:

. n
variance error~ GN (6.5)
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whereg is the noise variance and N is the number of training data ksfip0]. Therefore,
the fewer the parameters, the more accurate the estimatidm iegard to this fact, it can
be shown that among all models that describe a process d&lguthe simplest one causes
lowest error [70]. Moreover, it is obvious that the largexiting data sets can cancel out
the noise impact and lower the variance error.

With that being said, due to the bias/variance error dilemntha model should be
neither too simple nor too complex and instead somewheretinden.

6.3.5 Optimization problem

Identification task is an optimization problem and so an afje function must be for-
mulated. The root mean square error (RMSE) is a frequentyg mseasure to evaluate
residuals between the predicted model values and actua¢yabserved from the true
system. As discussed earlier, the number of training dasapdays a key role in the ac-
curacy of the model identification. Thus, assuming M as thalmer of the data sets, the
RMSEs of active and reactive power associated itfitidata set are represented as follows:

N AN\ 2

Epi _ Zi:1(E_R) (66)
N A

By — Zizl(?\'l Q) (6.7)

since the value of P and Q can vary significantly in differeatadsets, the relative RMSEs
of Epj andEg; are employed

Epi

i = — 6.9
W = 5 (6.9)

whereP; andQ, are the average active and reactive power oitiheata set, respectively.
Therefore, the proposed objective function for the modenhtdication is

min (i (e5i+ egi)) (6.10)

Here, it is assumed that the relative RMSEs of P and Q are afl @gportance. However,
if the DSO has other priorities, then one can add differengiateng factors.

It will be shown in the next section that the formulated optiation problem in this
study is non-linear. Generally, there are two types of rinedr optimization techniques,
namely local optimization techniques and global optini@atechniques. As it stems
from the name of non-linear local optimization techniquas, found optimum via these
techniques is a local optimum located in the vicinity of thigial guess without searching
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Figure 6.3: Equivalent ZIP/PV model.

other parameter space and, therefore, the performancemf tieavily depends upon the
starting point guess. Nevertheless, the convergence apészhl optimization techniques
are relatively higher than global technigues. Global téphes, on the one hand, try to
escape from being trapped in a local optimum by searchirautir the entire parameter
space, but on the other hand the convergence speed to amuapts likely slow. Thus, it
is a good idea to employ a hybrid procedure using a globahuptition technique to get
near the region of parameter space that the optimum maydi¢hem feeding the estimated
free parameter to a local optimization technique to find htnoum [70]. In this study, the
genetic algorithm is employed to find the region and seqakqtiadratic programming is
used to find the optimum.

6.4 Model structure

According to what discussed, in order to reduce the moder efiere has to be a com-
promise with the flexibility of equivalent topology. Theoeé, the proposed equivalent
topology (Model I) consists of only a ZIP equivalent of loagkhto an equivalent of PV
systems, which will be discussed in the following. The qyadif proposed model is ex-
amined against the traditional way of addressing PV systsiihe negative load (Model

11).

6.4.1 Model I: ZIP/PV equivalent

The schematic of the proposed equivalent ZIP/PV model isvshio Fig. 6.3. The equiva-
lent model consists of 1) a ZIP equivalent load model; 2) a Bialent associated with
an equivalentosp(P) characteristic.

The ZIP load model is described by the following set of equreti

Pleq = Plotot (CfZV2 +aV+ ap) (6.11)
Qeq = Quotot (B2VZ+ BV +Bp) (6.12)

whereR_egq andQ eq are the active and reactive power of the equivalent ZIP loegpec-
tively. PLotot andQyoyot are total active and reactive power at the base voltagea; and
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op are, respectively, constant impedance part, constanérupart and constant power
part of active power of the equivalent ZIP load that muss$athe constraintin (6.13). In
the same wayfz, B andfp are, respectively, constant impedance part, constargrurr
part and constant power part of reactive power of the eqeiaIP load that are subjected
to the constraint in (6.14).

az+a+ap = 1 (6.13)
Bz+B+B = 1 (6.14)
Depending upon the employed voltage support scheme indbesyrstem, the equivalent
PV in the proposed gray-box model is represented in eith#reofollowing two ways:
1) GGC characteristic

If the PV systems in the true system are equipped with the G@@ard characteristic,
the equivalent of PV systems is depicted by the followingpéeiquations:

Poveq = OpvPpuytot (6.15)
COSPoveq = Mpueq(Ppveq— Pheq) (6.16)
1
Qpueq = Ppveqy/——= -1 (6.17)
(COSPpeq)”

wherePpyeq and Qpyeq are active and reactive power of the equivalent PV moBglot

is the total generated active power by PV units in the truéesysapy represents the mis-
match of losses via lines. The voltage support charadtedtthe equal PV system shown
in Fig. 6.4 is assumed to be similar to the standard chaiatiteof the GGC. Neverthe-
less, in the proposed ZIP/PV equivalent model, the slopetlamdhreshold power of the
cosp(P) characteristic for the equivalent PV model are free pararseaind their tuning
is left to the identification process. In this reganty,eq andRy, ¢q are the slope and the
threshold power of the equivalechsp(P) characteristic. The motivation to have different
P and Q modelling in the equivalent PV model are owing to thievieng reasons:

* it is assumed that the total generated active power by P imihe true system is
available and not the individual PV production;

* reactive power of PV systems is functioning via a piecewisaracteristic with re-
spect to the feed-in power of PV systems.

It is also worth mentioning that the loss for reactive poveeaccommodated via the free
parameters assigned to model the equivalent reactive pufiR systems.

Based on (6.11), (6.12), (6.15) and (6.17), the equivaletiteaand reactive power at
the feeding point can be stated as follows:

Peq = Pleq— Poveg (6.18)
Qeq QLeq— Qpveq (6.19)
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Figure 6.5: DBV characteristic curve of the equivalent P\Vdwio

Therefore, there exists, as demonstrated in the follow&wogor, nine free parameters in
the proposed ZIP/PV model that must be estimated via theogeapoptimization process.

[UZ a ap Bz B Be Qpv  Mpyeq F}h,eq] (6.20)

2) DBV characteristic

If the PV systems in the true system are equipped with DBV attaristics, the equivalent
reactive power must be modelled in a different way in congmarivith the GGC character-
istic. In this regard, equations corresponding to reagtoxger of the equivalent PV system
(6.16) and (6.17) in the previous subsection must be reglagehe following equation

Qpveq = Mpyeq (V - Vth,eq) (6.21)

wheremp,eq andViy eq are respectively the slope and the voltage threshold ofgbialent
Q(V) characteristic represented in Fig. 6.5.

Therefore, the free parameters in the proposed ZIP/PV nwatiethe DBV equivalent
characteristic are as follows

laz o ap Bz B Br Qpv Mpueq Mineq) (6.22)
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It is worth mentioning that parameters of the Q(V) charasteer (slope and voltage
threshold) of PV systems in the true system are set accotdirie proposed multi-
objective coordinated DBV approach in Chapter 5 to mininmea&ctive power consump-
tion. So, with the use of the Q(V) characteristic, one careekp lower share of reactive
power as compared to the GGC standard characteristic eetgplaythe previous subsec-
tion.

6.4.2 Model II: PV system as the negative load

Non-dispatchable renewable generation units such as golaer productions are often
addressed as negative loads [38—41]. Hence, PV systemstarensidered as a separate
entity. The following set of equations represent PV systama negative load within the
ZIP load equivalent model:

Peq= (PLotot — Pputot) (azVZ+ a1V + ap) (6.23)
Qeq= (Quogot — Qputot) (BzV2+ BV + Bp) (6.24)

whereQpytot is the total reactive power consumptions by PV systems arideircase of
using GGC characteristics derived based on the GGC chasdictén Fig 4.1b and total
active power production of PV systems. In the case of DBV m&tQpyot is the total
reactive power consumptions by PV systems at the base eoltag

As depicted in the following vector, there are thereforeyak free parameters in this
equivalent model:

[az a op ﬁz ﬁ| ﬁp} (6.25)

6.5 Results and discussion

A utility distribution grid with eight feeders and thirty fivbuses is used as the test true
system to implement proposed equivalencing procedurehisnsystem with maximum
active and reactive demand of 515 kW and 170 kVar, the avexetiee and reactive power
errors of the proposed ZIP/PV equivalent in the presendesoBiGC characteristic were in
the range of 24kW (0.5%) and 384 kvar (2.2%), respectively; and in the presence of the
DBV characteristics were in the range 06&RW (0.5%) and 83 kvar (4.9%), respectively.
However, the average active and reactive power errors ¢fdbdéional way in the presence
of the GGC characteristic were in the range of 8.61 kW (1.7%@) &.55 kVar (3.8%),
respectively; and in the presence of the DBV charactesistiere in the range of 9 kW
(1.75%) and 21.2 kVar (12.5%). The results demonstratethieaproposed equivalent
model not only reduces active and reactive errors as cordparthe traditional way but
also represents a similar trajectory behavioPig(V) and Qeq(V) at the feeding point
as the true distribution grid does. Furthermore, it is shthat the active power-voltage
behavior of the traditional model cannot be a proper remtasige of the true system for
different possible scenarios of consumption and prodaodéeels (e.g. in this case study
when the total production of PV systems goes beyond theltatdlconsumption level) due
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to inflexibility of the model that causes a bad parameteirggtit is also demonstrated that
in the case of PV systems equipped with DBV characteridfiesreactive power-voltage
characteristic of the traditional model cannot capturepieeewise functioning behavior
of DBV characteristics embedded in PV systems. Besidedydlgctory behavior of the
traditional way tangibly differs from the true grid even whihe total load consumption
level is higher than the PV production level. Further dstaidn be found in Paper VII.

Thus, in the current and future distribution grids with highel PV penetrations, it is
beneficial to address PV systems as a separate entity inghegagion as demonstrated in
the proposed ZIP/PV equivalent.



Chapter 7

Conclusions and future work

This chapter highlights the key conclusions of the thesitssarmmarizes ideas for future
research work.

7.1 Conclusions

\oltage profile control via reactive power contribution &f Bystems can generally be done
in two ways: 1) directly controlling voltage at each bus tdaib a certain voltage profile
in which reactive power is indirectly regulated; 2) indireontrol of voltage via reactive
power to support voltage profile in order to keep it withinideated limits. In the latter,
reactive power is directly controlled. This thesis demmaist that direct voltage control
in radial distribution grids to obtain a certain profile camuse interactions among PV
systems. In this regard, the features of voltage sengitiwétrix and concepts of relative
gain array as well as singular value decomposition in corsit@nce are employed to
first quantify interactions, and second, assess the pbigsibi decoupling interactions
among voltage controllers. The results demonstrate tleaditiect voltage control strategy
via PV systems for obtaining a certain voltage profile is npr@per solution. In other
words, itis beneficial to use reactive power to support gatastead of directly controlling
it. In this regard, two main reactive power regulation sigis are developed, namely
coordinated active power dependent reactive power cleisiit Q(P), and coordinated
droop-based voltage regulation characteristic Q(V). ksthmethods, voltage profile is
indirectly regulated via reactive power to remain withie tthesignated limits instead of
deriving a certain profile.

This thesis accordingly demonstrates how advantages afbllege sensitivity matrix
allow systematic coordination of Q(P) characteristics agiBV inverters while still using
local measurements. Two main parameters of the Q(P) clegistid for each PV system in
a distribution grid, namely the slope factor and the thr&share specified based on analy-
sis of the voltage sensitivity matrix. The proposed appnaagulates either the target-bus
voltage or the voltage profile for several nodes under thedstestate voltage limit. There-
fore, the slope factors are derived in two different waysrédwer, the thresholds are also

61
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calculated via two different ways, namely identical thi@dshand equal reactive power
sharing. The results demonstrate that the proposed medinedble to regulate the voltage
to the steady-state voltage limit, while the voltage retiotain the German Grid Codes
(GGC) method is not addressed. Since the four variants giritygosed method explicitly
include voltage limits, they can decrease the total reguieactive power as well as active
power loss caused by reactive power in comparison with th€ Ge proposed method is
further developed by accommodating an optimization foatiah to optimally coordinate
the Q(P) parameters among PV systems.

Further, this thesis demonstrates that the features ofdliage sensitivity matrix in
association with a multi-objective design can be used tarally coordinate character-
istics of the droop-based voltage regulation among PV systie radial feeders. Each
characteristic is specified by two main parameters, nanmeyobltage threshold and the
slope factor, which are determined based on the voltagédtiségsanalysis and the multi-
objective approach in order to balance the individual ieaqiower distribution against
total reactive power consumption and line losses. It is shiovthe test case that a charac-
teristic minimizing of reactive power consumption and liogses has higher and narrower
ranges of activation for each PV, and a large slope, with tfeetthat voltage deviations
are compensated only when they approach the highest allewalue. At the other ex-
treme, a characteristic that instead results in equal stpdny PVs was shown to require
wider activation ranges and lower gains, but to also incamthnalty of higher losses and
reactive power consumption. If the narrow activation raisgmnsidered as a problem then
possible extension is adding additional constraints amatain range and other parameters
to accommodate practical issues. Moreover, in the futueaatos if consuming reactive
power by household PV systems come along with the cost pesidinding a mechanism
to equally share the penalty of reactive power may be moraesifithan equally distribut-
ing reactive power among household PV systems.

The application of proposed coordinated Q(P) and Q(V) naghnay be regarded as
cumbersome since an adjustment of parameters, followangahnection of any additional
PV system to the feeder, would be required by the DSO in odesé¢ the proposed meth-
ods to their full capability. A more practical approach, lewer, is an implementation of
the proposed methods in the DSO's long-term (strategi¢ lideyear ahead) network plan-
ning process. The DSO would pre-define the threshold ance slajues for PV systems
in certain grid locations based on an expected future P\giaten level and distribution
in the grid. While this may result in sub-optimal performare the transitional period,
an optimal choice of parameters with regard to the finallyeexgd grid stage would be
achieved.

Moreover, this thesis demonstrates that in the aggregatiorodern distribution grids
with high level PV penetrations, it is beneficial to addre¥sdystems as a separate en-
tity. In this regard, this thesis deploys the gray-box mtiglconcept to propose a new
static equivalent model of distribution grids with a highdépenetration of PV systems
embedded with voltage support schemes. In the proposedinidaystems within the
grid are aggregated as a separate entity in addition to tReeguivalent load. So, the
proposed structure of the equivalent consists of a ZIP edgrivload and a PV equivalent
embedded with an equivalent of the corresponding voltagpat scheme utilized in the
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grid. The quality performance of the proposed method is @megbagainst traditional way
of modelling PV systems as the negative load in the grid. $hiswn that in a utility test
case with maximum active and reactive demand of 515 kW ankVaf) the average ac-
tive and reactive power errors of the proposed ZIP/PV edgiian the presence of the
GGC characteristic are in the range of 2.44 kW (0.5%) and Bv@4 (2.2%), respectively;
while in the traditional model are in the range of 8.61 kW #h)7and 6.55 kVar (3.8%),
respectively. It is also shown that in the presence of the @B¥racteristics the average
active and reactive power errors of the proposed ZIP/PVvadpiit are in the range of
2.6 KW (0.5%) and 83 kvar (4.9%), respectively; while in the traditional model are in the
range of 9 kW (1.75%) and 21.2 kVar (12.5%). The proposedvedgrit model not only
reduces active and reactive errors compared to the tradltieay but also represents a sim-
ilar trajectory behavior irPeq(V) andQeq(V) at the feeding point as the true distribution
grid does. Furthermore, it is shown that the traditional \ds to a larger error espe-
cially when the total production of PV systems goes beyomrdtdital load consumption
level. Besides, the trajectory behavior of the traditiomay tangibly differs from the true
grid even when the total load consumption level is highen tive@ PV production level. It
is also demonstrated that in the case of PV systems equipffie®®V characteristics, the
reactive power-voltage characteristic of the traditianadel cannot capture the piecewise
functioning behavior of DBV characteristics embedded indystems.

7.2 Future work

Challenges and studies associated with large numbers of§t¥rss integration are quite
new in power systems, and comparatively little researcholeas done in this area. Con-
sequently, the list of future work can be long. The presefitédre ideas here are in
conjunction with the work carried out in this thesis.

In general, other simulation platforms and test systemsbeaunsed for the proposed
coordinated Q(P) and Q(V) characteristics. These methad®e integrated into the de-
veloped PV model in PowerFactory to evaluate their effectéss.

Optimization

Though the optimization formulations for the both Q(P) an@/YQmethods in this thesis
are fundamentally non-linear, linearized load flow equatiim the form of the voltage sen-
sitivity matrix are employed in these formulations to sindiae calculations and challenges
associated with non-linearities. Nevertheless, optinoalgr flow (OPF) formulation can
be used as an alternative solution at the expense of adalition-linearities. Hence, there
is a possible research room to formulate OPF to optimallydioate Q(P) and Q(V) char-
acteristics and compare the upshot with the proposed APDB&MImethods in this thesis.

Weighting factors

In the proposed multi-objective method, equal weightingdes were considered for the
three different target objectives in the objective functicHowever, one may use multi-
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criteria decision analysis (MCDA) to find a different orddmpoiorities or importance ac-
cording to concerns of DSOs.

Target bus and design operating point

Normally speaking, overvoltage occurs during high PV piaitun and low demand. Along
with, in this thesis, the minimum demand (almost no demasnd)ughly correlated to the
maximum PV production to define the critical operating péntdesign. However, if daily
demand profiles and daily irradiation profiles (or PV proitutiprofiles) within the grid
are available, one can correlate the minimum demand witimgwemum solar electricity
production. This would indicate a more realistic criticglenating point and can be used
in the proposed design procedures, though this was notestudithis thesis. Moreover,
the bus with the most violated voltage in the critical op@ipoint is selected as the
target bus; however, it may be needed to consider more thatsoget bus depending on
specifications of grids to properly address overvoltagd btiges. This needs to be studied
further. Overvoltage in this thesis is calculated based HrbB160, however DSOs may
need to fulfill different requirements. This can also be édered in the design procedure
of the proposed voltage support schemes.

Comparison of Q(P) and Q(V)

The performance of Q(V) can be compared and evaluated d@a{R$. As a future work,
it can also be interesting to deploy the net generation/asatthe input signal in the Q(P)
characteristic instead of only PV feed-in power, i.e. Q{PAccordingly, one can compare
Q(Phey) method against Q(V )method.

Under voltage situations

If under voltage is a case in some weak distribution gridsnduhigh demand and low
PV production periods, the proposed Q(P) and Q(V) methoddwher be extended to
evaluate their performance in addressing under voltage.

Economic aspects

This thesis neither assesses the economical pros and cprapofed reactive power regu-
lation strategies against each other and nor compares thaimsaother overvoltage reme-
dies. Therefore, it would be interesting to evaluate thesthods from an economic point
of view using yearly basis load and solar profiles.

Dynamic aspects

Unlike coordinated Q(P) characteristics, coordinated Y3{varacteristics use voltage as
the input to calculate the required reactive power for ea¢hsfistems. Since voltage
is influenced by many factors such as load consumption and rBduptions, dynamic
interactions among PV systems operating in tandem is likEherefore, it is important
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to do more research to address how possible interactionsecaanceled out in order to
eliminate oscillatory behavior in controllers. In this §iee a rate limiter was employed in
quasi steady-state analysis to limit the sudden changesaative power due to changes in
voltage in order to damp oscillations. The settings of rewétérs may also be considered
in the design procedure of Q(V) parameters. Other delaytimme may also be utilized
to damp the possible oscillation. Therefore, it would beiriesting to do more studies on
these issues.

Equivalencing

It is important to examine the influence of different reagetpower regulation strategies
(e.g. Q(P) and Q(V) characteristics) and/or a combinatfatifterent regulation strategies
for different PV systems on the equivalencing to furthereate the quality of the pro-

posed ZIP/PV equivalent. Besides, voltage control viadi@mers at the feeding point
may have an impact on the equivalent, and so, requires cwdiain with PV system con-

trol. Furthermore, it is crucial to consider load and PV sgstdynamics in aggregation to
develop a dynamic equivalent of distribution grids withthjgenetration of PV systems.
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Abstract

Accommodating more and more PV systems in grids has raised new challenges that formerly had not been considered
and addressed in standards. According to recently under-discussed standards, each PV unit is allowed to participate in
reactive power contributions to the grid to assist voltage control. There are some PV models in the literature however
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power control strategies on the distribution network.
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1. Introduction

The growing trend in photovoltaic system installations due to encouraging feed-in-tariffs via long-term
incentives has led to high penetration of PV systems in distribution grids which has brought about new
issues that initially had not been addressed. In Germany, for instance, there are currently 18 GWp
installed PV systems [1]. According to recent drop in costs of PV systems, especially PV panel
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technologies, which has occurred during recent years, grid-parity is not anymore unimaginable and in near
future will come close to reality [2]. Thus, PV systems without incentives are more likely to be interesting
in many different countries. So studying the technical aspects of integrating large amount of PV systems
into grid will be an inevitable essential to keep the system on an even keel.

According to the new German grid codes [3], each PV unit is allowed to participate in reactive power
contributions to the grid to assist voltage control. The reactive power regulation, in LV grid, should fulfill
0.9 under-exited to 0.9 over-exited by means of the following strategies; either fixed power factor or
power factor as a function of feed-in power (PF(P)). Although depending on the size of PV system other
methodologies such as reactive power depending the voltage (Q(V) droop) would be imposed by system
operators. Implementation of the reactive power control is a challenge since according to standards, some
criteria must be fulfilled but it has not been explicitly mentioned that which procedure and how. Another
challenge associated with PV systems is that companies have their own proprietary detailed-model
information which is hard to get that information. By doing so, there is a need to have some model that
could capture all the fundamental characteristics of a PV system and in the meantime, being non-
proprietary in order to examine the impact of PV system on distribution grid.

There are some PV models in the literature [4-7], however those models mostly assumed unity power
factor operation for PV systems [4-6] or just considering reactive power support for medium voltage
connected PV system [7].

Therefore, there is a need to develop PV model considering the reactive power contribution and its
dynamic influence on distribution power system. In this paper a non-proprietary PV model of a three-
phase, single stage PV system is proposed which consists of design procedure of two reactive power
controller schemes and deals with the important aspects of three different reactive power regulation
strategies. PSCAD/EMTDC is used as a platform to study widely the behavior of the proposed model
along with comparing three reactive power regulation strategies. Furthermore, this model is integrated in a
distribution system with two PV systems in order to effectively investigate consequences of the dynamic
characteristics of the proposed model on a distribution network. Simulation results demonstrate the
credibility of the designed model as well as the interaction of the three different PV reactive power
regulation strategies on the bus voltages profile and on next-door PVs.

In the following, a general perspective of a PV system will be given in section 2, dynamic equations of
a PV system are presented in section 3, section 4 deals with controller design procedure, reactive power
control strategies are discussed in section 5 and simulations results and conclusion are presented in
sections 6 and 7, respectively.

2. Structure of PV system

Fig.1 illustrates the main schematic of a single stage PV system connected through a transformer to a
distribution grid. PV systems consist of PV array, dc-bus capacitor, voltage source converter and
peripheral control systems. Solar cells are connected in series to form PV modules and PV modules in
turn are connected in series or in parallel to form PV panels. PV panels are connected in series and in
parallel to form solar array in order to provide adequate power and voltage for being connected to grid.
The output power of PV array feeds in capacitor link which is connected in parallel and is transformed
through parallel connected voltage source converter to AC power. The VSC terminals are connected to the
point of common coupling via the interface reactor which shown by L and R, where R represents the
resistance of both reactor and VSC valves. C; is the shunt capacitor filter that absorbs undesirable low-
frequency current harmonics generated by PV system. PV system is interfaced with grid through a
transformer which makes an isolated ground for PV system as well as boosting the level of output voltage
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Fig. 1. Schematic of a PV system structure connected to a distribution grid.

of PV system to the grid voltage level. Distribution grid is assumed by Thevenin model where R, and L,
are equivalent grid resistance and inductance, respectively.

Employing Phase Lock Loop (PLL) helps to move from abc—frame to a proper dg-frame and in the
meantime streamlines control process by having access to dc control signals instead of sinusoidal-varying
signals which are synchronized with grid frequency. Active and reactive powers of PV system are
controlled via the d and q axis, respectively. Active power is controlled through regulating DC-bus
voltage. Reactive power control will be explained later. Control systems comprise three control loops,
inner loop is current control, middle loop is DC-bus voltage regulator as well as reactive power control
loop and outer loop is maximum power point tracking (MPPT). PV system always needs additional
function to exploit maximum power of PV array which is named MPPT in literature. As can be seen in
Fig. 1, MPPT determines DC-bus voltage reference. The error between DC-bus voltage and its
corresponding reference voltage compensated by F,.(s) to provide reference active power and in turn
creates iz In order to augment the performance of DC-bus voltage regulator, output power of PV is
deployed as a feed-forward to eliminate the nonlinearity and destabilizing impact of PV array output
power [4,9]. I, reference command, depending on reactive power control strategy is issued. /g and .
are passed through current controllers to produce modulating signals for SPWM that in turn provides gate
signals for VSC valves.

3. Dynamic of PV system and distribution grid

Dynamic of the DC-link is depicted by

iler;
dt 2
P,.(V4. G, T) is output power of PV array that is function of irradiance (G) and temperature (7); Sera [8]
describes how to calculate solar panel parameters via datasheet in order to model PV array which is also
employed in this paper. P, is VSC switching power loss and P, is the delivered active power by VSC. P,
can also be described by delivered active power at PCC, P =3/ 2Re(IZ7 ) where x denotes phasor
representation [9], egld instantaneous active power consumed by interface reactor as follows:

1=F,,

e

G,T)-P, —P (1)

loss t

3 di~> 3 poed
B=R+ERC(LEI )+ERG(RI 1 ) (2)
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Fig. 2. (a) Schematic of current control block diagram; (b) Block diagram of DC-bus voltage control loop

Following equation describes the dynamic of AC side of VSC in space-phasor domain.
\7,+Ld—l+Rz?+\7$=0 (3)
dt
Terminal voltage of VSC is a controllable variable that corresponds to PWM modulation index
v, =mV, /2 where m is the normalized, phasor modulating signal.
Dynamic of the distribution network can be shown as follows:

v :ng-i‘Rglg'i‘Vg (4)
4. PV system control

Projection of space-phasor variables on rotating dg-frame gives two components in d and g axes. PLL
regulates V, to zero and subsequently determines the speed of rotating dg-frame which is synchronized to
V,[9]. By doing so, PV system output active and reactive powers are expressed as follows:

I?v :3/2v&dld & Qs :_3/2V&dlq (5)

So, P, is proportional to i, and can be regulated by that. As mentioned beforehand, active power is
controlled to regulate dc-bus voltage in such a way that could extract maximum power from PV arrays
with the help of MPPT. Analogous with P;, O is also proportional to i, and therefore can be controlled
through it which will be explained later on.

4.1. Current control loop

According to (3), the dynamics of VSC AC-side in dg-frame are expressed as follows:
di
—V + Lok, +Li+Rid +v, =0
dt
di (6)
-, — Loi, +L7;’+Riq +v, =0
These equations are deployed to design current controllers and as can be seen, those are nonlinear,
cross-coupled equations. Therefore, following equations are employed to decouple and linearize them:

Vy :(La)iq+vxd+Ud) @)

Vi = (—La)id +v, +Uq)
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Where U, and U, are new control inputs. By substituting (7) in (6), the corresponding control scheme
can be represented in Fig. 2(a). The plant transfer function of current loop is G,(s)=1/(R+ Ls) . Since the
resultant dynamics of d and ¢ axis are identical, compensators could also be identical. Direct synthesis
method can be employed to shape current closed-loop transfer function as a first order system
like G (s)=e, / (e, +5) . To achieve it, the controller should be as follows:
a,R

F(s)= O‘T G(s)=a,L+ (®)

F.(s) resembles a proportional-integral controller. «, is the current closed-loop band-width which on
one hand should be large to give fast current control response and on the other hand should be small
enough to become considerably smaller than switching frequency(in rad/s) for instance 10 times. a,
relation with the rise time (..) is «.f, =1n9.

4.2. DC-Bus voltage regulator

The instantaneous active power of interface reactor and VSC switching loss, which are relatively much
smaller than PV arrays output power and delivered power at PCC (P;), can be ignored. Therefore, based
on (1) and substituting (2) and (5) in it, the dynamic of DC-bus voltage in dg-frame would be as follows:

d 1 3 . 3 .
Z[ECV;]E%V(R’G’T)_Evsdld :%V(H’G’T)_Evsdldwf (9)

Fig. 2(b) illustrates DC-bus voltage regulator model which the feed-forward helps to eliminate the
effect of the P,, on the dynamic of DC-bus [4,9]. Fy4. consists of an integrator and a lead compensator.

4.3. MPPT function

Actually MPPT is the third control loop or in other words the outer control loop of the PV system
which has a memory to provide DC-bus voltage reference by measuring the output voltage and current of
PV arrays and comparing them with previous states through a processing algorithm. Here in this paper,
incremental conductance [10] algorithm is employed.

4.4. Reactive power controller

Reactive power control can be done either by regulating reactive power at the reference value or
controlling the voltage at the connection point, although it must be considered that the reactive power
contribution of PV system is limited according to the current standards and moreover the set-point is
dependent on the voltage magnitude at the connection point. Nevertheless, in this section mainly
controller design procedure will be discussed. According to (5) reactive power can be regulated via i, by
doing so, one simple way is to calculate required reference reactive power and then translating it into
reference current in ¢ axis through a straightforward calculation. Although the reactive power seen by grid
is not equal to the generated reactive power by VSC due to presence of the reactor, filter capacitor and the
leakage inductance of the transformer. Therefore, in order to augment the performance of reactive power
regulation, reactive power can be controlled through an extra control loop (Fig. 3(a)). The difference
between measured reactive power and reference reactive power passes through a controller to provide iy
Similar to F,(s) design procedure, direct synthesis method is employed to derive reactive power controller
in such a fashion that leads to first order closed-loop transfer function.

2 &G;‘l(s): -2a, +—2aq 1
vV, s 3a .V, 3V, s

c

Fy(s)=-

(10)
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Fig. 3. (a) Block diagram of reactive power control loop; (b) Block diagram of AC bus voltage regulator

a, is the closed-loop bandwidth of reactive power controller and must be much smaller than a. . So
through this scheme the contribution of other passive elements such as reactor and filter capacitor as well
as the PV connecting transformer are considered as disturbances and therefore the desired reactive power
can be achieved more precisely.

Another approach to control reactive power is through controlling the AC bus voltage. In this approach
the difference between the AC-bus voltage and reference value passes through a controller to attain 7., A
few assumptions are taken into account in order to design AC voltage controller. All the transient
excursions in the frequency angle of PLL output are neglected even though v, is not anymore a stiff grid.
Moreover, it can also be expected that v,,=0, therefore, only the dynamic of v, is required. By doing so
the linearized dg-frame form of (6) can be shown as follows [9]:

> dlg(] d rd
V., =Lg 4 +Rglgd _ngolgq (1D
Where ~ stands for linearized variables and i:gdq =iy ~la ~ e, - Fig. 3(b) depicts the block diagram of
AC voltage regulator for a PV system. So, due to the prior assumptions, the dynamic of distribution grid is
purely seen as a gain equal to —L,m,. Closed-loop transfer function of AC-bus voltage regulator can be
shaped to a first order function such as «, /(«, +s) where a, is the closed loop band-width and must be
much smaller than a.. According to Fig. 3(b) and similar to F, F,,. can be shaped as following, although
the proportional and integral gain probably may be retuned to get maximum phase margin on the grounds
that the grid inductance is subjected to change; moreover, due to the assumptions.

Fo(5)=(—— ma (12)

o -

GL‘(’I(S)z - +
i Lo Los

g0 a, ¢ 0 s 0

av
)s

Since the reactive power contribution of the system is limited then it is more likely that the controller
hits the limits and integrators saturates, so anti wind-up, which is shown in Fig. 3(b), should be employed
to prevent the saturation and its negative effect on the controller performance.

Since V; and V, are electrically close to each other and the difference is only voltage drop across
transformer leakage reactance, then it would also be possible to regulate magnitude of V, in Fig. 3(b).

5. Reactive power control strategies

Regarding reactive power contribution, a PV system could carry out this task through one of the
following approaches.

5.1. Constant power factor operation
PV system could have no reactive power contribution by unity power factor operation and the whole

capacity of the PV system inverter is assigned to deliver generated active power by solar cells to AC
network. This approach had been implemented for all-currently installed PV systems, although reactive
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Fig. 4. (a) Dynamic power factor characteristic, PF(P); (b) Droop control strategy, O(V); (c) Schematic of the studied network

power support has been considered by recently re-codified standards to work under non-unity power
factor. In the constant power factor, PV system regardless of the AC bus voltage feeds reactive power into
network. Reactive power contribution affects the sizing of PV inverter; for instance in order to
accommodates reactive power to achieve PF=0.9 without any active power limitation, the inverter must be
oversized by 11%.

5.2. Dynamic power factor operation, PF(P)

This method was proposed by German grid codes [3]. Fig. 4(a) could depict this approach more
clearly. As can be seen, depending on the level of generated active power, the value of PF as well as the
type of generated reactive power varies. This method also works regardless of the voltage profile of the
line, however in contrast to previous approach reduces the unnecessary reactive power provision. To
implement this scheme in the simulation, the active power is measured and normalized to the nominal
power of the PV to get PF as well as command reactive power according to Fig. 4(a). In this paper the PF
at the end of the PV connecting transformer is of a concern to be controlled.

5.3.00V)

This approach is a droop-based control strategy and Fig. 4(b) depicts a linear droop curve where the
value of the dead band (D) depends on the network impedance [11]. In this method as far as the voltage is
within the dead band region, unnecessary reactive power contribution is prevented.

5.4. AC-bus voltage regulation

The technical aspects of this approach were explained in section 4.4. The performance of this approach
depends on the set points to the extent that neighborhood PVs might interact against each other. This issue
would be shown in the following section.

6. Simulation results

In this part, based on the configuration of Fig. 4(c), two 10 kW PV systems are connected to a quite
weak distribution grid to study the impact of the controllers and reactive power strategies. It is assumed
that the distribution grid works on a light load condition, so the load value is 0.6 kW+;j0.3 kVar. Both PV
systems are identical and are structured according to Fig.1 in PSCAD/EMTDC. Since the PV connecting
transformer also contributes to the reactive power, output node of the PV connecting transformer is
considered for reactive power regulation.

An identical simulation scenario is carried out in order to make a fair and comprehensive comparison
between different strategies. Fig. 5(a) depicts irradiance variation during simulation which varies stepwise
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Fig. 6. (a) Bus voltages responses to irradiance step changes at high voltage limit; (b) Bus voltages responses to irradiance step
changes at low voltage limit

to simplify investigations. PV systems at /=0.6 sec is connected to grid while irradiance is 1000 W/m?,
grid voltage is set to a value to get nominal voltage (0.22 kV) at bus | and reactive power regulator is
inactivated. Once the PV systems stabilize at MPP by the assistance of the MPPT, at t=2.2 sec the
reactive power regulator is activated to study its role on the voltage profile. At r=3 and 4 sec irradiance
level is changed to 250 W/m® and again 1000 W/m? to explore the behavior of the PV system controllers
at low and high power production. Furthermore, in order to investigate the performance of the three
different reactive power control strategies the grid voltage is also changed. By doing so, two voltage

incidents take place at 1=5 and 9 sec that the grid voltage is boosted by 8% and then lowered by 16%

approximately. Moreover, irradiance level also is varied within each voltage step change. Dead-band (D)

in Q(V) strategy, Fig. 4(b), is assumed to be 0.03. The set-point of AC voltage regulation strategy is

adjusted to the value of the bus voltages prior to PVs connection.

Since the voltage variations corresponding to irradiance step changes at bus 1 and 2 (Fig. 4(c)) are
relatively small compared to the grid voltage step changes, different time frames are employed to illustrate
the bus voltages through Figs. 5(b), 6(a) and 6(b). Reactive powers at the PVs connection points are
depicted at Fig. 7(a). As can be seen in Fig. 7(a), once the reactive power regulator is activated the bus
voltages vary and reactive strategies behave as the following:

e PF(P) strategy consumes reactive power and lowers the voltage, Fig. 7(b) illustrates power factor at
the connection point of the PV for the PF(P) strategy. Within =9 fo 10 sec while the grid voltage is at
the lowest point and irradiance at the highest level, this approach pushes the bus voltages even more
down in contrast to other methods due to unnecessary inductive reactive power consumption.

o The small step change at the bus voltages after activating O(V) strategy is due to the presence of the
filter and the transformer. The i, command of the PV controller is set to zero before 1=2.2 sec.
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Fig. 8. (a) Bus voltages responses to different set-points corresponding to Vac regulation strategy ; (b) Reactive power at the output

of PVs corresponding to Vac regulation strategy
Therefore the reactive power of the transformer and the filter affects the bus voltage, while after
activating reactive power regulator, VSC works in a way to regulate reactive power to the command
reactive power which should be zero as far as the voltage at the connection point is within the dead-
band. In contrast to PF(P), within =0 to 5 sec interval, Q(V) strategy has no reactive power
contribution because of operation within the dead-band region. Thus the bus voltages during this
interval are effectively affected by PV active power variations. However, at higher or lower bus
voltages Q(V) provides reactive power and in contrast to PF(P) the amount of generated reactive
power depends on the voltage level.

o AC-bus voltage regulator strategy tries to consume reactive power as much as within the limits to
return the voltage to its initial level prior to PV connection (case I). As can be seen in Fig. 5(b), this
approach can only fulfill the set-points when the PVs are working at one fourth of the full power
(G=250 W/m®). Although changing the set-points would effectively influence the performance of the
controller. For instance, in another case (case II), the set-point of PV 2 at bus 2 is increased by less
than 0.7% and the results are in Fig. 8(a) and 8(b) which for the clarity only the time-interval before
t=5 sec is demonstrated in Fig. 8(a), on the grounds that the rest has the same performance. As can be
seen at low irradiance level (G=250 W/m®), AC-voltage regulators are interacting against each other to
the extent that PV 1 and PV 2 are operating in inductive and capacitive modes, respectively, and none
of them can fulfill the desired set-points in contrast to case I. However in case II, at high irradiance,
PV 2 can reach the desired set point in contrast to case I. Therefore, it is obvious that the lack of
coordination between reactive power regulators leads to negative interaction among installed PV
systems and their performance is affected.
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7. Conclusion

In this paper a comprehensive model of a PV system was presented. Design procedure of PV model
controllers including parameters tuning also were presented. Furthermore, two different reactive power
controllers were developed for PV model. The model was developed in PSCAD software and integrated in
a distribution grid with two PV systems. Simulation results shows the model works as expected. Three
different reactive power regulation strategies were studied and the dynamic impact of them on the system
and voltage profile was shown. It was also demonstrated that lack of coordination between PVs’ set-point
in AC-bus voltage regulator strategy brings about negative interaction among installed PV systems in the
same vicinity.
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Appendix A. PV specifications

PV panel: 1,,=3.564, V,,,=33.7 V, 1,,=3.87 A, V,.=42.1 A, n;=14, n,=6.

PV electrical circuit parameters: DC link capacitor: C=10mF; LC filter: L =4mH, R =3m<Q (including
switches on state resistance) and C=10uF’; PV connecting transformer: ratio 0.18/0.38 kV, rating 15kVA,
leakage inductance 5%.

PV control circuit parameters: a, =2000 Hz, o; = 0.02323, a, = 0.001076, k=1.3e4, o, =100 Hz, a, =100
Hz.
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Abstract—A ccommodating more and more distributed Pho-
toVoltaic (PV) systems within load pockets has changed the
shape of distribution grids. It is not, therefore, accurate
anymore to address distribution grids just only as a lumped
load. So it will be crucial in the near future to have an
aggregate model of PV systems in distribution grids. By
doing so, it is important to develop models for PV systems
in different simulation platforms to study their behavior in
order to derive an aggregate model of them. Although, there
have been several detailed-switching model of a PV system in
EMTDC/PSCAD simulation platform in literature, these non-
proprietary switching models are slow in simulation, partic-
ularly when the number of the PV systems increases on the
grounds that in PSCAD the simulation is based on time domain
instantaneous values and requires more mathematical details
of components. Therefore, in this paper a model of the PV
system in DIgSILENT/PowerFactory is developed, which is a
proper environment to run rms simulation and works based
on the phasors and, moreover, from mathematical perspective
is more simplified. The performance of the stemming model
is compared with the switching model in PSCAD. Comparing
the simulation results of the proposed model in PowerFactory
with the model in PSCAD shows the credibility and accuracy
of the proposed model.
Keywords: Photovoltaic,
power support

PSCAD, PowerFactory, Reactive

I. INTRODUCTION

High penetration of solar PhotoVoltaic (PV) systems has
shaped a new structure for distribution grid. Growing trends
in generating power from distributed PV systems have
accommodated more and more PV systems in distribution
grids. In Germany, for instance, there are currently 20 GW
installed PV systems, of which 80% have been connected in
low voltage grids [1]. This high penetration of PV systems
has also raised new challenges in distribution grids such
as voltage profile. Violation of voltage profile in some
regions in Germany has led to stopping PV installation by
utilities. To contrive a way to solve the unwanted problems
associated with high penetration, several approaches have
been proposed in recent standards and literature, for instance
the reactive power support and the active power curtailment
[21-[5].

In power system studies, distribution grids have mainly
been modeled as a lumped load. However it is not anymore
wise to just address distribution grids as a passive load [6],
[7]. The aforementioned changes that gradually happen in
distribution grids require deeming new models of distribution
grids for static and dynamic studies of power systems.
Therefore, it is crucial to find a proper aggregate model
of distribution grids consisting of PV systems in order to

properly study the behavior of distribution grids on power
system stability and dynamics.

In order to find out a suitable aggregate model of dis-
tributed PV systems, it is required to study the behavior
of an individual PV system to discover how it functions
in the grid. A power test system including PV systems
is simulated either as a transient simulation, which uses
instantaneous values, or an rms simulation which is based on
the phasor model. In the transient simulation, components
are needed to be modeled in more mathematical details;
however, it, in turn, takes more simulation time. Although
rms simulation of the PV system using phasor model is run
faster, it excludes some mathematical details. Nevertheless, it
is important to find out differences and similarities between
these two simulation platforms and models, and then if the
dynamic behavior of both models are similar, using phasor
model is more time efficient and convenient in order to
investigate and attain an aggregated model of distributed PV
systems.

Models of a PV system in PSCAD have been addressed
in literature such as [8]—-[11]. Due to the old standards in
the past, those models did not consider different reactive
power strategies; however contemporary standards, e.g. Ger-
man Grid Codes [12], allow reactive power support by PV
systems. For instance, [8] only considers unity power factor
operation and does not address the reactive power support;
Ref. [9] does not consider Maximum Power Point Tracking
(MPPT) and reactive power support; proposed model in [10]
has been mainly developed for utility application and does
not address different reactive power support strategies in
distribution grids. Ref. [11] developed a model of a PV sys-
tem which comprises four different reactive power supports
and this model was incorporated in a test distribution grid
with two PV systems. In this research a model of the PV
system based on the proposed model in [11] is developed
in PowerFactory for the rms simulation. There is already
one developed generic PV model in PowerFactory Library,
however this model has a few differences with the developed
PSCAD model, for instance the standard MPPT function is
not included and dc-link capacitor has been modeled through
power equation. Therefore, since the main aim is comparing
two identical models in a similar way, a new model is needed
to be developed in PowerFactory.

The objective of this paper is to validate two identical
models of a three-phase single-stage PV system in two differ-
ent simulation platforms, namely PSCAD and PowerFactory,
which perform simulations based on time domain instan-
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Figure 1.

taneous values and rms values, respectively. Four different
reactive power support strategies have been incorporated
into the models, i.e. fixed power factor, power factor as a
function of feed-in power (hereinafter called dynamic power
factor), reactive power depending the voltage Q(V), and
AC-Bus voltage regulator. In conclusion, the both designed
models are compared and simulation results demonstrate the
credibility of those models; differences between them are
shown and evaluated.

In the following, a general overview of PV systems struc-
ture will be given in section 2, differences and similarities
between two models are presented in section 3, section
4 presents results of comparison of a single PV system
connected to grid in the both simulation platforms and finally
the conclusion comes at section 5.

II. PV SYSTEMS STRUCTURE

Fig. 1 illustrates the one-line diagram schematic of a
three pahse single-stage PV system connected through a
transformer to a distribution grid. The PV system consists of
PV array, dc-link capacitor, Voltage Source Converter (VSC)
and peripheral control systems.

Solar cells are connected in series to form PV modules
and PV modules are, in turn, connected in series or in
parallel to form PV panels. PV panels are connected in
series and in parallel to form solar array in order to provide
adequate power and voltage for being connected to a grid.
The output power of PV array feeds in dc-capacitor link
which is connected in parallel and is transformed through
parallel connected VSC to AC power. The VSC terminals
are connected to the Point of Common Coupling (PCC) via
the interface reactor, shown by L and R, and a transformer.
The transformer makes an isolated ground for PV system as
well as boosting the level of output voltage of PV system
to the grid voltage level. Cr is the shunt capacitor filter
that absorbs undesirable low-frequency current harmonics
generated by PV system. Distribution grid is assumed by
Thevenin model where Ry, and Ly, are equivalent grid
resistance and inductance, respectively.

Control system is performed in a dq-frame reference.
Phase Locked Loop (PLL) is used to synchronize control
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a) Schematic of a PV system structure connected to a distribution grid. b) Schematic of a PV system in PowerFactory.

system with the grid frequency by moving from the abc-
frame reference to a proper dq-frame reference.

A. PV array model

Analogous with a diode, PV panel current-voltage char-
acteristic is exponential and is depicted as follows:

V — Rl
I=1,,—1y (exp (T)—l) (1)

In (1), I and V are output current and voltage of a PV
panel respectively, [, is the dark saturation current, R; is
the cell series resistance, I, is the photo-generated current
and Vr is the junction thermal voltage. Ref. [13] shows how
to calculate solar panel parameters R;, I, and 1,;, by means
of datasheet values in Standard Test Condition (STC). 1,
short circuit current and open circuit voltage of the panel
are linearly dependent on the irradiance and the temperature,
while 1, is only the temperature-dependent [13].

As mentioned earlier solar panels are connected in series
and parallel, so the (1) can be extended as follows:

Vo — Rl
Ly = nply —nply (exp (%) — 1) )

where V), and I,, are PV array output voltage and current,
and n, and n, are number of series and parallel panels,
respectively.

B. Controller model of PV system converter

Due to the different abc/dqo transformation, active power
and reactive power are controlled on q and d axes in
PSCAD, respectively, while it is the other way around in
PowerFactory. Nevertheless, for integrity it is here assumed
that active power is controlled on the d axis and reactive
power on the q axis. Control system in a PV system on the
each axis comprises two control loops where the inner loop
is the current control (Fig. 2) and the outer loop is the dc-
link voltage controller, which regulates active power, on the
d axis and reactive power regulator on the q axis.

Active power control in PV systems is performed through
regulating the dc-link voltage. The dc-link voltage regulator
in the Laplace domain, F,;.(s), which in this study is an



Figure 2. Schematic of current control block diagram.

Qpcc
(a)

Figure 3. a) Block diagram of reactive power control loop. b) Block
diagram of voltage control.

integrator and a lead compensator, adjusts ig..; through the
dc-link voltage deviation signal (AV,,). In order to augment
the performance of the dc-link voltage regulator, output
power of PV can also be deployed as a feed-forward to
eliminate the nonlinearity and the destabilizing impact of
the PV array output power [9], [14].

Reactive power control can be done by different strategies.
Nevertheless, from regulator design perspective it can be
done either by regulating reactive power at a reference
value (Fig. 3(a)) or controlling the voltage at the connection
point to a set-point value (Fig. 3(b)). It must, however, be
considered that the reactive power contribution of the PV
system is limited according to the current standards [12].
Reactive power regulators, F,(s) or Fyu(s), which in general
can be a PI controller, adjust i,.; using the reactive power
deviation signal (AQ) or the AC-bus voltage deviation signal
(AV4c) depending on the reactive power control strategy.
Aig =igper —iq and Aiy = iy, r —i4 are passed through current
controllers to produce Sinusoidal Pulse Width Modulation
(SPWM) signals for VSC in PSCAD.

Regarding reactive power contribution, a PV system could
carry out this task through one of the following approaches:

I Constant power factor operation: PV system feeds
reactive power into the grid irrespective of the voltage
profile.

II Dynamic power factor operation, PF(P): This method
was proposed by German Grid Codes [12] (Fig. 4).

I Droop-based control strategy, Q(V): This approach is
a droop-based control strategy and Fig. 5 depicts a
linear droop curve where the value of the dead-band
(D) depends on the network impedance [15].

IV Voltage control: this approach is sensitive to the set-
point adjustment to the extent that reactive power pump-
ing interactions among PV systems in a distribution grid
can occur [11].
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Figure 6. Voltage-Power characteristic of a PV array for different irradiance
levels.

C. MPPT of PV system

The energy captured from PV array is not only propor-
tional to irradiance, but also depends upon the location of
the operating point, in Fig. 6 it can be noticed. Therefore, the
output of PV array is not necessarily equal to its maximum
and by doing so, PV system always needs additional function
to exploit maximum power of PV array which is named
Maximum Power Point Tracking in literature. As can be seen
in Fig. 1, MPPT determines the dc-link voltage reference.
MPPT is actually the most outer control loop of the PV
system that has a memory to provide the dc-link voltage
reference by measuring the output voltage and current of
PV arrays and comparing them with previous states through
a processing algorithm. Here in this paper, Incremental
Conductance (INC) [16] algorithm is employed.

III. DIFFERENCES AND SIMILARITIES

In PSCAD, active power is controlled on the q axis and
reactive power on the d axis due to abc/dq transformation
characteristic. However, in PowerFactory the d axis repre-
sents the active power control and the q axis represents



Table I
SYSTEM PARAMETERS.

[ PV system parameter | Value
Vmp panel voltage at mpp 337V
Imp panel current at mpp 3.56 A
Isc panel short circuit current 3.87 A
Voc panel open circuit voltage | 42.1 V
Panel temperature coef. of Isc 0.065 %/°C
Panel temperature coef. of Voc | -160 mV/°C
ng num. of series panels 14
n, num. of parallel panels 6
DC link capacitor C 10 mF
Interface reactor L 4 mH
Interface reactor R 3 mQ
Trfl rated power 15 kVA
Trfl voltage ratio 0.38/0.18 kV
MPPT frequency 20 Hz
MPPT perturbation size 0.337 V
Line Parameter Value
Linel impedance 6 + 7.5 mQ
Line2 impedance 15.5 + 3.4 mQ
Grid Parameter Value
Grid voltage 20 kV
Grid short circuit capacity 1.15 MVA

Grid R/X ratio 0.6

Trf2 rated power 250 kVA

Trf2 voltage ratio 0.38/0.18 kV

Load Parameter Value

Rated active power 0.6 kW

Rated reactive power 0.3 kVar

Rated voltage 20 kV

Controller Parameter Value

Fyge=5x }jjg k=8.65¢3 A/V/s T;=0.0232 s~ !
75=0.0011 s~

Fee=kpee + ]% kpee=8Q kicc=2Q/s

Fy=kp, + M kpg=-0.227 AlNar

kig= -453.5 A/Var/s

reactive power. In PowerFactory, PWM converter block
contains the current control block internally and it is possible
to enable or disable it. The current control in PSCAD as
can be seen in Fig. 2 comprises of decoupled terms while in
PowerFactory the model of the current control is different.
Therefore, the built-in current control is disabled by setting
all the controller parameters to zero. Moreover, series reactor
has been also located inside the PWM converter block in
PowerFactory while in PSCAD the reactor is outside the
converter. MPPT function uses same INC algorithm in both
models.

IV. COMPARISON OF A SINGLE PV SYSTEM CONNECTED
TO GRID IN THE BOTH SIMULATIONS PLATFORMS

Two models according to Fig. 1 are built in two simulation
platforms, PSCAD and PowerFactory. The parameters of the
system are presented in Table I.

An identical simulation scenario is carried out in order
to make a fair and comprehensive comparison between two
models. Fig. 7 depicts irradiance variations during simulation
which varies stepwise for simplicity. Since PowerFactory
starts simulation around one operating point while PSCAD
simulates from scratch, the simulation are shown from the
point that PSCAD has been settled down at the initial
operating point for the both models, where irradiance is
around 1000 W/m?.

e Case 1: Comparison without MPPT
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Figure 7. Irradiance variation
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Figure 8.
MPPT.

The dc-link voltage response to irradiance variations, without

In this case study MPPT is disabled and dc-link voltage
set-point vge_.r is imposed by a constant value equal
to 471.8 V which is the voltage at the maximum power
point for irradiance equal to 1000 W/m?. The objective
of this section is only to compare the performance of
both models from numerical solving perspective not
showing the necessity of MPPT, therefore the dc-link
voltage is regulated at the STC value. Fig. 8 demon-
strates the dc-link voltage for both models followed by
irradiance variation according to Fig. 7, and as it shows
the dynamic performance of the both models are quiet
similar. Fig. 9 depicts the output power of PV system,
as can be seen the general dynamic response structures
of the both models are same, with the same numbers of
overshoot and undershoot, although the only difference
is that the size of overshoot in PowerFactory model
is a bit higher than PSCAD that might be due to the
converter model in PowerFactory.
o Case 2: Comparison with MPPT

This case study is similar to the prior case study, except
that the MPPT is enabled in this case study. Fig. 10
shows the dc-link voltage in PowerFactory model has
more oscillatory transients than PSCAD. Although the
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same algorithm for implementing MPPT has been taken
into consideration for the both models, the difference
in the transient response might be owing to different
solvers of software. At the steady-state stage, Power-
Factory model shows no distortion around the operating
point which can be due to the switching in PSCAD
that makes confusion for the perturbation orientation in
MPPT algorithm and so it leads to oscillations around
MPP for the PV system in PSCAD. Fig. 11 depicts the
output active power of the PV system and as can be seen
the PowerFactory model response has more oscillatory
transient with higher overshoot that could be expected
from the result of the previous case study.

Increasing the MPPT frequency decreases oscillations,
as Fig. 12 shows increasing the MPPT frequency to
30 decreases considerably oscillations. Although the
final values of V. in different frequencies are not the
same, the difference is too small and it is due to the
perturbation step and the design criterion in INC algo-
rithm [16]. It boils down to this fact that once the PV
system operating point goes close to MPP, the MPPT
algorithm stops generating new perturbation as long as
the absolute summation of the incremental conductance
and the instantaneous conductance is smaller than a
selective small value that is 0.001 in this study [16].
Furthermore, it is obvious that increasing the MPPT
frequency increases noticeably the speed of the dc-link
voltage response.

Case 3: Different specification for dc-link voltage con-
troller

This case study is analogous with the previous case
study, the only exception is the dc-link controller that
has been designed for another specifications. In case 2
the specifications are 60 degree phase margin and 200
Hz bandwidth, but in this case study the phase margin
is increased to 70 degree and bandwidth is also reduced
to 130 HZ that is expected to get a slower system
response. Figs. 13 and 14 show the dc-link voltage
and active power, respectively. Although both models
have more or less similar responses, the output power
response of the PV system has higher overshoots and
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for different MPPT frequencies.

undershoots. Apart from the models comparison, com-
parison of different design specifications shows that the
performance of the PV system is considerably affected
by changing dc-link specifications to the extent that in
the second design, the PV system response becomes
slower. Therefore, regarding making equivalent of PV
systems in grid, one should deem this issue.
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Figure 16. The PCC voltage, dynamic power factor strategy (II), with
MPPT.

e Case 4: Comparison reactive power strategies with
MPPT x10°

In this case study, the behavior of the PV system in PSCAD
both models, with the last three aforementioned reactive ] PowerFactory
power strategies, is taken into account. Figs. 15 and 16

show reactive power at PCC and the PCC voltage for the I~ 0 f

dynamic power factor control (strategy II). The reactive < o5l |
power is less oscillatory in the PowerFactory model. =

For studying the droop-based reactive power control g -1f 1
strategy (strategy III), a grid voltage incident is created 87

by increasing 5 % the grid voltage at t=6 sec and ey r\ae-e—ae-"J i
return to its initial value after 1 sec while the irradiance ol ‘ i
remains constant at 1000 W/m?. The droop parameter,

D, in Fig. 5 is set to 0.03. Figs. 17 and 18 show the 25, 55 : ‘ 75 s

6.5
reactive power at PCC and the PCC voltage for droop- time [s]
based reactive power control strategy, respectively.

In the voltage control method (strategy IV), the voltage
of the PCC is regulated to a desired set-point. The
voltage set-point for the voltage control strategy is

chosen according to the voltage at PCC once the PV

Figure 17. Reactive power at PCC, droop control strategy (III), with MPPT.

o Case 5: Three-phase to ground fault with MPPT

system is connected to the grid and works with half
of the nominal power. Figs. 19 and 20 show reactive
power at PCC and the PCC voltage for voltage control
strategy, respectively.

This case study demonstrates the effect of the three-
phase to ground fault on the PV system for the strategy
IV. Irradiance is kept constant at 1000 W/m? and a
fault incident is occurred at the load connection point
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Figure 20. The PCC voltage, voltage control strategy (IV), with MPPT.

at t=06 s and cleared 100 ms later. The fault impedance
is resistive and equal to 0.008 Q. The dc-link bus
voltage is shown in Fig. 21, as expected from power
equation across the dc-link capacitor, the dc-link voltage
is boosted. During fault interval, the transient behavior
of both model are quiet similar. However, after fault
clearance the transient response of both models have
slight differences. Figs. 22 and 23 show active power

Figure 22. PV active power response to three-phase to ground fault, with
MPPT.

and reactive power of the PV system, respectively.
As can be seen, the general trajectory of responses
is the same in both models, however there are slight
differences specially after fault clearance. The reactive
power contribution during fault is too small. This is
because of small active power that is provided by PV
array to feed dc-link capacitor and it is, in turn, due to
the PV output voltage that is shifted towards the open
circuit voltage where the PV output power becomes
Zero.

V. CONCLUSION

In this paper a model of a three-phase single-stage PV
system was developed in PowerFactory platform. The perfor-
mance of the developed was compared and confirmed with
the PSCAD model, which was stemming from the previous
research. The results show that both models are responding
similarly to irradiance variation, although there are slight
differences in the transient period subsequent to changes that
might be due to MPPT function and numerical solving issues
in the control system that are related to different solvers that
are used in both software. Nevertheless, the results show
that using rms values based simulations in PowerFactory
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can provide us with quite similar results using time domain
instantaneous values. Therefore, the performance of large
number of PV systems can be easily studied using rms
simulations.
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Abstract—Growing trends in generating power from dis-
tributed PhotoVoltaic (PV) systems has accommodated more
and more PV systems within load pockets in distribution grid.
This high penetration has brought about new challenges such
as voltage profile violation, reverse load flow and etc. A few
remedies have been imposed by grid codes such as reactive
power contribution of PV systems and active power curtail-
ment. This study applies two analytical methods from control
science to find the possibility of controllability among the PV
systems in a distribution grid for voltage profile control at
specific set-points through reactive power regulation and active
power curtailment. For this purpose, the voltage sensitivity
matrix is used as the steady-state gain of the multi-variable
system. The first method is Relative Gain Array (RGA), in
which RGA of the voltage sensitivity matrix is utilized as a
quantitative measure to address controllability and the level
of voltage control interaction among PV systems. The second
method is Condition Number (CN), in which Singular Value
Decomposition (SVD) of the voltage sensitivity matrix is used
as a mathematical measure to indicate the voltage control
directionality among PV systems. Two radial test distribution
grids with different feeder R/X ratio, overhead line and
underground cable, which consist of five PV systems, are used
to calculate load flow and, in turn, voltage sensitivity matrix.
The results demonstrate that decentralized voltage control to
specific set-points is basically impossible in the both systems.
It is also shown that voltage control directionality of the both
systems is increased by reactive power regulation compared to
active power curtailing.

Keyword: Photovoltaic, Voltage sensitivity matrix, RGA, SVD.

I. INTRODUCTION

Growing trends in PhotoVoltaic (PV) system installations
due to encouraging feed-in-tariffs and long-term incentives
have led to high penetration of PV systems in distribution
grids. In Germany, for instance, there are currently 20 GW
installed PV systems, of which 80% have been connected
in low voltage grids [1]. Due to recent drop in costs of
PV systems, especially PV panel technologies, grid-parity
is not anymore unimaginable and will in near future come
close to reality [2]-[4]. High penetration of PV systems
without incentives is more likely to be interesting in different
countries and markets rather than limited countries. For
example, Italy and Spain are following Germany.

This high penetration of PV systems has also raised new
challenges in the distribution grid such as voltage rise.
Violation of voltage profile in some regions in Germany has
led to stopping PV installation by utilities. To contrive a
way to solve the unwanted problems associated with high
participation of PV systems, reactive power contribution of

PV systems has been proposed in recently under-codified
standards, e.g. German Grid Codes [5]. Several approaches
have been proposed for reactive power support [6]-[9]. One
of these approaches is voltage control at the connection
point of PV to grid. In the previous research [10], it was
shown that this method is sensitive to adjusting set-points to
the extent that improper set-points may lead to interaction
among PV systems in the same vicinity. In [11], determinant
of voltage sensitivity matrix from load flow calculation has
been employed to study the impact of the R/X ratio on
the effectiveness of using active and reactive power for
regulating voltage profile. In [9], sensitivity matrix has also
been used to show the difference between a system with
overhead line and underground cable. However, the level
of interaction and directionality among the PV systems
regarding voltage control to specific set-points has not been
addressed in the previous literature.

The aim of this paper is to address the possibility of con-
trollability among PV systems for voltage profile regulation
to specific set-points via two analytical control methods. For
this investigation, the voltage sensitivity matrix, which can
be derived via the load flow calculation, is used as the steady-
state gain of the understudy system. The first method is Rela-
tive Gain Array (RGA) [12], [13] that is employed to analyze
and evaluate the controllability and level of voltage control
interaction among the PV systems. The second method is
Condition Number (CN), in which mathematical measure of
directionality is provided by Singular Value Decomposition
(SVD). This method is a useful way to quantify how the
range of possible gains of a multi-variable process varies
for an input direction [13], [14]. Wide (or narrow) range
of possible gains for a process implies large (or small)
directionality.

Sub-matrices of the voltage sensitivity matrix indicate the
sensitivity of the bus voltages and angels to the variation
of active and reactive power at buses. The RGA and CN
of the voltage sensitivity sub-matrices, in turn, indicate the
degree of the interaction and directionality, respectively. The
relation of feeder R/X ratio and the distance between buses in
a distribution grid for voltage control is of concern. Applying
the aforementioned methods provides an analytical view that
how the voltage control interaction and directionality among
PV systems in a distribution grid would be affected by the
distance and R/X variation.

Two radial test distribution grids with different feeder R/X
ratio, overhead line and underground cable, are employed as



the test platform. MATLAB environment is used to calculate
the voltage sensitivity matrix and investigate it further via
RGA and CN. Derived results, in conclusion, demonstrate
decentralized voltage control to specific set-points through
the PV systems in the distribution grid is fundamentally
impossible due to the high level voltage control interaction
and directionality among the PV systems.

In the following, a general overview of the voltage sensi-
tivity will be given in section 2, basic of RGA and condition
number are presented in section 3 and section 4 respectively,
section 5 presents the simulation platform and section 6 deals
with the results and finally the conclusion comes at section
7.

II. VOLTAGE SENSITIVITY MATRIX

Voltage Sensitivity matrix is a measure to quantify the
sensitivity of bus voltages (IVI) and bus angles (0) with
respect to injected active and reactive power for each bus
except slack bus. Sensitivity matrix is obtained through
partial derivative of load flow equations, g(1V1,0), as follows

[15]:
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Voltage sensitivity matrix consists of four sub-matrices that
denote the partial derivatives of bus voltage magnitude and
angle with respect to active and reactive power. Due to
importance of the voltage magnitude regulation by variation
of active and reactive power, sub matrices that are related to
variation of voltage magnitude, SK/L P and SK/L o are of more
interest and concern in this study. Each element of these sub
matrices, e.g. S};, is interpreted as the variation that would
happen in a voltage at bus i if the active power (or reactive
power) at bus j changed 1 p.u. Voltage sensitivity matrix
represents the open loop gain of the system which is later
used as the steady state transfer function of the system to
conduct some investigation.

Equation (1) represents a linearized form of the system
equations. Keeping this in perspective, it follows from (1)
that voltage magnitude variation corresponds to active and
reactive power variation and consequently in order to keep
the voltage magnitude theoretically constant, following is
deducted which can be also employed as a measure to
determine the degree of active-reactive power dependency.

__qV
AQ=—Sy10

Equation (2) is used later to compare the relation between
the reactive power and active power while the voltage profile
is perfectly controlled.

S}y, pAP = JAP, 2)

III. RGA METHOD

Although the RGA was basically introduced by Britsol
[12] for pairing the input and output variables in a decentral-
ized control system, it has also been exploited as a general
measure of controllability [13], [14]. The relative gain array
has been addressed in many literatures and is frequently

employed as a quantitative measure of controllability and
control loop interaction in decentralized control design. The
RGA is originally formulated for steady state analysis and
later it was extended to include the dynamics [13]. In this
study, the RGA concept is used to analyze the voltage
sensitivity matrix, which is calculated from system algebraic
equations and therefore does not comprise dynamic.

The proposed interaction measure through RGA indicates
how the apparent transfer function between manipulated or
input variable (1;) and controlled or output variable (y;)
is affected by control of other controlled variables. This
measure is shown by A;; and is described by the ratio of
the transfer function between a given manipulated variable
and controlled variable while all other loops are open, and
the transfer function between the same variables while all
other outputs are closed as follows:

9yi .
(Tf,) | uy jconstant
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In other words, the RGA is the ratio of the open loop gain
between two variables to the closed loop gain of the same
variables while other outputs are perfectly controlled. For a
MIMO system with G(0) as the steady sate transfer function,
the RGA is attained as follows:
A(G(0)) = G(0) x (G(0) )" )

Where x denotes element-by-element multiplication.

Equation (3) demonstrates that the open loop gain between
y; and u; changes by the factor li;' while the rest of
loops are closed by integral feedback control. This implies
that the pairing should be preferred for RGAs that are as
close to unity as possible. A;;=1 implies that there is no
interaction with other control loops. Intuitively, decentralized
control requires an RGA matrix close to identity [13]. In a
decentralized control, the MIMO process works as several
independent SISO sub-plants. If RGA elements are greater
than one, the decoupling or inverse-based controller can
be used to decouple interactions. However, systems with
large RGA elements are basically hard to control owing
to big interactions and input uncertainties; by doing so,
inverse based controller should be prevented since it is not
robust. Pairing with negative RGA elements must be avoided
because those lead to integral instability.

Sub-matrices of the voltage sensitivity matrix in (1) are
steady-state gain of the system and by doing so the RGA of
SK/L p and SY, . are given as follows:

V.0
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T
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The RGA of S‘(/\,P in (5) can be used to study the possibility
of controllability and interaction among voltage controllers
of PV systems via power curtailing in order to regulate the
voltage of buses to specific set-points. The RGA of SK/J,Q
in (6) is used to investigate the possibility of controllability
and interaction among voltage controllers of PV systems to
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regulate voltage of buses to specific set-points via regulating
reactive power.

To sum up, in RGA method, the voltage sensitivity matrix
must first be derived. Then, RGA of sub-matrices S”

[v|.p
and SK, o are calculated. In the next step RGA values
are eva{uated. RGA values close to one demonstrate a

decentralized system. If the RGA values are big but less
than 5, the decoupling compensators can be used to make
the system decentralized. However, large RGA values, more
than 5, correspond to controllability problems because of big
interactions and input uncertainties [13].

IV. CN METHOD

Another measure to quantify the level of interaction in
multi-variable systems is condition number. CN of a system
is defined as the ratio between maximum and minimum
singular values of the system, which are computed using
SVD [13], [14]:

6(G(0))
Y(G(0)) 5(G0) )
A process with large CN implies high directionality and
is called to be ill-conditioned [13]. The steady state gain
of MIMO process varies between o(G(0)) and 6(G(0)).
Wide range of possible gains for a MIMO system indicates
large directionality. Such a plant is often considered sensitive
to uncertainty that, in turn, will lead to a poor robust
performance [13]. Moreover, a large CN results in control
problem. A large CN may be brought about by a small
singular value that is generally undesirable.

In a nutshell, in CN method, the voltage sensitivity matrix
must first be derived. Then, SVD of sub-matrices SK/L P and
S‘(, o are computed and consequently CN is calculated. CN
larger than 50 demonstrates controllability problems [13].

V. PLATFORM OF THE SIMULATION

Radial grid in Fig. 1, which consists of five houses
connected through a step down transformer to a medium
voltage grid, is employed as a test grid in this paper. In
this study, it is assumed that all the houses have been
equipped with PV systems. In this grid both overhead lines
and underground cables are taken into consideration in order
to study the effect of the R/X ratio. The parameters of the
test radial grid have been given in Table I [9].

In the load flow calculation, the slack bus is naturally
excluded from sensitivity matrix. Moreover, in the sensitivity
matrix, rows and columns corresponding to buses that have
no PV systems are also neglected.

Table 1
RADIAL TEST GRID PARAMETERS.

Grid impedance

Transformer impedance

Over head line impedance per km
Underground cable impedance per km

1.4e-4 +1.4e-4i p.u.

0.0043 + 0.0067i p.u.
0.0516 + 0.0375i p.u.
0.0400 + 0.0102i p.u.

Rated total net load 20 kW
Base Voltage 400 V
Base Power 20 kW
0.016
s
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Figure 2. The sensitivity spectrum of the diagonal elements of S and

v .
SIVI,Q for overhead lines.

VI. RESULTS
A. Sensitivity matrix characteristic

Figs. 2 and 3 show the spectrum of the diagonal ele-
ments of S\‘(/\,P and S\\(f\,Q for overhead lines and cables,
respectively. As it was expected the sensitivity to reactive
power in overhead line is noticeably bigger than underground
cable. Nevertheless, in case of underground cable, it can
be seen that at the beginning of the feeder, sensitivity to
reactive power is higher compared to active power, but as
approaching to the end of feeder it gets the other way around.
Therefore, even though resistive part of the underground
cable is dominant, controlling voltage profile by regulating
reactive power at the beginning of the feeder, seems to be
more effective.

B. Voltage regulation active-reactive power dependency

Irrespective of the operating point and R/X ratio, (2)
yields an upper triangular matrix. Nevertheless, the diagonal
elements and first row of the matrix, which are dominant
elements, vary significantly between the overhead line and
underground cable. Figs. 4 and 5 depict the spectrum of
those elements.

The characteristics of the matrix is summarized as follows:

o The first entry in the diagonal and the first row are
common and corresponds to the first bus, which can
only see the impedance of the grid, and by doing so it
gets same value in both systems with overhead line and
underground cable.
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o Diagonal entries, except the first entry, are almost
similar; first row entries, except the first entry, are also
almost similar.

o The diagonal entries are almost equal to the feeder R/X
ratio in both systems, overhead line and underground
cable.

o The absolute difference between corresponding diago-
nal and first row entries, except the common entry, is
almost equal to the absolute value of the common entry.

o Large elements in case of underground cables, which
is in conjunction with large R/X ratio, implies that for
an identical change in active power of buses, required
reactive power to keep voltage profile constant varies
largely. In other words, the required reactive power
to keep voltage differences equal to zero (AV = 0),
is proportional to the feeder R/X ratio. By doing so,
for feeders with R/X ratio more than one the required
reactive power change (AQ) at each bus would be
greater than the active power difference (AP) in the
same bus.

o Depending upon the R/X ratio value, the sign of the
first row entries except the first entry changes. In order
to study the effect of the k=R/X ratio, the total amount
of the overhead line impedance is taken into account,
and its R/X ratio is varied. It is observed that for k
smaller than 0.58 the sign of the first row entries is
negative. Therefore, for small R/X ratio, if the active
power difference (AP) in all buses are in one direction,
the reactive power difference (AQ) at all buses will be
in one direction as well. However, for large k values the
sign of the first row entries are positive and opposite of
the diagonal entries which means the reactive power
variation at bus one is always in contrary with other
buses.

Eq. (2) is used to calculate the required reactive power
adjustment to compensate the voltage profile fluctuation
owing to the variation of active power. Considering the initial
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Figure 4. Spectrum of diagonal and first row elements of active-reactive
power dependency for overhead line.
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Figure 5. Spectrum of diagonal elements and first row of active-reactive
power dependency for underground cable.

operating point at Py = 0 and Qg = 0 gives
AP=P—-Py=P
AQ=Q0—-0Q0=0
P=JQ ®)

Consequently, the needed power factors for the PV con-
nected buses are calculated as follows:

PF = P )

P2+ ((LJ")P)’

Where PF is a vector consisting of power factors at each
PV installed bus. Fig. 6 depicts the power factor of each bus
for differen R/X ratio while it is assumed that the total net
power at each bus has been changed 1 p.u. (P=1 p.u.), as
can be seen the required power factor varies drastically by
increasing R/X ratio. It boils down to this fact that required
reactive power to compensate voltage fluctuation depends
upon R/X ratio.
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C. RGA

Subsequent to the previous section upshot, if adequate
reactive power can be provided by PV systems, this question
is raised whether it is possible to regulate the voltage of
each bus with installed PV system to a fixed set-point
through reactive power regulation or not. In this section
and following, the interaction among PV systems in a radial
distribution grid is quantified by RGA concept to address
the possibility of controllability concerning voltage profile
regulation to specific set-points.

The RGA of the S}y, , and S}, , look like a block
tridiagonal matrix whicL positive e ements are only located
on the diagonal and elements on the upper diagonal and
on the lower diagonal are negative. According to the RGA
pairing rule, therefore, the elements on the diagonal must be
paired. This block tridiagonal shape of the RGA of voltage
sensitivity sub-matrices indicate that open loop gain of the
system, which is the sensitivity matrix, is changed with
positive sign on the diagonal and with negative sign on the
upper diagonal and lower diagonal. Moreover, since the other
elements of the RGA are almost zero, open loop gain of the
system on these positions are changed with infinite factor
which means these loops are considerably affected by other
loops. Figs. 7 and 8 depict the diagonal entries spectrum of
RGA of SK/L p and SK/L 0 for overhead lines and cables while
all buses are on full production, respectively. It can be seen
by moving towards end of the feeder, except the last bus,
the level of interaction is increasing. Since the last bus at
the end of feeder is affected only by one previous neighbor
bus, the level of interaction drops at this bus.

Concerning overhead line, Figs. 9 and 10 demonstrate
maximum RGA of S, , and S\\(/LQ for different net load
levels and different line distances between buses. One sees
that the interaction level decreases by increasing the distance
between the buses, or in turn by increasing the impedance.
Moreover, it can be seen that the maximum RGA of SK,‘,P
declines by shifting total net load from consumption to
production. Similar results, not shown here, are derived for
under ground cable.

Figs. 11 and 12 show the impact of the lagging and leading
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Figure 7. The RGA spectrum of the diagonal elements of SK/l_ p and SI\;/\ 0
for overhead line. '

power factor on the maximum RGA of S\‘(/LP and S\‘(/LQ
for different loading conditions, while it is assumed that
overhead line segments are 70 m. As can be seen the power
factor has relatively very small effect on the maximum RGA
of § ‘(,‘ p While the maximum RGA of S“(/‘ 0 slightly increases
by {aéging power factor and decreases by leading power
factor. The performance of the system with underground
cable, not shown here, is analogues with overhead line.

The results of the maximum RGA for different k=R/X
ratio are shown in Figs. 13 and 14. It is assumed that the
distance between buses are 70 m and power factor is unity. It
is obvious that maximum RGA of S\‘(/\,Q increases for larger
k values. It is, therefore, deducted that increasing R/X ratio
would boost the interaction level among voltage controllers
of PV systems regarding reactive power regulation. However,
it can be seen in Fig. 13 that the maximum RGA of SK,“P
declines by large k values.

Based on the depicted results, the positive elements of the
RGA of S‘(/\. o are always much bigger than one irrespective
of the R/X ratio, total net load and power factor. It can
be, therefore, concluded that it is not possible to have
decentralized voltage control in order to regulate voltage to
a specific set-point at each bus even for small R/X ratio that
technically adequate reactive power can be produced by PV
systems [13]. Since the RGA of S\‘(/LP are much bigger than
one, decentralized control based on the power curtailing is
not also possible.

Furthermore, the results demonstrate that maximum pos-
itive elements of RGA of the voltage sensitivity matrix are
large, more than 5, by doing so using decoupling controllers,
in order to make a decentralized system, can fundamentally
lead to control problems due to sensitivity to inputs [13].
Thus, inverse-based controllers must be avoided.

D. Condition number

At production net load level with unity power factor, CN
of S\‘(/\P and S“(/‘ o for overhead line are y9HL=44.2 and
Y9''F=72.1, and for underground cable are y3““=50.8 and

Y9 ¢=197.2. These CNs denote that sensitivity matrix is
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Furthermore, smallest singular value for S K,‘ 0 in the system

with the underground cable is smaller than the system with
overhead line that implies more directionality and more
control problems. These results are in conjunction with RGA
results.

Figs. 17 and 18 demonstrate the condition numbers of

SK,“P and SK/\-Q for different R/X ratio and different total

net load levels. Regarding SK/‘ 0 the more increasing k

the further CN goes that is along with the RGA results.
Analogous with the RGA results, large R/X ratio results in
relatively smaller CN for SK/\. p- Changing power factor and
the distance between buses yield similar results, not shown
here, for CN as the RGA results in the previous section.

VII. CONCLUSION

This paper applies two analytical control methods, namely
Relative Gain Array and Condition Number, to voltage
sensitivity matrix in order to find the possibility of the
controllability. RGA and CN are used to quantify the level
of interaction and directionality among PV systems in dis-
tribution grids regarding voltage control, respectively. The
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sensitivity matrix is used as the steady-state gain of the
system in this study. Moreover, the characteristic of the sen-
sitivity matrix is employed to show the level of dependency



of reactive power to active power for voltage control. The
results show that decentralized voltage control to specific
set-points through reactive power regulation or active power
curtailing is not possible due to large RGA elements and
large CN of voltage sensitivity matrix. It is, furthermore,
shown that using decoupling controllers to make system
decentralized must also be avoided on the grounds that the
RGA elements of the voltage sensitivity matrix are too big,
larger than 5, that would result in poor control performance.
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Abstract—High penetrations of photovoltaic (PV) systems in dis-
tribution grids have brought about new challenges such as reverse
power flow and voltage rise. One of the proposed remedies for
voltage rise is reactive power contribution by PV systems. Recent
German Grid Codes (GGC) introduce an active power dependent
(APD) standard characteristic curve, Q(P), for inverter-coupled
distributed generators. This study utilizes the voltage sensitivity
matrix and quasi-static analysis in order to locally and system-
atically develop a coordinated Q(P) characteristic for each PV
system along a feeder. The main aim of this paper is to evaluate the
technical performance of different aspects of proposed Q(P) char-
acteristics. In fact, the proposed method is a systematic approach
to set parameters in the GGC Q(P) characteristic. In the proposed
APD method the reactive power is determined based on the local
feed-in active power of each PV system. However, the local voltage
is also indirectly taken into account. Therefore, this method regu-
lates the voltage in order to keep it under the upper steady-state
voltage limit. Moreover, several variants of the proposed method
are considered and implemented in a simple grid and a complex
utility grid. The results demonstrate the voltage-regulation advan-
tages of the proposed method in contrast to the GGC standard
characteristic.

Index Terms—German grid codes, photovoltaic, reactive power
control.

I. INTRODUCTION

ROWING trends in photovoltaic (PV) system installa-
G tions due to encouraging feed-in-tariffs and long-term in-
centives have led to high penetration of PV systems in distribu-
tion grids. In Germany, for instance, there are currently more
than 29 GW of installed PV systems, of which 80% have been
connected to low-voltage (LV) grids [1], [2]. Due to the recent
drop in PV system costs, especially PV panel technologies, grid
parity (defined as the moment when the cost of electricity gen-
erated by PV is competitive with the retail price) has already
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been reached in some residential regions [3]-[6]. High penetra-
tion of PV systems without incentives is now more likely to be
interesting in a wide range of countries and markets.

Uneven distribution of PV systems within the network has
caused different regional penetration levels. For instance, some
regions in Germany are already facing high local penetration
of more than 200 kW/km? in contrast to the national average,
which is 39 kW/km? [7], [8]. This high penetration of PV sys-
tems has also raised new technical challenges in the distribution
grid, such as the voltage rise due to reverse power flow during
light load and high PV generation conditions [8]-[11]. Reac-
tive power contribution by distributed generation (DG) units
is one of the most commonly proposed approaches for dealing
with the voltage rise [8], [11]-[16]. The recent German Grid
Codes (GGC) also require reactive power contribution [17]. Re-
active power variation in low-voltage (LV) grids, which nor-
mally have a large R/X ratio, has less influence on voltage [12],
[18]. Nevertheless, from an economic point of view, the voltage
profile regulation via reactive power is to be preferred over ac-
tive power curtailment [8]. Voltage profile regulation based on
reactive power can be performed through different ways [11],
[14]-{17], [19].

The GGC proposes a ()(P) characteristic curve to support
the voltage profile via a PV system’s reactive power [17]. In
such an active power-dependent (APD) characteristic, the re-
quired reactive power is determined according to an identical
Q(P) characteristic for each PV system, independent of its lo-
cation in the grid. Though the GGC states that the distribution
system operators (DSO) can use a characteristic that is different
from the standard characteristic depending upon the grid config-
uration, the specification of such a characteristic is left with the
DSO. Moreover, since the standard characteristic does not con-
sider the voltage profile, its employment can cause unnecessary
reactive power consumption. Considering the large number of
PV systems in grids, unnecessary reactive power consumption
by PV systems first increases the total line losses, and second,
it may also jeopardize the stability of the network in the case of
contingencies in conventional powerplants, which supply reac-
tive power [20].

A method that can provide a coordinated, systematic charac-
teristic for each PV system along a feeder is therefore needed.
This paper utilizes the voltage sensitivity matrix of one oper-
ating point to determine individual Q(P) characteristics that use
local information but provide a coordinated response without
the aid of communication systems. Since the grid configura-
tion is addressed in the voltage sensitivity matrix, the proposed
method basically introduces a specific characteristic based on

0885-8977 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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the grid configuration for each PV system. The voltage sensi-
tivity matrix has been widely used to compare impacts of ac-
tive power curtailment and reactive power support through PV
systems on the voltage profile in low-voltage (LV) grids [18]
to define coordinated droop factors in the active power curtail-
ment of PV systems [10], to demonstrate the voltage-control in-
teraction among PV systems using control theory [21], and to
eliminate the voltage variation at a target node due to the opera-
tion of a wind turbine in a microgrid via reactive power support
[22]. However, to the best of the author’s knowledge, locally
coordinated Q(P) characteristics for several PV systems in dis-
tribution grids have not yet been addressed.

In this paper, the voltage sensitivity matrix is used to lo-
cally and systematically coordinate the relation between reac-
tive power and corresponding feed-in power of each PV system
in a radial grid in order to regulate either the last-bus voltage or
the voltage profile. The proposed method, in fact, is a systematic
approach of adjusting setting parameters of the GGC standard
characteristic. The proposed APD method regulates the voltage
through calculating reactive power based on the PV feed-in ac-
tive power. Furthermore, the proposed method generally deter-
mines a coordinated Q(P) method based on the grid configura-
tion, for example, R/X ratio and considering all other PV sys-
tems. Therefore, reactive power flows can be reduced and, in
turn, line losses are reduced.

The results demonstrate that the proposed APD voltage
regulation method can acceptably regulate the voltage under
the steady-state voltage limit. Moreover, the active power loss
caused by reactive power in this method is notably smaller than
in the case of using the GGC standard characteristic.

The GGC objectives are explained in Section II. A general
overview of the voltage sensitivity matrix is given in Section III.
The theory of the proposed approach is presented in Section IV.
Section V presents the concepts of loss-sensitivity analysis. The
performance of the proposed method is studied on a simple test
system in Section VI. A daily operation of the proposed method
within a complex utility grid is investigated in Section VII.
Sections VIII and IX contain a summary and conclusions.

II. GERMAN GRID CODES

The GGCs comply with the limit values of the voltage quality
specified by EN 50160 [23]. According to the EN 50160, the
allowable voltage range in LV grids is between 90% to 110%
of the nominal voltage. Within this voltage tolerance band, DG
units that deliver at least 20% of their rated power are permitted
to freely change their power factor within the hatched sector rep-
resented in Fig. 1. The power factor range for units larger than
13.8 kVA is between 0.9 underexcited and overexcited while for
units between 3.68 kVA and 13.8 kVA, it is 0.95 [17]. Reactive
power contribution augments the integration of DG units into
LV grids.

The reactive power control comes along with a considerable
power loss in LV grids. Hence, in order to minimize the power
loss, the GGC proposes the Q(P) standard characteristic curve
in Fig. 2, where P and P, represent the feed-in and the max-
imum active power of the generator unit, respectively [17]. The
objective of the standard Q(P) characteristic requires the gener-
ation unit to operate in an underexcited mode when the feed-in
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active power passes over a threshold of 50% of Py, in order
to mitigate the related voltage rise. Therefore, the GGC stan-
dard setting for PV systems is established according to Fig. 2.
The proposed Q(P) characteristic requires inverter-based vari-
able generation units, such as PV systems. Upon a change in
active power, the generation unit should provide the required
reactive power based on the setpoint on the characteristic curve
within 10 s [17], which can be fulfilled by adjusting the band-
width of the controller. The GGC mentions that depending upon
different aspects, that is, grid configuration, load, and feed-in
power, the DSO may need a characteristic different from the
standard Q)(P) curve shown in Fig. 2. Nevertheless, the GGC
does not address how to specify the setting parameters.

The Q(P) method cannot explicitly consider grid voltage sta-
bility because the curve used is not a function of voltage.

III. VOLTAGE SENSITIVITY MATRIX

The voltage sensitivity matrix is a measure to quantify the
sensitivity of voltage magnitudes (|V|) and angles () with re-
spect to injected active and reactive power. The sensitivity ma-
trix is obtained through partial derivative of power-flow equa-
tions g(|V'[, @) as follows [24]:

ap 1 [2mE
AV]| T | 2900.vD
o6

: e -1
ag%(\i}u‘ - 1 [AP]
9g9q(6,1V])

| |ae

Sy Sy ][AP
:[SV' SV,HAQ]. )
PS Q

The voltage sensitivity matrix consists of four submatrices that
denote the partial derivatives of bus voltage magnitude and
angle with respect to active and reactive power. Due to the
importance of the voltage magnitude regulation by variation of
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Fig. 3. Characteristic curves of the proposed APD method: (a) identical and
(b) nonidentical thresholds.

active and reactive power, submatrices that are related to vari-
ation of voltage magnitude Sg/‘ and Sg‘ are of more interest
and concern in this study. Each element of these submatrices is
interpreted as the variation that may occur in a voltage at bus ¢
if the active power (or reactive power) at bus j changed 1 p.u.

IV. ACTIVE POWER-DEPENDENT VOLTAGE REGULATION

In an APD voltage regulation method, the local feed-in active
power of a PV system is directly employed as an input to cal-
culate the required local reactive power to regulate the voltage.
APD methods, including the proposed GGC characteristic, as-
sume that increasing PV systems’ generation would result in a
voltage profile increase.

In an APD method, the general relationship between active
and reactive power of a PV system is defined as follows:

| m(P—Py) P>Py
@= { 0 P < Py, @
where m is a slope factor and Py, is an active power threshold
above which the PV system commences consuming reactive
power to regulate the voltage. Therefore, in the APD method,
two parameters must be defined for each PV system.

Fig. 3 provides a comprehensive picture of characteristics of
the proposed APD method that will be discussed in detail. In this
method, a unique slope is designated to each PV system while
active power thresholds can be either identical or nonidentical.
Once the feed-in power passes the power threshold, the reactive
power compensation unit kicks in to regulate the voltage to the
steady-state limit based on its designated slope factor. In the pro-
posed APD method, the voltage sensitivity matrix is employed
to coordinate these two parameters among PV systems along a
radial feeder by regulating either the target-bus (TB) voltage or
the voltage profile (VP).
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The voltage sensitivity matrix is calculated for the maximum
net load/generation because that can be intuitively argued to be
the critical operating point. The voltage deviation required to re-
main under the steady-state voltage limit is considered as a mea-
sure to find the active power thresholds. The threshold levels are
adjusted in such a way to keep the target-bus voltage (the most
critical voltage) under the steady-state voltage limit. Informa-
tion from the voltage magnitude sensitivity submatrices is used
to derive the slope factors to regulate the target-bus or the whole
voltage profile, whichever case is chosen. In the following sub-
sections, it is first discussed how to derive the slope factors and
later explained how to adjust the active power thresholds.

A. Computing the Slope Factors

The proposed APD method uses the voltage sensitivity matrix
to locally regulate either the TB voltage in a radial feeder or the
VP of a radial feeder with several PV systems.

1) Target-Bus Voltage Regulation: Concerning the ideal
voltage regulation, based on (1), it is possible to regulate
reactive power of each PV system at each node in such a way
to make the target-bus voltage deviation zero as follows:

I
AV =0=3 (si, A+ s, 50)

i=1

G3)

where 7 represents the target-bus number, / is the number of
PV systems, AV, is the voltage deviation at the target bus, and
Sg@ln and Sgt‘n are, respectively, voltage magnitude sensitivity
indices at the target bus with respect to active and reactive power
corresponding to bus i. The controlled relation between active
and reactive power variations of each PV system can be ex-
pressed as follows:

AQZ = 'rrLiAPi

(Qi — Qi) =mi(Pi — Py ;) 4

where m;, the slope factor at bus 2, is assigned to be the value
obtained by substituting (4) into (3)

o (5)

Py, ; and Q4 ; are the active and reactive power thresholds of
the PV system at bus 4. The threshold Py, ; is specified as de-
scribed in the next section. Since the APD voltage regulation
should kick in above P, ;, Gip,; is, therefore, assumed zero.
The choice of (5) ensures voltage regulation by setting A to
cancel the left term of (3). By doing so, analogous to (2), the
required reactive power injections at each bus can be derived as
follows:

_mi(Pi = Pui) P> P :
Equation (6) can be rearranged to express the active
power threshold level as a fraction of its maximum power,
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Pt i = Peni i/ Prax,i which is hereafter called simply threshold,
as follows:

. . / _P /
Q‘ _ Tn/tPInaX,Z (Pm,tx Pth 7) Pmax Pth ¥ Vi
i =
0 < P,

Pknax P
(7
where Prax,; 1s the maximum power of the ¢th PV system.

2) Voltage Profile Regulation: In the previous subsection,
the voltage at the target bus is regulated, and the main reactive
power pressure is imposed on the PV system at the target bus in
the case of thresholds with equal values. It is, however, possible
to regulate the voltage along the feeder by keeping the voltage
profile deviations at all nodes as close as possible to zero using
the following objective function:

S oW (Sps + Sgms) = (®)
i= j=1

where m; is the relation between reactive and active power vari-
ation at bus j (similar to (4)), and W, determines the importance
of the voltage regulation at bus ¢ with respect to other buses.
The W, could be set equal to each other, which, in turn, implies
no priority concerning voltage regulation. However, the last-bus
voltage regulation is normally more of a concern. Thus, the
characteristic of Sg/ | can be employed to find a weight vector.

The diagonal entries of Sgy‘ depict the influence of the reac-
tive power variation at one bus on the voltage at the same bus.
Therefore, normalized diagonal entries of Sg/l can be used as
a measure to determine the importance of voltage regulation at
each bus v
S,
Wi= T ©)
Ht")(SQ )

Computing the slope factors to minimize (8) uses all of the
information of the voltage sensitivity matrix. Once the slope
factors are computed, the required reactive power at each bus
can be derived similar to (6).

B. Computing the Thresholds

As discussed earlier, thresholds P/, are adjusted in a way to
regulate the TB voltage to the steady-state voltage limit. The
maximum deviation at the TB is

Avaax,n = (vaa.x,n - V)

(10)

where Vi.x pn is the maximum target-bus voltage that occurs
at the critical operating point and V' is the steady-state upper
voltage limit in LV grids.

The overvoltage AVinax » is due to the active power injec-
tions corresponding to the left term within brackets of (1). The
required underexcited reactive power to cancel the overvoltage
is given by the equality

V
max n = Z (g‘Qlln ) .

The negative sign in (11) is due to underexcited nature of the
required reactive power that is basically negative in the defined
Q(P) plane. Thus, the negative sign is used to match both sides
of the equivalence in (11).

(11)
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In order to calculate the thresholds, AQ); in (11) must be sub-
stituted by (4). In this regard, there are two possible options. If
the thresholds are assumed to be identical, this leads to unequal
reactive power sharing among PV systems according to (7) and
as shown in Fig. 3(a). If equal reactive power sharing among PV
systems is desired, this, at the critical operating point, means un-
equal thresholds as shown in Fig. 3(b). Identical thresholds force
PV systems in the target bus and the nearby buses to contribute
more reactive power. In doing so, those PV systems are more
prone to excessive reactive power loading in their inverters.
However, it is possible to equally share reactive power among
PV systems at the critical operating point using nonidentical
ratio values of active power thresholds. Equally distributing re-
active power among PV systems can prevent excessive reactive
power loading on PV inverters, but it also results in higher total
reactive power consumption.

Thus, the threshold can, generally, be derived in two ways as
explained below:

1) Identical Thresholds, P}, Iden: By substituting (4) in (11)
and assuming identical thresholds, one deduces

- A‘/Inax:n - . (12)
; '”LiPma‘x,ng_’l,,i

=1+

2) Nonidentical Thresholds, Py, Non-Iden: Considering the
equal share of reactive power for each PV system at the critical
operating point AQ}; = Qunax, according to (11), the required
underexcited reactive power for each PV system is calculated
as follows:

AIVI‘IL&X T

Qmax = ——; (13)

Then, based on (4), the thresholds for each bus are calculated as
follows:
/ QIILE:LX

thi =1 — —(—— P t=1,...,n.
i Mmax,i

(14)

V. LOSS-SENSITIVITY ANALYSIS

Based on power-flow equations of a grid, total active loss of
all lines can be determined as follows:

PL_ZVZ%,

7757
where g;; is the conductance of the line between bus i and j.
Total loss and power-flow equations are a function of voltage
magnitude and angle. Therefore, the total loss-sensitivity coef-
ficients with respect to active and reactive power at bus ¢ can be
derived as follows:

— Vj cos (6;5)] (15)

AP _ < OPL 98, <~ 0Py 0|V
dp, ~ 2« 35, 9P, +Za|vj\ P,
dP, < 0Py 95 oP, 9|V
Q- Z 35; 9Qs Zaw o, 19
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Fig. 4. Test distribution grid. All PV systems have a rating of 30 kW.

TABLE I
RADIAL TEST GRID PARAMETERS [25]

Grid impedance 2.828+2.828) Q
0.0191+0.0351j Q

0.346+0.0754j Q/km

Transformer impedance

Cable impedance per km

Equation (16) can be rearranged in a matrix form with the help
of the voltage sensitivity matrix Sy as follows:

dP[, aPL
{dP}:ST[‘Bé }
dPy, v | 8P,
aQ av]
where OPr, /06 and 9 Pr,/d|V| can also be derived from (15).

(17)

VI. SIMPLE TEST SYSTEM

In order to easily observe the performance of the proposed
methods, first, a simple test grid is taken into consideration.
Fig. 4 depicts the simple radial test grid used in this part of study,
which consists of five buses in an LV feeder connected through
a step-down transformer to a medium-voltage grid. In this study,
all of the buses on the LV feeder are equipped with an identical
30-kW PV system. The parameters of the test radial grid have
been given in Table I [25].

Since voltage regulation through DG must operate within
one to a few seconds, quasistatic analysis is appropriate. In
this paper, therefore, quasistatic power-flow calculation is
employed.

Normally speaking, the voltage violation occurs during max-
imum PV production, which is during sunny, clear-sky days,
and minimum demand. Therefore, it is assumed that all five PV
systems present identical generation characteristics and, for the
sake of clarity, in this part of the study, loads are neglected.
Fig. 5 illustrates the voltage profile by varying the net gener-
ation from 0 to 150 kW without reactive power support. It is
evident from Fig. 5 that when all PV systems deliver full power
at unity power factor, voltages of the two last buses are above
the steady-state voltage limit, which is considered 110% of the
nominal voltage according to EN 50160 [23]. Moreover, it is
obvious that the PV system at the last bus on the feeder experi-
ences higher voltage, and so it is considered as the target bus.

For designing the Q(P) parameters (slope and threshold), the
voltage sensitivity matrix is computed for the extreme operating
point, where production of PV systems is maximum and there
is no load.

A. Slope Factors

Computed slope factors for the proposed APD methods are
shown in Table II. Equation (9) is used to calculate the weight
factors for the APD-VP method in Table III. Comparing abso-
lute value of slope factors indicates that the APD-TB voltage
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Net Generation [kW]
Fig. 5. Voltage profile of the simple LV grid.
TABLE 11
SLOPE FACTORS IN THE APD METHOD
Method m my m3 my ms
APD-TB  -0.521 -1.345 -1.802 -2.104 -2.334
APD-VP  -0.521 -1.263 -1.646 -1.854 -1.964
TABLE III
WEIGHT FACTORS BASED ON (9)
Wy W, W3 Wy Ws
0.645 0.827 1.000 1.173 1.355
TABLE IV
CALCULATED THRESHOLDS
APD  Threshold Pt/h.l P//h.z Pt/h.3 ¥ r,h.4 Pis
TB iden 0.787 0.787 0.787 0.787 0.787
non-iden 0264 0714 0.772 0.817 0.835
VP iden 0.759 0.759 0.759 0.759 0.759
non-iden 0263 0.696 0.767 0.793  0.804

regulation has steeper slope factors in contrast to APD-VP
voltage regulation. According to (12) and (14), the larger the
absolute value of m, the higher the threshold, which can also
be seen in Table IV. Larger thresholds reduce the total reactive
power consumption by PV systems for an identical generation
profile.

B. Identical Thresholds

A larger absolute value of rn factors can, however, impose
larger reactive power loading on PV inverters at the end of the
feeder in the case of using P}, iden. Table V depicts the min-
imum power factor operation of each PV system at the critical
operating point. As shown in Table V, in the case of P}, iden,
the APD-TB method imposes smaller power factor on the last
bus. For instance, the power factor of the PV system at the target
bus in the presence of the APD-TB voltage regulation is 0.895,
which is below the GGC power factor limit. The power factor
in the presence of the APD-VP method is augmented to 0.904,
which is within the GGC standard power factor band.

In the proposed APD methods there is, therefore, a tradeoff
between total reactive power consumption and reactive power
loading of PV inverters. If the inverter loading is a challenge,
using the APD-VP method and attributing larger weight fac-
tors to the nodes at the beginning of the feeder, compared to
those at the end, can mitigate the inverter loading. However, it



SAMADI et al.: COORDINATED ACTIVE POWER-DEPENDENT VOLTAGE REGULATION

TABLE V
MINIMUM OPERATING POWER FACTOR OF EACH PV SYSTEM
IN THE APD METHOD

APD P cosy  cos¢n  cos¢z  coss  coss
B iden 0.994 0961 0934 0913 0.895
non-iden  0.933 0933 0.933 0.933 0933
VP iden 0.992 0957 0930 0913 0.904
non-iden 0933 0933 0933 0933 0933
1 <
--=PVl|
0.999] 1 PV2 M
----- PV3 .
§0.98— ,,,,,,, PVA s
Q —PV5 s
(£0.974 .
$0.96 s
2
A, 095+ N
~
0.941
0.93

50 . 100 150
Net Generation [kW]

Fig. 6. Power factor of PV systems for the APD-VP method with the noniden-
tical thresholds.

leads to a lower threshold that, in turn, implies higher total re-
active power consumption. Considering high PV penetration,
total reactive power consumption may be a major criterion for
the power system stability in the case of conventional power-
plants contingency [20]. Thus, if APD-TB does not impose any
reactive power loading beyond the limit of the PV system at the
target bus and PV systems located in the same vicinity, it may be
preferred over APD-VP to design Q(P) parameters in order to
reduce reactive power consumption. Otherwise, APD-VP may
be used to remove the reactive power loading at the expense of
more total reactive power consumption.

C. Nonidentical Thresholds

When nonidentical thresholds are used, the minimum power
factors of PV systems are equal for APD-TB and APD-VB
methods due to the equal reactive power sharing among PV
systems at the critical operating point according to (13). By
doing so, the level of the inverter reactive power loading is irre-
spective of TB or VP methods for the nonidentical thresholds.
For instance, the minimum power factor of all PV systems,
which occurs at the critical operating point, is 0.933. Hence,
the reactive power loading of PV inverters, in contrast to the
identical thresholds, is significantly reduced. Nevertheless,
equal reactive power sharing only occurs at the critical op-
erating point and, thus, power factors of PV systems are not
similar for the remaining operating conditions, as shown in
Fig. 6, because PV systems kick in at different thresholds. For
instance, in the presence of the APD-VP method, the reactive
power compensation of the first PV system has to kick in at
Pl = 0263 (Py,1 = 7.89 kW), while the last PV system
kicks in at P/, . = 0.804 (P, 5 = 24.13 kW). Entering the
lower thresholds for PV systems at the beginning of the feeder,
however, leads to higher total reactive power consumption.
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Fig. 7. Total reactive power consumption by PV systems for APD-TB
and APD-VP methods with identical thresholds and the GGC standard
characteristic.

VO i

1[eeer APD-TB iden 250
204 ==+ APD-TB non—iden

Total Reactive Power [kVar]

50 ) 1?(0 150
Net Generation [KW]

Fig. 8. Total reactive power consumption by PV systems for the APD-TB
method with identical and nonidentical thresholds and the GGC standard
characteristic.

Therefore, nonidentical thresholds improve the inverter
loading problem at the expense of consuming more total reac-
tive power. In this regard, one should go for the nonidentical
thresholds if the inverter loading is a restriction; otherwise, the
identical thresholds are a better option from a less total reactive
power consumption perspective.

D. Reactive Power Consumption

In conjunction with the previous discussion, Fig. 7 demon-
strates that APD-VP, in contrast to APD-TB, consumes more
total reactive power in the presence of the identical thresholds.
In the case of non-identical thresholds, not shown here, the same
scenario happens and the VP method needs trivially higher total
reactive power as well.

Moreover, Fig. 8 shows that the TB method with the non-
identical thresholds demands more reactive power in contrast
to the identical thresholds. It is also worth mentioning that at
the critical operating point, the nonidentical thresholds require
slightly more reactive power in comparison with the identical
thresholds. It is due to the line impedance that is also consuming
some reactive power and, thus, regulating the last-bus voltage
via PV systems at the beginning of the feeder takes more reac-
tive power. The same results, not shown here, are seen in the
case of the VP method.

From Figs. 7 and 8, it is obvious that the total consumed re-
active power by GGC is considerably higher than the proposed
APD methods.
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Fig.9. Last-bus voltage for APD methods and the GGC standard characteristic.

E. Voltage Regulation

The regulated last-bus voltage through APD methods is
shown in Fig. 9. The regulated last-bus voltage is flatter in the
case of APD-TB on the grounds that the regulation target is
only the last bus. When calculated power levels are above the
threshold of the last bus, the voltage regulation performance
of each APD-TB and APD-VP becomes similar for identical
and nonidentical thresholds. Therefore, above the threshold
of the last bus, the difference in the thresholds calculation
does not affect the general behavior of the voltage trajectory.
Nevertheless, below the threshold of the last bus, the voltage
profile of nonidentical thresholds is below the case of identical
thresholds due to the early reactive power contribution. This
issue, therefore, implies more total reactive power consumption
in the case of Py, non — iden, which is also expected from the
last section.

The final value of the last-bus voltage is similar in TB and
VP methods due to the primary objective of the thresholds cal-
culation that makes the last-bus voltage deviation zero. The final
voltage value lays slightly below the exact steady-state voltage
limit due to the linearizing approximation in (1).

The GGC leads to the lower last-bus voltage because the
voltage regulation is not considered, which, in turn, results in
more reactive power consumption.

F. Total Active Power Loss

Fig. 10 shows the total active power loss created by reactive
power consumption through PV systems. Though the caused
loss by the proposed approach is significantly less than the cre-
ated loss by the GGC, the difference of loss in the proposed
methods is trivial. Nevertheless, the APD-TB non — iden creates
smallest total loss among APD methods. In general, dPy, /dQ
coefficients increase for farther PV systems in the feeder. There-
fore, high reactive power contribution at the end of the feeder
leads to more losses. For instance, though P/, iden requires less
total reactive power in comparison with P/, non —iden, it results
in slightly larger total loss due to the aforementioned reason.
Moreover, the APD-TB trivially creates less total loss in com-
parison with the APD-VP, owing to lower total reactive power.

VII. COMPLEX TEST SYSTEM

It is important to verify the generality of the proposed
methods regarding voltage regulation and reactive power
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Fig. 10. Total loss caused by reactive power consumption through PV systems
for APD methods and the GGC.
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Fig. 11. Complex test utility distribution grid.
TABLE VI
PARAMETERS OF THE COMPLEX GRID [26]
Impedance Q/km

Cy x=1,5,9,13,17,21,27-31 0.21 + 0.086j
Cables Cy x=2-4,6-8,10-12,14-16,18-20,22-26 0.32 + 0.086j

Cy x=32-35 0.6 + 0.09j

Transformer 630 kVA, 10/0.4 kV, Dyn5, Uy=4.66%, P.,=6.5 kW

TABLE VII
LOCATION AND NAMEPLATE POWER OF PV'S IN THE COMPLEX GRID

PV system nameplate power Bus number of installed PV

5 kW Bi3, B26, B3l

20 kW B6, BS, B10, B16, B21, B23, B29, B34
25 kW B3, BS, B7, B9, B15, B17, B18, B26, B28
30 kW Bl, B19, B32

consumption in complex grids during one-day operation.
Therefore, a utility grid located in Northern Jutland, Denmark,
as shown in Fig. 11 is used as the LV complex test grid [26].
This complex grid consists of eight feeders and 35 buses. The
information of this grid is summarized in Table VI [26]. As a
future scenario in this grid, it is assumed that 24 PV systems
with four different nameplate powers are unevenly distributed
among 35 buses as can be seen in Table VII and Fig. 11.

In order to evaluate a full day of operation, 15-min average
power production and demand are employed, which is appro-
priate for a quasistatic study focused on steady-state conditions.
In this regard, Fig. 12 shows a 9-kW Sunny Boy SMA PV
system power production in a clear-sky summer day. Due to the
clear sky, an assumption of equal solar irradiance availability
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Fig. 12. The 15-min measured PV production and load demand profile during
the summer.

for all PV systems in the grid is reasonable. Therefore, the pro-
duction profile is scaled up according to the nameplate power of
each PV system in the grid.

Moreover, 15-min average load demand of a villa house is
employed to simulate the load in this study. Fig. 12 also demon-
strates the demand profile of the house for one week in the
summer. In order to consider the load diversity, these seven load
profiles are randomly distributed among all 35 buses in the grid.
Although the power factor of loads is not available, according to
the Swedish DSO, the power factor in distribution grids is close
to one. Hence, it seems reasonable to assume that loads operate
with 0.98 inductive power factor.

As mentioned earlier, the design of Q(P) parameters (slope
factor and threshold) is carried out by calculating the voltage
sensitivity matrix and the critical voltage for the extreme
operating point, when PV systems generate their maximum
power and loads are at the lowest demand. In the summer,
during sunny, clear-sky days, PV systems normally produce
their maximum power. Minimum loads may vary from one
node to another, and according to the load profiles in this case
study, it is assumed that there is always a minimum of 600-W
consumption at each node.

For designing the Q(P) parameters via proposed APD
methods, the following steps must be followed:

1) running load flow for the extreme operating point;

2) determining the most critical bus voltage as the target bus;

3) computing the sensitivity S‘;‘ and Sg/‘ submatrices;

4) eliminating the rows and columns of SQ”‘ and Sg/‘ that
correspond to nonequipped PV system buses;

5) calculating slope factors of APD-TB and APD-VP
methods according to (5) and (8);

6) calculating identical and nonidentical thresholds according
to (12) and (14).

For the selected extreme operating point, voltages at B19,
B25, B26 and B34 located, respectively, on F5, F6, F6, and F8
pass the upper steady-state voltage limit. However, the most
critical voltage occurs at B26 located on F6 with the magnitude
of 1.1206. Hence, this bus and its associated critical voltage
value are considered as the target bus.
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Fig. 13. Daily total reactive power consumptions by PV systems and their
associated losses in the presence of APD methods and the GGC standard
characteristic.

A. Total Reactive Power Consumption and its Associated
Active Power Loss

Fig. 13 demonstrates the daily total reactive power consump-
tion and its associated active power loss for the proposed APD
methods as well as the GGC standard characteristic. Along with
the results of the simple test system, the APD-VP, compared to
APD-TB, consumes more total reactive power in the presence
of the identical thresholds. Moreover, the nonidentical thresh-
olds similarly lead to a wider range of reactive power consump-
tion compared to the identical thresholds. However, APD-TB
non-iden demands slightly higher total reactive power in con-
trast to APD-VP. Nevertheless, it is obvious that the total con-
sumed reactive power by the GGC standard characteristic is
considerably higher than the proposed APD methods.

Analogous to the simple test system, the loss difference
among proposed APD methods is also trivial in the complex
system. However, the APD-TB leads to lower losses due
to the lower total reactive power consumption. In addition,
nonidentical thresholds result in slightly higher losses due to a
wider range of reactive power consumption. Nevertheless, the
proposed methods significantly reduce losses compared to the
GGC standard characteristic.

B. Voltage Regulation and Power Factors

During the daily operation, without reactive power sup-
port, voltages at B19 on F5, B25 and B26 on F6, and B34
on F8 hit the upper steady-state voltage limit. The proposed
APD methods can successfully regulate all voltages under the
steady-state limit. For instance, Fig. 14 shows unsupported
voltages and supported voltages via APD methods and GGC at
B26 on F6, the most critical one, and B19 on F5. Analogous
to the simple test grid, the voltage regulation performance at
B26 for all APD methods is similar at higher production levels.
Furthermore, it is obvious that the GGC standard characteristic
pushes the voltage down to a lower level because, as mentioned
earlier, the voltage regulation is not addressed in it.

Though all critical voltages are well regulated via proposed
APD methods, APD-TB iden causes slightly smaller error in
regulating bus voltages to the steady-state limit as can also be
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Fig. 15. Daily power factor of PV systems located at B19 and B26 in the pres-
ence of APD methods and the GGC standard characteristic.

seen for the voltage at B19. This is due to considerable lower
reactive power consumption via APD-TB iden (Fig. 13), that is,
in turn, because of putting the reactive power consumption pres-
sure on the TB. It can also be seen in Fig. 15 that in APD-TB,
the PV system power factor at B26 is much lower than the PV
system power factor at B19. It is also clear that the APD-VP re-
moves the pressure from the PV system at the TB. Furthermore,
it can be observed that nonidentical thresholds lead to higher
and more uniform power factors among PV systems.

VIII. SUMMARY

A qualitative comparison of the proposed methods with
the state of the art, which is the GGC method, is provided in
Table VIII. The pros and cons of the proposed methods can be
summarized as follows.

* APD-TB needs less total reactive power in contrast to
APD-VP. Nevertheless, the proposed APD methods con-
sume much less total reactive power than the GGC.

¢ In the case of identical thresholds, APD-VP decreases the
reactive power loading in inverters in comparison with
APD-TB.

* Concerning the voltage regulation fulfilment, APD-TB
and APD-VP have no notable advantage over each other.
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TABLE VIII
QUALITATIVE COMPARISON

Method Voltage Reactive Inverter Total

Regulation' Power? Loading? Loss*

TB iden +++ +++ o +++

TB non-iden +++ + +++ +++

VP iden +++ ++ ++ 4+

VP non-iden +++ + +++ 4+
GGC - - ++ -

*+++ superior, ++ very good, + good, o average, - inferior

[1] Regulate the voltage to steady-state limit
[2] Causing less reactive power consumption
[3] Decreasing reactive power loading in PV inverters
[4] Causing less active power loss by reactive power

Nevertheless, regulating voltage to the steady-state limit
through the proposed APD approach, in contrast to the
GGC, is superior.

* Though using nonidentical thresholds alleviates reactive
power loading in inverters, the total required reactive
power is increased.

* Compared to the GGC, the proposed method considerably
decreases active power losses caused by reactive power
injections. Within the variants of proposed APD methods,
the difference between losses is trivial. With that being
said, the APD-TB iden may create lower total loss due to
lower reactive power consumption.

IX. CONCLUSION

This paper demonstrates how the advantages of the voltage
sensitivity matrix allow systematic coordination of PV inverters
while still using local measurements. Two main parameters of
the Q(P) characteristic for each PV system in a distribution
grid, namely, the slope factor and the threshold, are specified
based on analysis of the voltage sensitivity matrix. The pro-
posed approach regulates either the target-bus voltage or the
voltage profile. Therefore, the slope factors are derived in two
different methods. Moreover, the thresholds are also calculated
via two different methods, namely, identical threshold and
equal reactive power sharing. The results demonstrate that
the proposed methods are able to regulate the voltage to the
steady-sate voltage limit, while the voltage regulation in the
GGC method is not addressed. Since the proposed methods
explicitly include voltage limits, they can decrease the total
required reactive power as well as active power loss caused by
reactive power in comparison with the GGC.

It is also shown that the proposed TB and VP methods have
no advantage over each other with respect to regulation of the
target bus or losses. Nevertheless, the TB method, in contrast
to the VP method, consumes less total reactive power. The ad-
vantage of VP over TB is decreasing the inverter reactive power
loading in the case of identical thresholds. Moreover, if loading
is a restriction, using nonidentical thresholds can alleviate the
reactive power loading with inverters at the expense of larger
total reactive power.

The comparison has shown the substantial advantages that the
proposed methods have over the GGC in terms of voltage main-
tenance and loss reduction in distribution feeders. Their applica-
tion may be regarded as cumbersome since an adjustment of pa-
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rameters, following the connection of any additional PV system
to the feeder, would be required by the DSO in order to use the
proposed methods to their full capability. A more practical ap-
proach, however, is an implementation of the proposed methods
in the DSO’s long-term (strategic, that is, 10-year ahead) net-
work planning process. The DSO would predefine the threshold
and slope values for PV systems in certain grid locations based
on an expected future PV integration level and distribution in
the grid. While this may result in suboptimal performance in
the transitional period, an optimal choice of parameters with re-
gard to the finally expected grid stage would be achieved.
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SUMMARY

Accommodating more and more photovoltaic (PV) systems within load pockets in distribution grids
due to encouraging feed-in-tariffs has raised new technical challenges such as voltage rise. Different
remedies have been proposed to deal with the voltage violation. The most common remedy is
supporting the voltage profile via reactive power contribution of PV systems. The German Grid Codes
(GGC) also requires reactive power contribution of PV systems. The GGC also proposes an active
power dependent (APD) power factor standard characteristic cos¢(P). However, the standard
characteristic lacks a systematic approach to set the cos@(P) parameters according to the
location of PV systems within the grid. A systematic APD voltage regulation Q(P) with four
design variants has been proposed in the literature to coordinate the Q(P) characteristics
among PV systems. This paper proposes an alternative approach to optimally coordinate Q(P)
parameters among PV systems without the aid of any communication systems. The
contribution of the proposed APD method, in contrast to its predecessor, is being an
optimization-based procedure; thus, Q(P) characteristics are optimally designed and
coordinated among PV systems. In other words, the main objective of this study is to deploy
the voltage sensitivity matrix to optimally coordinate the Q(P) parameters among PV systems
within the grid. The performance of the proposed optimal APD is compared with its
predecessor; the results show that the proposed method can considerably reduce the total
reactive power consumption and the corresponding losses in comparison with the predecessor
APD method.
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1. Introduction

Growing trends in photovoltaic system installations due to encouraging feed-in-tariffs have led to high
penetration of PV systems in distribution grids. In Germany, for instance, there are currently more
than 32 GW installed PV systems, of which 80% have been connected in low voltage grids [1-2].
These high penetrations of PV systems have raised new challenges in the distribution grid such as
reverse power flow and voltage rise.

Reactive power contribution via PV systems is one of the proposed remedies to cope with the
unwanted overvoltage associated with high participation of PV systems [3-5]. Nevertheless,
considering high penetration of PV systems, unnecessary reactive power consumption increases the
line losses; furthermore, it may jeopardize the stability of power system in the case of contingency in
conventional power plants supplying reactive power [6]. Therefore, it is important to reduce the total
reactive power consumption. Several approaches have been proposed for reactive power support:
constant power factor [3]; active power dependent (APD) power factor cos@(P) [3-4], [7]; a
combination of cos¢(P) and droop-based voltage regulation Q(V) characteristic cos¢(P,V) [3];
and APD reactive power characteristic Q(P) [5]. Constant power factor may cause unnecessary
reactive power consumption and line losses because it always contributes reactive power even in
occasions when there is no voltage violation. In order to decrease reactive power consumption, the
recent German Grid Codes (GGC) proposed a standard cos¢(P) characteristic for distributed
generation (DG) units to support the voltage profile [7]. Nevertheless, the GGC does not clarify how
to set the parameters of the standard characteristic among PV systems at different locations within a
grid. Though the GGC states PV systems may need a different characteristic than the standard
characteristic, the specification of such a characteristic is left to the distribution system operators
(DSO). Though the cos¢(P) and Q(V) characteristics are combined in [3] to take the advantage
of both methods, no systematic approach was introduced to design the parameters of the
presented cos@(P,V) characteristic. The main concept of cos¢(P) and Q(P) characteristics are the
same, which both of them are active power dependent characteristics and the feed-in active power of
the PV system is used as a feedforward signal to calculate the required reactive power. Therefore, the
developed APD voltage regulation method in [5] introduces a systematic approach to design and
coordinate the parameters of the Q(P) characteristic among PV systems using only the information of
the voltage sensitivity matrix and without any communication aid. This method can design the
parameters of the Q(P) characteristic via four variants. Though [5] provides a detailed discussion
regarding the advantages and disadvantages of each variant, the final optimal choice of the variant is
left to the user.

The goal of this paper is to develop a new optimization formulation to optimally coordinate the APD
Q(P) parameters among PV systems. The objective of the optimization is minimizing the total reactive
power consumption of individual PV systems over their power production profile. To design the Q(P)
parameters in the proposed method, only the information of the voltage sensitivity matrix is employed
and there is no need for any communication system. The quality of the proposed optimal APD method
is evaluated against the predecessor APD method. The results demonstrate the superior performance of
the proposed method.

2. German Grid Codes

According to the GGC in the low voltage grids, distributed generation (DG) units that deliver at least
20% of their rated power are allowed to change their power factor between 1 lower to 0.95 or 0.9
depending upon the size of the DG [7]. The lower limit of power factor for DGs larger than 13.8 kVA
is 0.9 while for DGs between 3.68 kVA and 13.8 kVA itis 0.95 [7].

As mentioned earlier, on the one hand reactive power contribution of PV systems alleviates the
voltage violation, but on the other hand causes the power loss. Accordingly, the GGC proposes the
standard cos@(P) characteristic curve in Fig. 1, where P and P,,, represent the feed-in and the
maximum active power of the generator unit, respectively [7]. The objective of the standard cos¢(P)
characteristic is requiring the DGs to operate in an under-excited mode when the feed-in active power
passes over a threshold of 50% of P,,, above which the voltage rise is more likely, in order to
alleviate the related voltage rise. The GGC states that depending upon different aspects, i.e. grid
configuration, load and feed-in power, distribution network operators may need a characteristic
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different from the proposed standard cos@(P) characteristic shown in Fig. 1. Nevertheless, the GGC
does not address how to specify the setting parameters. Using the unique standard characteristic for all
PV systems within a grid can result in the unnecessary reactive power consumptions [5].

Figure 1. Standard cos¢(P) characteristic Figure 2. Q(P) characteristic for APD

3. The Previous APD Voltage Regulation Presented in [5]

The GGC standard characteristic lacks a systematic approach to properly design and coordinate its
parameters, namely the slope and the threshold, for individual PV systems within the grid. Therefore,
[5] proposes the APD voltage regulation Q(P) as a systematic approach to design and coordinate the
slope and the active power threshold in Fig. 2. The APD method can explicitly consider the voltage
and regulates it under the steady-state voltage limit. The APD method does not need any
communication system and only uses the voltage sensitivity matrix in (1) at the extreme operating
point, in which all PV systems are at the full production and loads are at the minimum level, as
follows

{A@} {ae/ap ae/ag}{w} {Sﬁ Sﬁ}{AP} 0
AV | oV /eP oV /IoQ| A0 |S, S, | A0
where 6 and V represent angle and magnitude of voltages of buses, respectively; P and Q are the net
active and reactive power of buses within the grid [8].
For the APD method presented in [5], first the target bus (TB), where the maximum overvoltage at the
extreme operating point occurs, is determined, and then the information of voltage sensitivity matrix is
used to find the slope and the threshold of individual PV systems. The slopes are derived in two
different ways:
1. Regulating the TB voltage;
2. Regulating the voltage profile within the entire feeder.
The threshold of the Q(P) characteristic can also be calculated via two different ways:
1. Having an identical threshold while maximum reactive powers of PVs at the extreme
operating point become non-identical;
2. Having non-identical thresholds while maximum reactive powers of PVs at the extreme
operating point become identical.
Figs. 3 show the schematic of the APD Q(P) characteristic. Therefore, the APD method introduces
four different variants to design the Q(P) parameters. The pros and cons of each variant were

discussed in detail in [5]; however, the choice is left to the DSOs to adopt the one that suits to the
corresponding grid and specifications of the PV systems in it.
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Figure 3: Curves of the APD Q(P) characteristics, (left) identical and (right) non-identical thresholds.



4. Set-up of the proposed optimal APD

The aim of this paper, as mentioned earlier, is to develop a new optimization formulation that can
streamline the deployment of the APD concept to optimally coordinate the Q(P) parameters among PV
systems within the grid. The objective of the proposed method is to design the slope and the threshold
of Q(P) characteristics in such a way to minimize the sum of the hatched areas in Fig. 2. The total area
is related to the total reactive power consumption, but not exactly since the probability of different
consumption levels is not constant. In this regard, the following objective function is proposed

1’nin(P,,”-,AQ,-) (z (Pmax pv,i - })th,i )AQmax,i j (2)
i=1

where Py, ; and 4Q,...; are optimization variables and, respectively, are the threshold and the maximum
required reactive power of the i-th PV system Q(P) characteristic at the critical operating point.
According to Fig. 2, the slope m; is the by-product of the P,,; and 4Q,,4...
The theoretical concept behind the APD method in addition to some new concepts is employed to
figure out the constraints of the proposed objective function. Accordingly, the proposed objective
function must be subjected to the following constraints:

I.  Voltage regulation
The goal of using Q(P) characteristics is to cancel the TB overvoltage, which is defined as follows

AV = 4 3)

max,TB max,TB

where V.. s is the maximum voltage at the TB and V is the steady-state voltage limit, which is 1.1
p-u according to the EN 50160 [9].

Based on (1), the required reactive power to compensate the TB overvoltage at the extreme operating
point is

A Vmax,TB = Z SgTB,iAQmax,i (4)
i=1

where n is the number of buses.

Il.  Maximum reactive power contribution
The reactive power contribution of PV systems is limited according to the GGC regulation; thus, to
comply with the GGC standard the AQ,,,; is subjected to

1
OSAQmaxi SPmaxi —2_1 (5)
’ "\ cosog
I11.  The slope limit

The rate of reactive power changes versus active power variations depends on the slope. Therefore, the
slope factor of the Q(P) characteristic must also be limited. Hence, in order to find a proper range for
the slope factor, the specification of the Q(P) characteristic and the information of the voltage
sensitivity matrix is employed. According to the Q(P) characteristic in Fig. 2, the relation between
reactive power and the feed-in power of the PV system is

AQ, =m,(P~E,,)

(6)
=mAP,
Based on (1), the voltage deviations of buses within the grid can also be represented by
N -[ap ]
AV, St Spa S Sou || -
: : . : : . . AP
AV |= SzzTB,l . SJZTB,n SQVTB,I SQVTB,n A (7
: : . : : . 9,
AV, Sper o Spn Sy Span ||
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Replacing (6) in (7) gives
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where a;; is defined as follows:
a; = S}@',i + miSQVj,i )

The zero and negative values of a lead to zero and negative values in AV and, therefore, by an increase

in the production of PV systems, the voltage variation will be suppressed. In other words, m; should
be
Sy, i .
m <= (10)
0j,i

So, the m; is selected as the minimum value in (10).

5. Case Study

In order to implement the proposed method following steps must be taken

a) finding the worst case scenario, which is the extreme operating point at full PV power
production and light load condition while there is no reactive power support;

b) deriving the voltage sensitivity matrix for the worst case scenario;

¢) solving the optimization problem formulated in (2) for the worst case scenario;

d) applying the Q(P) parameters according to the optimization result for all cases .

A similar simulation platform as described in [5] is also employed in this study to first verify the
performance of the proposed method regarding voltage regulation and reactive power consumption,
and second evaluate its quality against the APD method. Therefore, the test grid is a utility grid
located at Northern Jutland in Denmark as shown in Fig. 4. This grid consists of eight feeders and
thirty five buses. The information of this grid is given in Table I [10]. As a future scenario in this grid,
it is assumed that 24 PV systems with four different nameplate powers are unevenly distributed among

35 buses as can be seen in Table. II and Fig. 4.
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Figure 4: Test utility distribution grid [10]. Figure 5: 15-min measured PV production

and load profile during the summer.

In this study a quasi-static analysis is employed. Therefore, 15-minutes average PV power production
and load demand within a full day are deployed to carry out the investigation. Fig. 5 shows a 9 kW
PV system power production in a clear sky summer day. Owing to the clear sky, one can simply
assume an equal solar irradiance for all PV systems in the grid. Accordingly, the production profile is
scaled up based on the nameplate power of each PV system in the grid.

Moreover, 15-minutes average load demand of a villa house is used to simulate the load in this study.
Fig. 5 depicts the load profile of the house for one week in summer. These seven load profiles are
randomly distributed among all 35 buses in the grid to consider the load diversity. It is assumed that
loads operate with the similar 0.98 inductive power factor.



Table I: Parameters of the test utility grid [10].

Impedance Q/km
Cx x=1,5,9,13,17,21,27-31 0.21 +0.086j
Cables Cx x=2-4,6-8,10-12,14-16,18-20,22-26 0.32 +0.086j
Cx x=32-35 0.6 +0.09j
Transformer 630 kVA, 10/0.4 kV, Dyn5, Uk=4.66%, Pcu=6.5 kW

Table II: Location and size of installed PV systems.
PV system size Bus number of installed PV

15 kW B13, B26, B31

20 kW B6, B§, B10, B16, B21, B23, B29, B34
25 kW B3, B5, B7, B9, B15, B17, B18, B26, B28
30 kW B1, B19, B32

The extreme operating point is at the maximum PV systems’ production, which is normally at the
sunny, clear-sky days, and minimum loads. The minimum load may vary from one node to another,
according to the given load profiles it can be seen there is always a minimum of 600 W consumption
at each node.

Under the selected extreme operating point conditions, bus voltages located at B19, B25, B26 and B34
experience a voltage above the steady-state voltage limit. However, the most critical voltage occurs at
B26 with the magnitude of 1.1206. Accordingly, this bus is considered as the target bus.

5.1 Total reactive power consumption and associated losses and power factors

The quality of the proposed optimal APD method is evaluated against the predecessor APD with
identical thresholds and the TB voltage regulation APD TB-Iden, which according to [5] resulted in
the lowest reactive power consumption and losses but largest inverter loading among all the four
variants of PV systems. Fig. 6 illustrates the daily total reactive power consumption via PV systems
and corresponding losses caused by it. Though the maximum total reactive power consumption of the
optimal APD method is slightly larger at the peak day, the overall daily reactive power profile of it is
tangibly under the APD TB-Iden. So, the proposed optimal APD method, in contrast to the APD TB-
Iden, reduces 29% of total reactive power consumption and, in turn, decreases losses by 24% during
daily operation.

The daily power factors of the PV systems located at B19 and B26 are given in Fig. 7. The PV system
power factor at the B26 in the case of APD TB-Iden hits the GGC limit (0.9 inductive) while APD
optimal stays under the GGC limit. Therefore, the proposed approach not only reduces the total
reactive power consumption and loses but also prevents the inverter loading at the TB.
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Figure 7: Daily power factor of PV systems

located at B19 and B26 in the presence of the APD
associated losses in the presence of the APD optimal and APD TB-Iden.

optimal and APD TB-Iden.



Fig. 8 shows the performance of the proposed optimal APD method and APD TB-Iden. As can be seen,
the optimal APD can successfully regulate the voltage under steady-state limit.

6. Conclusion

This paper shows how the information of the voltage sensitivity matrix can be employed to develop an
optimal and systematic method to support the voltage profile of distribution grids during high
penetration of PV systems. The voltage support scheme is basically the active power dependent
reactive power characteristic Q(P). The proposed method formulates an optimization problem to
reduce the sum of reactive power consumption of individual PV systems over their production profile.
Parameters of the Q(P) characteristics, namely the slope and the threshold, are then calculated through
solving the optimization problem. The results demonstrate that the proposed optimal APD method
considerably reduces the total reactive power consumption and corresponding losses while the voltage
is successfully regulated under the steady-state limit. Besides, the quality comparison shows the
superiority of the proposed optimal APD method against the predecessor APD method.
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Figure 7: Daily voltage profile of B19 and B26 without reactive power support and with support via
APD TB- Iden and optimal APD methods.
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High penetrations of photovoltaic (PV) systems in distribution grids have caused new challenges such as
reverse power flow and voltage rise. Reactive power contribution by PV systems has been proposed by
grid codes and literature as one of the remedies for voltage profile violation. Recent German Grid Codes
(GGQ), for instance, introduce a standard active power dependent reactive power characteristic, Q(P), for
inverter-coupled distributed generators. Nevertheless, the GGC recommends a voltage dependent
reactive power characteristic Q(V) for the near future, recognizing that the Q(P) characteristic cannot
explicitly address voltage limits. This study utilizes the voltage sensitivity matrix and quasi-static
analysis in order to develop a coordinated Q(V) characteristic for each PV system along a radial feeder
using only the local measurement and drooping technique concepts. The aim of this paper is using a
multi-objective design to adjust the parameters of the Q(V) characteristic in the proposed droop-based
voltage regulation in order to minimize the reactive power consumption and line losses. On the other
hand, it is also possible to adjust the parameters in order to reach equal reactive power sharing among all
PV systems. A radial test distribution grid, which consist of five PV systems, is used to calculate power
flow and, in turn, the voltage sensitivity matrix. The comparison of results demonstrates that both ap-
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Keywords:

Photovoltaic

Reactive power control
Droop control

German grid codes

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction second big market in Europe. China has also set a new target of

50 GW by 2020 [6].

Long term supporting schemes for photovoltaic (PV) system
installation have accommodated large numbers of PV systems
within load pockets in distribution grids [1—4]. In Germany, for
instance, there are currently more than 29 GW installed PV sys-
tems, of which 80% have been connected to low voltage grids [5,6].
Grid-parity (defined as the moment when the cost of electricity
generated by PV is competitive with the retail price) has already
been met in some residential regions owing to the sharp drop in
costs of PV system manufacturing, especially PV panel technologies
[1,3,7—9]. Therefore, PV system integration without the feed-in
tariff support mechanism is now more likely to be attractive in a
wide range of countries and markets. For instance, Italy has
recently boosted its PV installed capacity to 17 GW and holds the
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Large numbers of PV system installations in distribution grids
have come along with new technical challenges, such as voltage
rise due to reverse power flow during light load and high PV gen-
eration conditions [3,4,10—15]. Uneven distribution of PV systems
within the network has led to different regional penetration levels
and has accelerated the technical challenges. Some regions in
Germany, for example, have already encountered high local pene-
tration of more than 200 kW/km? compared to the national
average, which is 39 kwW/km? [11,16]. Hence, remedial actions in PV
system performance and integration must be taken into
consideration.

The most common proposed remedy to mitigate the imposed
voltage rise challenge and in the mean time increasing the hosting
capacity without grid reinforcement is reactive power contribution
by PV systems [11,14,17—21]. The recent German Grid Codes (GGC)
also require reactive power contribution [22]. Normally due to large
R/X ratios in low voltage (LV) grids, the reactive power variation has
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less effect on voltage regulation in comparison to the active power
variation [17,23]. Nevertheless, from an economic point of view, the
voltage profile regulation via reactive power is to be preferred over
active power curtailment [11]. Reactive power control to support
the voltage profile can be performed via different ways such as:
constant power factor, active power dependent reactive power
regulation Q(P) and voltage dependent reactive power regulation
Q(V) [14,19—22,24,25]. Constant power factor can cause unnec-
essary line losses and reactive power consumption since it always
contributes reactive power even in occasions when there is no
voltage violation. Considering high penetration of PV systems,
unnecessary reactive power consumption firstly increases the line
losses as well as the congestion possibility and secondly may
jeopardize the stability of power system in the case of contingency
in conventional power plants supplying reactive power [26].
Therefore, the GGC proposes a standard Q(P) characteristic for
inverter-based distributed generation (DG) units like PV systems to
reduce the reactive power consumption and line losses in which
basically power factor varies dynamically based on the feed-in
active power variation of the DG. Nevertheless, the GGC admits
that the active power dependent method cannot explicitly address
voltage limits and, thus, recommends network voltage dependent
reactive power regulation methods, Q(V), in the near future.
Nevertheless, the GGC does not propose any specific Q(V) charac-
teristic. A grid impedance-adaptive Q(V) approach has been pro-
posed in Ref. [27] that requires the PV inverter to measure the grid
impedance. In the case of multiple PV systems, the lack of a syn-
chronized injection signal contributes to a low accuracy of
impedance measuring [28,29] and the performance of the Q(V) can
negatively be affected. It was shown in Ref. [30] that for different LV
grid classes a set of static parameters can be found by trial and error
for grid impedance based Q(V) characteristic to get sub-optimal but
still acceptable performance. An improved Q(V) algorithm is pro-
posed in Refs. [4,31]; however, it needs a communication infra-
structure to transmit all nodal information to a centralized
controller in order to dispatch the minimum reactive power among
PV systems. Investing for a communication infrastructure may be
costly and there may be reliability challenges, so there is a need of
an alternative approach.

There is a need to develop Q(V) characteristics that are based on
local information, but still take account of the system's structure
and dependencies, and minimize reactive power consumption and
line losses. Information about the effects of a local injection on
power flow are described by the voltage sensitivity matrix. The
voltage sensitivity matrix has been widely employed to compare
impacts of active power curtailment and reactive power support
through PV systems on the voltage profile in low voltage grids [23],
to define coordinated droop factors in the active power curtailment
of PV systems [13], to demonstrate the voltage control interaction
among PV systems using control theories [32], and to eliminate the
voltage variation at a target node due to the operation of a wind
turbine in a microgrid via reactive power support [33]. The droop
control concept has been primarily utilized in power systems with
multiple generators and converters to droop frequency of each
source with its delivered active power in order to share the load
among them [34,35]. However, it can also be employed to share the
reactive power by drooping the voltage.

The contribution of this paper is utilizing the voltage sensitivity
matrix and the droop control concept to systematically coordinate
and optimize the Q(V) characteristic of each PV system in a radial
grid using only local measurements in order to regulate the voltage
profile under the upper steady-state voltage limit. A multi-
objective design is taken into consideration to optimally adjust
the settings of individual droop-based Q(V) characteristics of PV
systems such that the reactive power consumption profile and line

losses profile are minimized. It is shown that the proposed droop-
based voltage (DBV) regulation characteristic can be adjusted for
equal reactive power sharing to equally treat owners of PV
household systems if there is any associated reactive power penalty
imposed by distribution grid operators. Nevertheless, it can
considerably lead to sub-optimal operation from reactive power
consumption and line losses perspectives.

The results demonstrate that the proposed DBV method can
successfully regulate the voltage under the upper steady-state
voltage limit. Moreover, using the optimization can considerably
reduce the profiles of reactive power consumption as well as line
losses, though it leads to an uneven reactive power distribution
among PV systems.

The problem setup is explained in Section 2. Formulation of
droop-based voltage regulation is given in Section 3. The system
under study and simulation platform is introduced in Section 4.
Section 5 and Section 6 contain results and conclusions.

2. Problem setup

Germany, as the pioneer of integrating PV systems into LV grids,
has experienced variety of technical challenges such as overvoltage
and has been trying to update its standard for DG connection to LV
grids. The background and state-of-the-art of the recent GGC
regarding voltage regulation, and their associated challenges, as
well as the principle of a drooping technique as a remedy for
voltage regulation are now discussed.

2.1. German grid codes

Analogous to high voltage grids, power generation systems in LV
grids must contribute to static voltage stability during their normal
operation in the future [22]. The GGC comply with the limit values
of voltage quality specified by DIN EN 50160 [36]. According to the
DIN EN 50160, the allowable voltage range in LV grids is between
90% and 110% of the nominal voltage [36]. According to the GGC,
within this voltage tolerance band, DG units that are larger than
13.8 kVA and delivering at least 20% of their rated power, are
permitted to freely change their power factor within the hatched
sector represented in Fig. 1, between 0.9 under-excited and over-
excited. For DG units smaller than 13.8 kVA but still bigger than
3.68 kVA, the power factor range is 0.95 [22].

Though the reactive power control can support the voltage and
augment the integration of DG units into LV grids, it comes along
with a considerable active power loss in LV grids. Hence, the GGC
proposes a standard Q(P) characteristic curve represented in Fig. 2
to minimize the line losses, where P and Pp,ax represent the feed-in
and the maximum active power of the generator, respectively [22].
The standard Q(P) characteristic is only applicable to inverter-based

A
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/0.33/0.48 4 m
i = >
TR e
1-0.33/0.48 + S

under excited

Fig. 1. Reactive power operation area for a generation unit connected to LV grids.
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Fig. 2. Standard characteristic curve for cosg (P).

variable generation units such as PV systems. The objective of the
standard Q(P) characteristic is requiring the generation unit to
operate in an under-excited mode when the feed-in active power
passes over a threshold of 50% of Ppnax in order to mitigate the
related voltage rise. Upon a change in active power, the generation
unit should provide the required reactive power based on the set-
point on the characteristic curve within 10 s [22], which can be
fulfilled by adjusting the band-width of the controller.

The Q(P) method functions irrespective of the voltage and
cannot explicitly address voltage regulation. The GGC, therefore,
recommends using network voltage dependent methods in the
near future scenarios such as Q(V) characteristics known in high
voltage (HV) grids. Nevertheless, the GGC does not introduce any
specific Q(V) characteristic.

2.2. Drooping technique background

Droop control is a well-known concept in conventional power
systems used primarily for the load sharing among multiple gen-
eration units [34,35]. In this method, the frequency of each gener-
ation unit is allowed to droop in accordance with its delivered
active power in order to share the system load. Analogous with the
frequency droop control, drooping voltage magnitude via reactive
power can provide the possibility of sharing reactive power among
generation units. Power flow concept between two generation
sources can basically demonstrate the theory of load and reactive
power sharing methods. For instance, active and reactive power
flow between two voltage sources, V7 and V5, can be derived as
follows:

R(V; — V, cos(o1 — 62)) + XV Sil’l(é] —07)
R?2 4+ X2

P=V (1)

X(V] -V, COS((S] — 52)) — RV, Sin(51 - 52)
R? + X2

Assuming that the resistance is negligible, which is the case in
HV grids, and the difference between ¢; and ¢, is small, one can
easily see that active and reactive power are predominately
controlled by power angle, which in turn related to the frequency,
and voltage magnitude, respectively. In LV feeders, however, the R/
X ratios are generally large and thus the reactance term (X) be-
comes much smaller than resistance. By doing so, the voltage
magnitude and angle in LV grids are mainly affected by active po-
wer and reactive power, respectively. Nevertheless [17], shows the
conventional droop approaches in interconnected HV systems can
be applied in the same manner in LV grids. However, with regard to
the line losses and the inverter loading, voltage regulation through
reactive power in LV grids may be less effective for feeders with
high R/X ratios. Therefore, it is necessary to develop a method to be
able to maximize the reactive power consumption required for
voltage support.

Q=W (2)

3. Formulation of DBV regulation

In the DBV regulation method, the local voltage of the connec-
tion point of a PV system is directly employed as an input to
calculate the required local reactive power to regulate the voltage.
Therefore, the consumption of reactive power can be explicitly
managed by severity of the voltage violation. Therefore, using the
Q(V) method can prevent unnecessary reactive power consumption
in contrast to Q(P) method, which employs the delivered power of
the generation unit as an input.

In the DBV method, the general relation between reactive power
of a PV system and the local grid voltage is defined as follows:

Q= {m(vavth) “;Z&: 3)

where m is the slope factor (kVar/V) and Vy, is the voltage threshold
above which the PV system must absorb reactive power to mitigate
the voltage. Therefore, the DBV characteristic has two parameters
that must be defined for each PV system.

Fig. 3 provides a general picture of the DBV characteristic. Vy is
the drooped voltage at the critical operating point, which occurs for
maximum net load/generation, and AQ is the required reactive
power to push the critical voltage value back under the steady-state
voltage limit. Thus, m can be calculated as follows:

AQ

m=—_<=
Vg — Vi

(4)

In the proposed DBV method, the voltage sensitivity matrix is
employed to coordinate the slope factor and the voltage
threshold of each PV system along a radial feeder by considering
the maximum critical voltage deviation at the last-bus on the
feeder. This worst case deviation occurs for the maximum net
load/generation point. The maximum voltage deviation with
respect to the upper steady-state voltage limit has to be
cancelled, hence, the AQ required in (4) is computed using the
voltage sensitivity matrix computed at the maximum net load/
generation operating point.

3.1. Sensitivity analysis

The concept of the voltage sensitivity matrix and the loss
sensitivity matrix are now examined more closely to support
design of the characteristic and minimization of losses.

3.1.1. Voltage sensitivity matrix

The voltage sensitivity matrix is a measure to quantify the
sensitivity of voltage magnitudes (|V|) and angles (6) with respect to
injected active and reactive power. The sensitivity matrix is ob-
tained through partial derivative of power flow equations, g(|V|,d),
as follows [37]:

ta(v)
over-excited
Vth,i Vd,i
1
mi
AQ D

under-excited

Fig. 3. Characteristic curve of reactive power droop with voltage level.
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The voltage sensitivity matrix consists of four sub-matrices that
contain the partial derivatives of bus voltage magnitude and angle
with respect to active and reactive power. Due to the importance of
the voltage magnitude regulation by variation of active and reactive
power, the sub matrices that are related to variation of voltage
magnitude, SI‘Y‘ and Sg | are of more interest and concern in this
study. Each element of these sub matrices is interpreted as the
variation that may happen in a voltage at bus i if the active power
(or reactive power) at bus j changed 1 p.u.

3.1.2. Loss sensitivity analysis
Based on power flow equations of a grid [37], total active loss of
all lines, P;, can be determined as follows:

PL=3"V; > &;Vi— Vjcos(sy)] (6)
i1 =1
}Zi

where g;; and ¢;; are the conductance of the line and the voltage
angle difference between bus i and j, respectively.

Total line losses and power flow equations are function of
voltage magnitude and angle. Therefore, the sensitivity coefficients
of P; with respect to active and reactive power at bus i can be
derived as follows:

dP_ {NoPL 90 (s aP, 9Vj|
dP; & 95 aP £ olvj| o,

clPL P, 95; aP, 9|Vl
Zaa aQ Za|v| 0

Eq. (7) can be rearranged in a matrix form with the help of the
voltage sensitivity matrix, Sy, as follows:

dp, o,

| || s

ar,| =% o =5 ®
dQ o]

where 0P;/00 and dP;/d|V| can also be derived from (6).

3.2. Computing the parameters of Q(V) characteristic

The maximum voltage deviation from the upper steady-state
voltage limit occurs at the last bus and at the presence of the
critical operating point, based on (5) it is possible to regulate
reactive power of each PV system at each node in such a way to
compensate the last-bus voltage deviation. The maximum voltage
deviation at the last bus is

AVma\x,n = (Vmax,n - V) (9)
where n represents the last-bus number, Viax n is the maximum
last-bus voltage that occurs at the critical operating point and V

is the steady-state upper voltage limit in LV grids. The over-
voltage AVmaxn is due to the active power injections corre-
sponding to the left term within brackets of (5). The required
under-excited reactive power of each PV system at each node
to compensate the overvoltage must comply with the following
equality

n
AVmaxin - — (S‘(‘z/rll Q,) (10)
i=1

The negative sign in (10) is due to the under-excited nature of
the required reactive power that is basically negative in the defined
Q(V) plane. Thus, the negative sign is used to match both sides of
the equivalence in (10).

The challenge is how to associate the AQ with individual PV
systems in order to properly distribute the required reactive power
of each PV system along the feeder.

Obviously, the drooped voltage of the last-bus, V4, must be
equal to V; once the required reactive power of each PV is known,
the drooped voltage for the rest of buses can be calculated by the
following equation

Vii = Verii — z( syl AQ;) (11)

j=1

where V; is the critical voltage at the bus i at the presence of the
critical operating point. As can be seen in Fig. 3, the Vy; should be
higher than the corresponding Vi . Thus, if the calculated Vy; is
lower, the corresponding AQ; in (10) must be set to zero because the
corresponding PV should not contribute reactive power according
to (3) and the other injections (AQj, i # j) must be recalculated.

By having the value of the voltage threshold and the required
reactive power of each PV system, the corresponding slope factor is
calculated based on (4).

The voltage threshold and AQ of each PV system is determined
through two approaches, namely multi-objective DBV design and
equal reactive power sharing, that will be explained in the
following sections.

3.3. Approach I: multi-objective DBV design

The slope factor and the voltage threshold of the DBV charac-
teristic for each PV system can be determined through an optimi-
zation that will be explained in the following subsections.

3.3.1. Objective function

In the proposed multi-objective approach, three different target
objectives are minimized, namely maximum reactive power con-
sumption, maximum line losses caused by reactive power, and
overall profile of reactive power consumption. The general form of
the proposed objective function is:

wy x f1(AQ)+
maxaQ.v,) | Wa2 x £2(AQ, Vin)—
ws x f3(AQ)

(12)

where target objectives are weighted by factors wy — ws.
e Target Objective 1:

The required reactive power for PV systems can be chosen in
such a way to minimize the sum of individual reactive power
consumption of each PV system at the critical operating point in
(10). Thus, the first objective target is formulated as follows:
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fi=Ya0 (13)

Since the nature of under-excited reactive power is assumed to
be negative, the objective target is considered by positive sign in
the objective function (12).

o Target Objective 2:

The first objective target only minimizes the total reactive
power consumption at the critical operating point. However,
since the system's operating points vary, it is required to mini-
mize the reactive power usage over the range of voltages expe-
rienced, represented by the hatched triangle in Fig. 3. The
hatched area is related to the reactive power consumption, but
not exactly since the probability of different voltage levels is not
constant. Nevertheless, minimizing the sum of hatched areas of
all Q(V) characteristics can reduce the total reactive power con-
sumption. Therefore, the voltage threshold in the DBV charac-
teristic can be adjusted in such a way to minimize the reactive
power profile over the voltage profile through the following
objective target:

fr=2 AQi(Vai— Vini) (14)
i=1

Similar to the previous objective target, due to the negative
nature of under-excited reactive power, this objective target is also
considered with positive sign in (12).

o Target Objective 3:

Since consumption profile of reactive power is minimized in
(14), the profile of line losses is, in turn, supposed to be minimized.
Nevertheless, the active power loss caused by reactive power at the
critical point can also be minimized. According to (7), the variation
of total line losses caused by reactive power variation is:

n
AP, =" SEAQ; (15)
i=1

Therefore, in order to minimize the line losses one should
minimize the right hand side of (15).

f3="> " SuirQ; (16)
i1

Since both multiplying terms in (16) are negative, this objective
target must be considered with negative sign in (12).

3.3.2. Optimization variables

In the proposed optimization, the decision variables are reactive
power consumption, AQ, and threshold voltage, Vi, at the critical
operating point.

3.3.3. Constraints
In order to find a proper, feasible set of candidate solutions
following constraints must be fulfilled:

e Constraint 1:

The main goal of the DBV method is to eliminate the maximum
overvoltage at the worst case operating point; hence, the set of
candidate reactive power values has to fulfil this criterion by
satisfying the equality in (10).

e Constraint 2:

Reactive power consumption imposes extra loading on PV
inverters as well as the grid transformers. In this regard, as also
mentioned earlier, the GGC limit the amount of reactive power to
a specific value based on the size of PV systems. Therefore,
reactive power of each PV system should stay within the
following band

*Pmaxﬁi

1
<C05‘2¢mam1><AQi<0 (17)

where Ppax; and cosgmax,i are the maximum generation power and
the minimum allowable power factor of the PV system at the bus i.

e Constraint 3:

The analysis of unit characteristics is based on the assumption
that they contribute appropriately to limit the voltage of the last
bus, which is also assumed to be highest. This need not in general
be true but always occurs in the worst case of light load and full PV
production conditions. In this case voltages will increase mono-
tonically along a radial feeder. Hence to preserve the analysis
intended in (10), the voltage thresholds

1<Vih1<Vina<...<Vihn<Vgp =V (18)

e Constraint 4:

Each PV system on the feeder can contribute reactive power if
and only if its corresponding drooped voltage in (11) drops below
its corresponding voltage threshold. Therefore, according to the
negative nature of under-excited reactive power, AQ; < 0, the
following constraint must be satisfied for all PV systems:

AQ; (Vg — Vini) <0 (19)

which is met when first there is a need for under-exited reactive
power contribution (non-positive AQ;) at the i—th PV system, and
second the drooped voltage of the same PV system is greater than
the corresponding voltage threshold.

e Constraint 5:

The slope factor in the Q(V) characteristic shown in Fig. 3 is a
dependent variable, which is a byproduct of the decision variables
and the drooped voltage derived in (4). Since one does not want to
have rapid changes in reactive power support just because of a
small change in load and/or solar irradiance, the slope factor has to
be limited. This limit is defined by use of the sensitivities. According
to Fig. 3, for a voltage variation at the bus i above the voltage
threshold, the required reactive power variation at the same bus is
given by

According to (5), the relation between the voltage variation at
the bus i and the reactive power variation at the same bus can be
related by
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AV; > s‘(‘lfl‘1 Q (21)

By substituting (20) in (21), one can get

m; > —

SM

3.4. Approach II: Equal reactive power sharing

The general tendency in the DBV method is that PV systems at
the beginning of the feeder contribute less reactive power for the
voltage regulation than PV systems at the end. Therefore, one
possible option is to set AQ; in (10) equal to each other in order to
take the advantage of all PV systems in the grid and, moreover, to
prevent disparity between PV owners. Then, the equal required
reactive power, AQ; = g, can be easily calculated from (10). Never-
theless, as it will be demonstrated later, this causes more overall
reactive power consumption and line losses.

Apart from the AQ setting in the DBV characteristics, the voltage
thresholds must also be adjusted to provide the possibility of equal
reactive power sharing among all PV systems. Therefore, it is
important to find a set of voltage thresholds that can guarantee the
participation of the nearer upstream PV systems on the feeder.
Hence, since the first PV system on the feeder has the least
participation tendency, the maximum possible voltage threshold of
the first PV system that allows its participation is considered as a
criterion to find the rest of voltage thresholds. The maximum
voltage threshold of the first PV system coincides with its corre-
sponding minimum slope factor. Therefore, the maximum voltage
threshold of the first PV system on the feeder can easily be calcu-
lated as follows

Vin1 = Va1 — (23)

Mpin1

In order to determine the rest of voltage thresholds, the net
load/generation of all PV systems is monotonically and simulta-
neously increased and in the mean time the first-bus voltage is
tracked; once the maximum voltage threshold appears at the first
bus, the voltages of other buses represent the rest of voltage
thresholds.

4. Platform of the simulation

Fig. 4 depicts the radial test grid used in this study, which
consists of five buses in an LV feeder connected through a step-
down transformer to a medium voltage grid. In this study the
load demand is assumed to be negligible compared to PV produc-
tion. The parameters of the test radial grid have been given in
Table 1 [38].

Since voltage regulation via DG units should function within
10 s, a quasi-static analysis is appropriate and employed in this
study using MATLAB R2010b. Moreover, GAMS23.6 is employed for
solving the optimization problem (12), assuming equal weights for
all target objectives, subjected to constraints 1-5. Assuming no

20 kv/0.4 kv
Bus 1 Bus 2 Bus 3 Bus 4 Bus 5

l 150 m l 150m| 150 m ' 150 m l

Y

Fig. 4. Test distribution grid. All PV systems have a rating of 30 kW.

MV 20 kV

Table 1
Radial test grid parameters 38.

2.828 +2.828i Q

0.0191 + 0.0351i Q
0.346 + 0.0754i Q/km

Grid impedance

Transformer impedance
Line impedance per km

load condition, Fig. 5 depicts the voltage profile of the feeder con-
cerning different net generations with the unity power factor. It is
evident from Fig. 5 that when all PV systems deliver full power at
unity power factor, voltage of two last-buses is above the upper
steady-state voltage limit, which is considered 110% of the nominal
voltage according to the EN DIN 50160 [36].

5. Results

The nominal power of each PV system is 30 kW and, therefore,
according to the GGC power factor range, the reactive power is
limited to 14.5 kVar. The voltage sensitivity matrix is calculated at
the critical operating point, which here is 150 kW at the unity
power factor (the maximum total net load/generation). The sensi-
tivity coefficient of total line losses for each bus is calculated at the
presence of the maximum total net load/generation and the
maximum under-excited reactive power at the corresponding bus.
As Table 2 presents, the absolute value of calculated sensitivity
coefficients of total lines losses are increased farther downstream
the feeder that means the reactive power consumption by PV sys-
tems located at the end of the feeder causes more line losses, which
would be expected from the radial grid topology.

5.1. DBV characteristics parameters

Table 3 shows AQ, voltage threshold, drooped voltage and slope
factor of the DBV characteristic for the both multi-objective
approach and equal reactive power sharing approach. Fig. 6 dem-
onstrates the Q(V) characteristic of PV5 that results from each
approach.

5.11. 4Q

In the case of the equal reactive power sharing, all the PV sys-
tems participate and have the similar AQ. However, in the case of
multi-objective approach, the last three PV systems on the feeder
fully contribute reactive power, PV2 contributes only 43% of its
permissible reactive power capacity, and PV1 does not contribute at

1.14

1.12+

0 50 100 150
Net Generation [kW]

Fig. 5. Voltage profile of the LV feeder without reactive power support.
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Table 2

Sensitivity coefficients of Py.
561 ngz 5%23 564 565
—0.009 -0.019 -0.027 —0.035 —0.041

all. Based on the ng. coefficients in (10), reactive power variations
at nodes located farther downstream on the feeder have more ef-
fect on the last-bus voltage regulation [32] and, therefore, fully
utilizing PV systems farther on the feeder can decrease the total
reactive power consumption. Nevertheless, objective 1 in a
compromise with two other objectives guarantees the best candi-
date of AQ to reduce not only maximum total reactive power
consumption at the critical operating point but also the total line
losses at the same point as well as the overall reactive power
consumption profile.

5.1.2. Voltage threshold

Equally reactive power sharing among PV systems requires
notably lower voltage thresholds as represented in Table 3. In
contrast, in the case of the optimized approach, the target objective
2 to optimize the reactive power consumption profile results in a
shift of the voltage thresholds towards the drooped voltages (6 and
7th rows of Table 3). A narrower activation range of the DBV
characteristic results, as can be seen in Fig. 6.

5.2. Voltage profile

The regulated voltages of the first and the last buses on the
feeder for the both multi-objective approach and equal reactive
power sharing approach are shown in Fig. 7. Both cases can regulate
the voltage under the upper steady-state voltage limit, and this
demonstrates the effectiveness of the proposed DBV method.
However Fig. 7 shows that in the case of the equal reactive power
sharing approach, the PV systems have to commence reactive po-
wer consumption at a small fraction of the net load/generation,
which implies more reactive power consumption.

5.3. Reactive power consumption

Figs. 8 and 9 show the individual reactive power consumption of
each PV system along the feeder for the equal reactive power
sharing approach and the optimized approach, respectively. As it
was expected, all PV systems approximately consume the same
amount of reactive power in the equal reactive power sharing
approach. In comparison, the pattern of reactive power distribution
is uneven in the case of multi-objective approach in a way that
follows logically for this case from its target objectives. From overall
reactive power consumption perspective, it is most effective to use
reactive power from end of feeder. The optimization should
maximize contributions starting from the end of the feeder. It can
also be seen in Table 3 that the last three PV systems have the same

Table 3
DBV parameters for each PV system.
Method Par. [p.u.] PV, PV, PV3 PV, PVs
Equal sharing AQ 0.384 0.384 0.384 0384 0.384
Vin 1.022 1.026 1.029  1.031 1.032
Va 1.024 1.054 1.077 1.092 1.1
m 166.2 134 7.9 6.2 5.6
Multi objective AQ 0 0.207 0484 0484 0.484
Vin 1.023 1.054 1.073 1.087 1.094
Va 1.026 1.056 1.078 1.093 1.1
m 0 130.2 107.6 91.7 79.4

0.3 T T T T T T T T
Equally Sharing

0z2r - = = Multi-Objective | |

01 1

05 i ‘ s ‘ s ]
1.02 103 104 105 106 1.07 108 1.09 1.1
Voltage [p.u]

Fig. 6. DBV characteristic of PV5.

value of AQ limited to the power factor 0.9 at the maximum net
load/generation point and the AQ for PV2 is a lesser value that is
equal to the residual additional amount needed to provide enough
reactive power from all units to cancel the last bus voltage devia-
tion. It deserves mentioning that slight differences between final
reactive power values in Table 3 and Fig. 9 are owing to the line-
arizing approximation in (5).

Fig. 10 illustrates the total reactive power consumption profile
for the both approaches and as can be seen, the total consumption
profile is significantly lower in the optimized approach. Moreover,
it is obvious that the maximum reactive power consumption at the
critical operating point is much lower in the case of the optimized
approach. In fact, requiring all PV systems to equally contribute
reactive power leads to the larger reactive power consumption
profile. The first PV system on the feeder, in contrast to other PV
systems, sees only the R/X ratio of the grid Thevenin impedance
that is very different from the feeder R/X ratio. Therefore, requiring
the first PV system to contribute same amount as other PV systems
has especially worsened the reactive power consumption profile in
the equal reactive power sharing approach, for almost no gain in
voltage correction. The contribution of the first PV system could be

109 === Equally sharing Bus 1
— v+ Equally sharing Bus5
S 1.08F == Multi—objective Busl 1
& Multi—objective Bus5
wn 1.07 ” 4

-
o
[}

Bus Voltage

100 150

50
Net Generation [kW]

Fig. 7. First-bus and last-bus voltage profiles.
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Fig. 9. Individual reactive power consumption by PV systems at the presence of the
multi-objective approach.

removed, significantly improving the reactive power consumption
profile in the equal reactive power sharing approach. However,
total reactive power consumption is still lower in the multi-
objective approach, which also finds better combinations of Vi,
and AQ to not only reduce maximum reactive power consumption
and line losses at the critical operating point but also decline the
reactive power consumption profile.

5.4. Total line losses

Fig. 11 depicts the total line losses caused solely by reactive
power flow for the both equal reactive power sharing and opti-
mized approaches. The optimized approach decreases the overall
reactive power consumption profile and consequently the line
losses profile is supposed to decline, which is evident from Fig. 11.
As mentioned earlier, coefficients of S’Q increase for farther buses
downstream on the feeder. Therefore, on the one hand reactive
power contribution by PV systems nearer upstream on the feeder
can decrease the total line losses, but on the other hand, as
explained earlier, using PV systems located farther downstream on
the feeder reduces the maximum total reactive power consump-
tion, which in turn can also decrease the losses. The objective 3 in a

A. Samadi et al. / Renewable Energy 71 (2014) 315—323

N
o
:

’

|
N
o
T

= = = Equally sharing

Multi—objective

| 1
S w
o o

T T

Total Reactive Power [kVar]

50 100
Net Generation [KW]

|
(o)}
o

Fig. 10. Total reactive power consumption by PV systems.

= = = Equally sharing

Multi—objective

Loss Caused by
Reactive Power [kW]
& &

1N
~
T

S
o
T

Net Generation [kW]

Fig. 11. Total line losses caused only by reactive power consumption through PV
systems.

compromise with the objective 1 and represented constraints
introduce a set of AQ to decline the total line losses and the
maximum reactive power consumption.

6. Conclusion

This paper demonstrates that the features of the voltage sensi-
tivity matrix in association with a multi-objective design can be
used to optimally coordinate characteristics of the droop-based
voltage regulation among PV systems in the radial feeders. Each
characteristic is specified by two main parameters, namely the
voltage threshold and the slope factor, which are determined based
on the voltage sensitivity analysis and the multi-objective approach
in order to balance the individual reactive power distribution
against total reactive power consumption and line losses. It was
shown in the test case that a characteristic minimizing reactive
power consumption and line losses has higher and narrower ranges
of activation for each PV, and a large slope, with the effect that
voltage deviations are compensated only when they approach the
highest allowable value. At the other extreme, a characteristic that
instead results in equal sharing by PVs was shown to require wider
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activation ranges and lower gains, but to also incur the penalty of
higher losses and reactive power consumption. If the narrow acti-
vation range is considered as a problem then possible extension is
adding additional constraints on activation range and other pa-
rameters to accommodate practical issues. Moreover, in the future
scenarios if consuming reactive power by household PV systems
come along with the cost penalties, finding a mechanism to equally
share the penalty of reactive power may be more efficient than
equally distributing reactive power among household PV systems.
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Abstract—High penetrations of PV systems within load pockets of power system loads are installed. In today’s power system
in distribution grids have changed pure consumers to prosurers.  this, however, may not be the case because the integration of
This can cause technical challenges in distribution and trasmis- distributed generations such as PV systems into distdbuti
sion grids such as overvoltage and reverse power flow. Embeitd) - . . L . .
voltage support schemes into PVs such as standar@osp(P) grlds has resul_t_ed in pumping power to transmission I_mes in
characteristic proposed by the German Grid Codes, may cause light load conditions. Therefore, a different responseatvesr
more changes in the steady-state behavior of distribution rids  of distribution grids in terms of active and reactive powariv
and, in turn, the transmission side. Accordingly, it is impatant  ations versus voltage variations on the transmission sige ¢
to properly model active distribution grids to analyze the ystem be expected. Moreover, high penetration of PV systems into

impacts of these changes, to plan and operate future smart per S .
grids. However, due to the high dimension of distribution gids, distribution grids can cause local problems such as oveagel

considering a detailed distribution grid to study the transmission  [2]-[5], [8]-[19]. Different remedies have been proposed i
side or a fraction of the distribution grid, is either cumbersome literature to cope with overvoltage such as grid reinforeatn

or impractical. Therefore, it is required to develop a reasmable [2], [5]; on load tap changers for distribution transforss],
equivalent that can fairly capture the dominant behavior of the [8], [9]; active power curtailment [5], [10], [11]; and retae

distribution grids. The aim of this paper is to use gray-box .
modeling concepts to develop a static equivalent of distriltion power control [5], [12]-{21]. Nevertheless, from an econom

grids comprising large number of PV systems embedded with Point of view, the voltage profile regulation via reactive
voltage support schemes. In the proposed model, the PV syste power is more effective than other aforementioned remedies

are aggregated as a separate entity, and not as a negative tha [5]. \oltage profile regulation based on reactive power can

Whic_h is traditionally done. The results demonstrate the sp_erior be performed through different ways [12]-[21]. Employing

quality of the proposed model compared to the model with PV .

systems as the negative load. reactive power-based schemes to suppor_t \_/oltage ‘may even
change more the power-voltage characteristics of didtabu

grids. Hence, with a rapid transformation of pure consumers

to prosumers, reasonable modelling of active distribugjods

plays an influential role in 1) analyzing the system impaéts o

. INTRODUCTION this change, 2) planning, and 3) the secure operation ofdutu

ONG term supporting schemes for photovoltaic (PV§Mart power grids. _ o o

system installation have accommodated large numbers of¥ormally, the dimension of distribution grids is large due
PV systems within load pockets in distribution grids [1]-]s [© large number of sections, branches and load points in
Germany, for instance, there were more than 32 GW install§gntrast to a power transmission system with generation and
PV systems by the end of 2012, of which 70% have bed@nsmission Imgs [22]. The_reaI.S|ze of a power transmorssi
connected to low voltage grids [1], [2]. Grid-parity (defihe SYStém can basically be quite big and, therefore, consigeri
as the moment when the cost of electricity generated by Fydetailed distribution grid to study the power transmissio
is competitive with the retail price) has already been met FYStem is neither practical nor necessary. Running a power
some residential regions owing to the sharp drop in cost&/of SYStém simulation including a complex, detailed distiitout
system manufacturing, especially PV panel technologigs [g.rld is cumbersome and, hence, it is important to .have a
[6], [7]. Therefore, PV system integration without the feed SimPIe model that can encapsulate the general behavioeof th
tariff support mechanism is now more likely to be attractivEoMPlex distribution grid in order to facilitate the invigsttion
in a wide range of countries and markets. For instance, Ity POWer systems. In other words, if the area of investigatio
has boosted its PV installed capacity to 17 GW and holds tiethe higher-level power grid, considering the distribatgrid
second biggest market in Europe. China has also set a i its all dimension is inefficient. Besides, even consig
target of 50 GW by 2020 [1]. the whole dimension of the distribution grid to only studyeon

Generally speaking, traditional power systems feed povx)%‘?rt of it, is not appropriate. Hence, there is a need to find a

via transmission lines to distribution grids, where theonigy  SiMPle equivalent of the distribution grid that still caropide
reasonable precision.

Afshin Samadi, Lennart Séder and Ebrahim Shayesteh are théttDe- Furthermore, distribution grids are normally owned and op-
partment of Electric Power Systems_, KTH Royal I_nst|tute @iciinology, erated by distribution system operators (DSOS) as autoosmo
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Index Terms—Photovoltaic systems, load modeling, system
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sensitive [23]. On the other hand, a power system is compodarhe amount of PV systems embedded with voltage control
of several autonomous distribution and transmission mystescheme have not been addressed in the literature yet.
owned by DSOs and transmission system operators (TSOsYhe aggregated static model of a distribution grid is nor-
that must collaborate together in order to operate in a secunally represented by the constant impedance, constardrdurr
stable and cost effective manner. In this regard, grid dpesa and constant power load model (ZIP load model) [26]-[31].
need to share their grids information to ensure a desirBistributed renewable energy sources such as PV systems are
operation of the power system. However, as discussed abdvaditionally addressed as a negative load in the agg@yafi
there are two main challenges associated with sharing-distoads and PV systems [32]-[37]. Nevertheless, as mentioned
bution grids information: 1) huge volume of grid informatio earlier, high penetrations of PV systems in distributiomdgr
size 2) commercially sensitive information. Consequerdly can change the behaviour of distribution grids. Equippivg P
reasonable aggregation approach can be a great assetsystems with voltage support schemes such as the standard
DSOs to tackle aforementioned challenges and exchange @wasp(P) characteristic required by German Grid Codes (GGC)
characteristics of their grids with TSOs and/or other DSOEL2] may even cause more changes in the behavior of distribu-
An accurate equivalent of distribution grids ensures tloeiige tion grids. For instance, the feed-in power of PV systembén t
analysis of the power system that in turn assists to keepCasp(P) characteristic is directly imported as a feedforward
healthy status of the power system. signal to estimate the required reactive power. Therefexe,
Developing an equivalent load model is mathematically aystems not only change the behaviour of the grid in terms of
identification problem. Depending upon the available ptsisi active power but also in terms of reactive power. Accordingl
information and insight of the true system, there are thréteis needed to develop a new equivalent model of distrilutio
choices for the model structure, namely black box, gray baxids that can capture the dominant behavior of PV systems
and white box [24]. In the black-box model, the topology oémbedded with voltage support schemes.
the true system is not known and merely the input and outputThe aim of this paper is using the gray-box modelling
data of the true system are available, which the aim is tmncept in the system identification to develop a static\equi
map the input data set to the output data set by adjustialgnt of the distribution grid consisting of large number of
free parameters such that the output of the equivalent mo&&f systems equipped with voltage support schemes. In the
becomes as similar as possible to the true system. In the.whjtroposed model, distributed PV systems within the grid are
box model, as the other extreme case, not only the topologyrepresented as a separate entity in the aggregation, adsl loa
the true system is known, but also the physical componeuts aare also aggregated as a separate ZIP equivalent. In the
their associated composition rates are also availables,the proposed procedure, all the inputs and outputs are measured
task in the white-box model is to find an exact mathematicat the feeding point, where is the boundary point between the
model of the true system. In many cases developing sucHdiatribution level and a higher level grid. The voltage at th
model can be complex and may deviate from the purpofeeding point serves as the input, while the outputs are the
of developing a simple load equivalent model. The gray-baet generation/consumption active and reactive power ®f th
modeling is something in between, in which the topology &IP/PV equivalent.
the true system is available but not the exact components and’he proposed static equivalent model of the distribution
their composition rate. Hence, there are still number oé frggrid is formulated for load-flow studies that can simply
parameters that must be estimated via the system ideritificat be integrated into load-flow programs and replace the true
In this regard, the aim in the gray-box model is to identifg thdistribution grid, while still can keep the overall accurac
free parameters similar to the black-box model based on thigh. As mentioned earlier, the proposed aggregation a@gbro
observed data behavior. can be used by DSOs to develop a characteristic behavior
The physical structure of distribution grids is known; howmodel of their grid and freely share it with other DSOs and
ever, physical components of demand and their compositi®8Os, which may need this model to evaluate their grid
rates are not available. Therefore, one can select a gray-li order to operate in a secure and economic manner. The
model to develop a load equivalent. The dominant physicatcuracy of the static equivalent is the backbone of many
behavior of the true grid is represented via a set of equatiosther studies such as evaluation of operation, voltagelisgab
in the described gray-box model, and the mismatch betwedesign and implementation of controllers, developing new
the model and the true grid is left to an optimization processandards (e.g. voltage). The proposed approach in thisrpap
to estimate the free parameters of the gray-box model. results in much better accuracy as compared to the tradltion
The gray-box load modeling has been addressed in thpproach (modeling PVs as negative load). The poor accuracy
previous literature [25]-[28]. A dynamic equivalent of a-Miin the traditional approach can lead to under or over estimat
croGrid, which consists of only solid oxide fuel cells anaf power and voltage. This can negatively affect the proper
high speed single shaft microturbines, was developed usiegpluation of the power system exposure to changes happened
the gray-box model along with evolutionary particle swarrm distribution grids that, in turn, may jeopardize the #&ab
optimization algorithm for identifying equivalent parat@es in  and secure operation of power systems.
[25]. The dynamic equivalent of an active distributed nettwvo The set-up of the equivalent procedure is explained in
was developed using gray-box model and MATLAB Syster8ection 2. The structure of the proposed equivalitdgel I
Identification Toolbox for parameter estimation purposg]f2 ZIP/PV equivalent is given in Section Blodel II: PV as the
[28]. However, equivalents of distribution grids compngi negative load is presented in Section 4. The performance of



the proposed procedure is studied on a utility test grid as a

. ) ) ) ; Acosp (P)
case study in Section 5. Section 6 contains conclusions. 0.9/0.95
s over excited
. SET-UP

In order to develop an equivalent model of a target dis- 1S - - >
tribution grid as a true system via the gray-box model, the - % P/Pmax
following steps must be carried out: under excited

« selecting a proper equivalent topology that could capture 0.9/0.95

the dominant behavior of the true system;
« formulating the corresponding equations of the select,e:%_ 1. Standard characteristic curve fwsp (P).
topology;
« determining the inputs and outputs;
« estimating free parameters through the identification pro-

State parameters

Cosroi | Py, Py

cess;
« validating the performance of the identified free parame- Inputs Outputs

ters of the equivalent model. , Pey=PLetPpe

Equivalent Model
Topolo
A. True System pology 0u=01.eOpre
. . . . . . . —>

The main objective of this study is to develop a static equiv-

alent model of a true distribution grid with a high penetrati
of PV systems embedded with voltage support schemes thgt > schematic of the equivalent model set-up.
can be integrated into load-flow programs. Therefore, the tr
system, in this study, is a distribution grid that considtere
feeding point; distribution transformers and lines; indial In order to consider variations of solar and demand, differe
loads at different nodes within the grid; and individual P\écenarios are investigated for developing the equivalead |
systems. The feeding point is the boundary point between th@del. In each scenario, state parameters of the grid, which
distribution level and a higher level grid, where the eqléué represent the status of the grid, are assumed known. Thee stat
of the distribution grid is to be obtained. parameters of the grid are

Active and reactive power of loads in the true grid are
represented by constant impedance, constant current, an
constant power load model (ZIP model)

%) the total load active power consumption within the
grid at the base voltagB ot, which is the sum of all
individual loads at the base voltage

AL =PRo(aV2+aV +ap) 1) )

QL= Quo (BVZ+BV + Bp) 2 Plotot = lel_o,i (3
wherePR g andQ, g are the load active and reactive power at the =
base voltagea,, a; andap are the ZIP coefficient for active wherelL is the number of loads within the grid;

power that their sum must be equal to one. Besifigsi and ~ 2) power factor of individual loadgospo; that in turn
Bp are the ZIP coefficients for reactive power that also must  yields the total load reactive power;
have a sum equal to one. Though simulated results using ZIF3) the total PV productiofPpyor, Which is the sum of all
load model may deviate from the actual field test results, the  individual PV systems.
ZIP load model has been widely recommended and utilized in
majority of system studies [26]-[31]. Therefore, in thiadst
the ZIP load model is employed to represent the behaviorlgf
the actual load model in the true system. '
Furthermore, PV systems are assumed embedded with th&he general layout of the equivalent is depicted in Fig. 2.
required GGC standard characteristimsp(P) represented in As can be seen, the input of the equivalent model is the bus
Fig. 1 [12]. The objective of the GGC standard characteristvoltage at the feeding point (V). State parameters of the gri
is requiring the generation unit to operate in an undertegci are also imported to the equivalent model to determine the
mode when the feed-in active power passes over a threshstatus of the equivalent model. The values of state paramete
of 50% of Pnax in order to mitigate the related voltage riseand the voltage can vary within specific ranges. Thus, the fre
According to the GGC, distributed generations are alloveed parameters of the equivalent model must be estimated sath th
contribute reactive power while operating above 20% ofrthahe output of the equivalent model can demonstrate similar
nominal power [12]. behavior as the output of the true system within the same
In order to roughly simulate field test results, quasi-statranges of variations in the state parameters and the voltage
analysis of the true grid is deployed to provide the simdatéhe outputs of the proposed equivalent model are the net
data of active power and reactive power versus the voltagetive and reactive power of the equivalent PV model and
variation at the feeding-point of the grid. the equivalent load model.

General Layout of the Equivalent



noise by increasing the number of free parameters will lead to a
lower bias error. Nevertheless, the bias error and the vegia
error are in conflict and choosing a complex model results in a
larger variance error. The variance error describes thiatien
between estimated free parameters and their optimal values
that happens due to using a finite and noisy data set. In other
words, the variance error depicts that part of the modelrerro
that represents uncertainties in estimated free parasdtés
shown in [24] that the variance error increases by incregsin
the number of free parameters. Moreover, it can be shown that
regardless of the model, for a large training data set (dsita s
that is employed to estimate the free parameters), thenagia
error approximately has a linear relation with the number of

Fig. 3. Free parameter estimation process in the gray-bakemo free parameters as follows:

True system

State
Input data
parameters
|

v

P,0

Identification

Grey-box model

5

| Parameter tuning |<—|Criterion

. n
variance error~ UN (5)

C. Estimating Free Parameters whereo is the noise variance and N is the number of training
The flowchart of free parameters estimation process data samples [24]. It is obvious that a large training data se
illustrated in Fig. 3, where the bus voltage at the feedingan cancel out the noise impact and lower the variance error.
point serves as the input. The variation of V triggers thgloreover, the fewer the free parameters (lower complexity)
corresponding variations in load characteristics at eamen the more accurate the estimation and the lower the variance
in the true system. The larger variation of the V provides @ror would be that is contrary to the bias error concept. In
better insight into the load characteristics. Generalbffage regard to this fact, it can be shown that among all models that

variations bigger than 0.1 p.u. can demonstrate the voltag€scribe a process accurately, the simplest one is the2st [
dependency behavior of the load [30]. Under the V variations With that being said, due to the bias/variance error dilemma
and grid state variables, the noise-free outputs of thedyse the model should be neither too simple nor too complex and
temP, andQ, are obtained. In real case applications, howeverstead somewhere in between.

there are always some noise and disturbance associated with

measurements as well as uncertainty at the load level a”dét.SOptimization Problem

composition rate at each node. In other words, the noise is

an inherited part of any measurement-based load modellin .deptlflc;atm?_ task 'St sn foptlmllz?tljon_rﬁroble?w and so an
approach. Therefore, in this study, the noise-free siradlat®>/ccVe TUNCLION MUSt be formulated. The root mean square

results are polluted with a Gaussian noise to reserRbdad errlor éRt\'\:IVSE) Itsha freq(ljj_e?tg/ use(;d Imea}sure todevalltjat? reIS|d—
Q characteristics as a real case application. uz;s ed _ee?h te pre I(t: € ?O d? va uej anl_ acﬂl]Ja va ubes
The V variations along with corresponding grid state pe?— served n the true system. As discussed earlier, the numbe

rameters are also imported to the gray-box model to estimz&’tfetra'rllng data sets plays a key role in the accuracy of the

B and Q. The difference between output of the true systemc’del identification. Thus, assuming M as the number of the

and the gray-box modelis fed back to the parameters tunin§zta sets, the RMSEs of active and reactive power associated

algorithm to estimate the free parameters by minimizing t jth ith data set are represented as follows:
sum of squared errorg§ €?), which represents the model error A\ 2

N
at the end. Epi = ZiZl(PI\Ili R) ©)

D. Model Error E o/ SR (Q *Qi)z @
Any model identification method introduces a model error * N

composed of two components, namely bias error and thice the value of P and Q can vary significantly in different

variance error [24]: data sets, the relative RMSEs Bf; andEg are employed
(Model erron? = (Bias erron® +Variance error  (4) epi — Epi ®)

[3.

The bias error is related to the structure inflexibility ofth E(;i
model and basically demonstrates the systematic deviation €gi = 6 9)

1

between the true system and the model structure. In other
words, the bias error is a part of the model error that reptesewhereP; andQ; are the average active and reactive power of
the limited flexibility of the model. The flexibility of a modle theith data set, respectively. Therefore, the proposed otsgecti
is equivalent to its complexity. Normally, modelling a nonfunction for the model identification is
linear process leaves a bias error. Bias error in aggreyafio M

a distribution grid consisting of various load componersts i min<Z(eﬁi+e§i)>

unavoidable. Generally, increasing the flexibility of thedw! I=

(10)
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It will be shown in the next section that the formulated
optimization problem in this study is non-linear. Gensrall Fig. 5. cosp (P) characteristic curve of the equivalent PV model.
there are two types of non-linear optimization techniques,
namely local optimization techniques and global optimiza- : . :
tion techniques. As it stems from the name of non—line%r T.h? gqu|\{[?]Ier;t "PV. in the tpropgsed gray-box model is
local optimization techniques, the found optimum via thege Picted by the Toflowing equations-
techniques is a local optimum located in the vicinity of the Poveq = TpvPoutot (15)
initial guess without searching other parameter space and, ’ ’

therefore, the performance of them heavily depends upon COSPhueq = Mpveq (Ppveq — Rneq) +1 (16)
the starting point guess. Nevertheless, the convergeremdsp 0 _p 1 1 (17)
in local optimization techniques are relatively higher rtha pveq— " bueq (COLpueq)? B

global techniques. Global techniques, on the one hand, try
to escape from being trapped in a local optimum by searchinfiere Pyyeq and Qpyeq are active and reactive power of the
through the entire parameter space, but on the other hand éqgivalent PV modeP,y.t is the total generated active power
convergence speed to any optimum is likely slow. Thus, iy PV units in the true systenmp, represents the mismatch
is a good idea to employ a hybrid procedure using a globafl losses via lines. The voltage support characteristichef t
optimization technique to reach near the region of parameggual PV system shown in Fig. 5 is assumed to be similar to
space that the optimum may lie and then feeding the estimatbd GGC standard characteristic. Nevertheless, in theogezp
free parameters to a local optimization technique to find tZ&P/PV equivalent model, the slopgyyeq and the threshold
optimum [24]. In this study, the genetic algorithm is em@dy power Ry q Of the equivalentosp(P) characteristic are free
to find the region and sequential quadratic programming fgrameters and their tuning is left to the identificationcess.
used to find the optimum. Based on (11), (12), (15) and (17), the equivalent active and
reactive power at the feeding point can be stated as follows:

IIl. MODEL I: ZIP/PV EQUIVALENT Pag= P eq— Ppueq (18)

The schematic of the proposed equivalent ZIP/PV model Qeq= QL eq— Qpueq (29)
is shown in Fig. 4. The equivalent model consists of 1)
an equivalent ZIP load model; 2) an equivalent PV model Therefore, there exists, as demonstrated in the following

associated with an equivalecdsp(P) characteristic. vector, nine free parameters in the proposed ZIP/PV model,
The equivalent ZIP load model is described by the followinghich must be estimated via the proposed optimization pro-
set of equations cess.
P eq= Root (UZV2+ oV + ap) (11) [UZ a ap Bz B Bp Opy Mpye F%h,e} (20)
QLeq= Quotot (B2VZ+ BV + Bp) (12)

whereR_eq and QL ¢q are the active and reactive power of the V. MODEL II: PV SYSTEM AS THE NEGATIVE LOAD
equivalent ZIP load, respectivelflotor and Quogor are total Non-dispatchable renewable generations such as solar

load active and reactive power atthe base vo!tage, respict ower productions are often addressed as negative loafis [32
0z, a and ap are, respectively, constant impedance pa\%?]. Hence, PV systems are not considered as a separate
e 1

constant current part and constant power part of active po entity. The following set of equations represent PV systems
of the equivalent ZIP load that must satisfy the constraint | Y- 9 q P Y

(13). In the same wayi;, B, andf are, respectively, constantas a negative load within the ZIP load equivalent model:
impedance part, constant current part and constant power pa Peq = (PLosot — Pputot) (az\/ZJr a\V +ap) (21)
of reactive power of the equivalent ZIP load that are subjgct ’ '

P a " Qeq= (Quosot — Qputot) (BzV2+ BV + Bp) (22)

to the constraint in (14).

whereQpytot is the total reactive power consumptions by PV
systems and calculated based on the GGC characteristic in
Pz+P+Pp=1 (14) Fig. 1 and the total active power production of PV systems.

az+a+ap=1 (13)



= Higher Level Grid Fx = Feeder number TABLE llI
[ =PV system
v Foudins Pos b e ACTIVE AND REACTIVE ZIP COEFFICIENTS PER RESIDENTIAL LOAD
¥ = Load N Cr = Cable number CLASS[31].

Load class  a, ai a | B B Bo

Class A 15 -2.31 181 741 -11.97 555
Class B 157 -248 191 9.28 -1529 7.01
Class C 156 -249 193 101 -16.75 7.65
Class D 131 -194 163 9.2 -15.27  7.07
Class E 096 -1.17 121 6.28 -10.16 4.88
Class F 118 -1.64 1.47 829 -13.67 6.38

Average 1.34 -2 1.66] 843 -13.85 6.42

TABLE IV
L OCATION OF BUSES WHERE THERE ARE NO INSTALLEPVS.
Fig. 6. Test utility distribution grid.

Bus numbers
By x=1, 5,9, 12, 16, 22, 26, 33

TABLE |
PARAMETERS OF THE TRUE GRID[38].

ImpedanceQ /km

CCI591317 212731 0.21 + 0.086] equipped with PV systems; Table IV specifies _buses without
Cables G >c2-4,6-8,10-12,21;16,18-20,22-26 006-325 &;9861' PV system. PV systems at each bus are considered to be an
=32- .6 + 0.
G x ) aggregated amount of several rooftop PV systems connected
Transformer 630 kVA, 10/0.4 kV, Dyn8),=4.66%,P,,=6.5 kW

to the same bus. The nameplate power of aggregated installed
PV systems at each bus is equal to the maximum aggregated

) ) ) load power at the same bus. The total maximum capacity of
As depicted in the following vector, there are thereforeyonipstalled PVs is therefor®™,=400 kW. In this case study,

. . . . ) pvtot
six free parameters in this equivalent model: the penetration level of PV systems, which is here defined as
[az a ar Bz Bi BP} (23) peak installed PV capacity to peak demand of the feeder, is

77%. Moreover, PV systems are assumed embedded with the
The number of free parameters in thModel Il is less than proposed GGC standard characteristisp(P) represented in
the Model I, which means less flexibility in thé&lodel I1l. Fig. 1.
Hence, one can expect a higher bias error inNtelel 11 as  In this study, a symmetrical three-phase load-flow analysis
compared to théodel |, irrespective of number of training in MATLAB is used to simulate required sets of training and
data samples. test data, which will be discussed in the following subsec-
tions. The proposed methodology in this study is, therefore
V. CASE STUDY examined based on simulated data sets. Nevertheless, the

In this study, the test true system is a utility grid IocateBrOposed methodology can simply b? adapted to work based
at Northern Jutland in Denmark as shown in Fig. 6 [38]. Th n mgasurements when they are ‘?‘Va"ab'e- However, one must
distribution grid consists of eight feeders and thirty fivesés. beeFLITI mln_d thgt normallfy prow:jlng meerl]sufreddc_jata S.Qts can
The information of this grid is summarized in Table | [38]. €chaflenging. because, Irst, voltage at the feeding

Maximum load active power of different buses within th(%’e varied within an qcceptable range around the base voltage
grid is given in Table II; the total maximum load active powe the larger the variation, thg more accurate the modgl)rél’he
is thereforeP™X =515 kW It is worth mentioning that the might, however, be some limitations and/or regulationg tha
load amount at each bus is assumed to be an aggregatioﬁngy_ prevent or limit voI_tage "a”a_“"”s- _Second, it totab-pr
all connected loads to the same bus. It is shown in [31] theat tgucnon of PV s_yste_mg, is not available, it must be forgcasted
ZIP coefficients of residential customer loads can be diassi ased on sol_ar:_uraglatlor;. Moreov.er., Ioa_d and S|°|ar p“?""""c
into 6 classes given in Table Ill. Thus, these 6 load classEgY vary wit n the voltage v_anatlon mtervg (e.g. indtan
are deployed in this study. turn on/off of fridges, and passing clouds); this can addemor

As a future scenario in this grid, it is assumed that all busggcertalr&ty in th; mot;jellné]. It 'S Wolrtth (rjngnttlonlr:g that h“:t
in this grid have the potential of PV system installationtHis proposed procedure based on simulated data sets, meastireme
case study, however, only 27 buses out of 35 are Considepé(}tjkurbances, load and PV uncertainties are considered as a

' ’ added noise to a noise-free simulated data set in order to
resemble a more realistic case.

TABLE Il

L OCATION AND NAMEPLATE POWER OF LOADS WITHIN THE GRID . .
A. Generating Training Data Sets

Load power Bus number In order to generate scenarios, following assumptions and
10 kW By x= 1,3,6-7,10,12,14,19-20,23,25-28,30,33,35 .
15 kW B, x= 2.8,10,11,16-17,22,32 calculation steps are taken:
5?, m Bx X;x“';";%}%;%g“’“ Al  Assuming a similar load class within all buses in the

grid for each scenario;



A2  Assuming a similar constant power factor, 0.95 in- TABLE V
dUCtiVG, fOf individual Ioads Wlthln the gnd fOl' a” ESTIMATED FREE PARAMETERS OF THE BOTH EQUIVALENT MODELS
scenarios (according to the Swedish DSO the power
factor in distribution grids is close to one; thus 0.95Equivalent _az a1 ap [ Bz B PBr | Gpv  Mpueq’ Pineq”

. Model I 1.16 -1.68 152 525 -7.72 3.47[ 1.002 -5.6e-4 209.4
seem_s re_asonable), . . . Modelll -0.95 292 -0.97 -3.12 7.45 -3.33‘ - -
A3  Considering three scenarios (low, medium and highjy fowy T

for the total load active powePR o at the base 2 kW]
voltage: 20%, 50% and 90% of the maximum total

. max -
load active powePis,;

] [ = @ = Model I =0~ Model Il I Load level PV Level
A4 Assuming that all individual PV systems are func- \ \ \ \ \ \
tioning above at least 50% of their maximum power 1l gC @ b 1 OeSE -
in which all cosp(P) characteristics are active; 12k i i 0! © o o 2
A5  Assuming three scenarios for the total PV produc- 107,° '. 9 2 Lo .. p:‘. e |l 2
tion, 55%, 80% and 100% of the maximum total PV~ " e\ i 7 g 0 LTt 8
productionPRa%; S e oy f Voo 8
A6 Assuming a Gaussian noise with zero mean value anc = e iy S Yl B
0.01 standard deviation to simulate the measuremen W 4 » "ﬂ,'_ A oy PR VoA g
noise and uncertainties; 2p 8 Nl \ ,’ N X LR -
Cl Distributing the total load active power among indi- o ® e
viduals load such that satisfies (3) at the base voltage: ”1]ﬂﬂrﬂﬂ]ﬂrﬂ]ﬂ]H“WB
C2  Varying the feeding point voltage between 0.92 and o

515

1.08 for each scenario and performing the quasi “Scenario " ®
steady-state analysis to record the noise-free active
and reactive power at the feeding point; Fig. 7. Active power errors between the true grid and the esponding

C3  Adding the simulated noise to the noise-free actiggluivalent models.
and reactive power at the feeding point.

wherg A and C stand for assumption and calculation, "fiodel and their values would be different for each distidmut

spectively. Combinations of six different load classese¢h rid. Nevertheless. the proposed methodoloay can be lie
different load scenarios, and three different PV prodmr:tic?0 aﬁy network to ;jerivs itspappropriate equis\g/);;lent abp

scenarios provide 54 scenarios in total. These scenagdamar
ported to the proposed gray-box model identification preces _
to estimate the free parameters. The objective functiomef tB. Generating Test Data Sets

optimization problem in the identification process is depeld  The performance of the developed models must be evaluated
according to (10) and subjected to the equality constramtson a fresh, different data sets to estimate the quality of the
(13) and (14) as well as the following inequality constrdmt models. In this regard, in contrast to the training data, sets

limit reactive power variations of PV systems, which areoalshe total load levels and the total PV production levels are

limited according to the GGC standard characteristic. respectively varied to 30%, 60% and 100%R3%%; and 65%,

The optimization variables are the same as the free paranete
given in (20) and (23). The optimization set-up is solvecgsi & Results
Global Optimization Toolborf MATLAB in which the built- The generated test data sets are employed to examine the
in hybrid scheme in the genetic algorithm (GA) is employegherformance of the both equivalent models. Fig. 7 shows the
As discussed earlier, the GA can reach a parameter spactive power error of the both models according to (6). For
region near an optimum relatively fast, but it takes longéhe sake of better depiction, only the load classes of C, D, E,
time to achieve convergence. So the GA with small number afid partly F are demonstrated in Fig. 7. Besides, A, B and
generations is used to reach the region, and then, itsanlisti C load classes have more or less similar ZIP coefficients and
fed as an initial point to the sequential quadratic programgm so the performance of each model is comparatively similar
optimization, which is faster and more efficient for the locawithin these load classes. The total load active power and
search. the total PV production in each scenario are also presented
The estimated free parameters of the both equivalent modaisthe bottom of the figure to provide a better illustrative
are given in Table V. It is worth mentioning that the obtainedvaluation. It is obvious in the figure that the active power
ZIP equivalent coefficients in the both models differ frone therrors are significantly reduced in tidodel | compared to
average of ZIP coefficients of six load classes in Table Ilthe Model Il. Furthermore, one can observe that the active
It is also important to note that since specifications of eagower errors in theModel 11 generally become larger when
distribution grid (e.g. line impedances, transformergdly the total PV production is above the total load consumption.
PV size, voltage control type of PV systems and etc.) differ Fig. 8 demonstrates the reactive power errors based on (7)
from other distribution grids, free parameters of the egl@nt between the true grid and the equivalent models. In general,
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comparison with theModel Il. Furthermore, it can generally [P

be observed when the total reactive power consumptlon
the PV systems raise over the total load reactive powg}fer
consumption, théModel Il causes larger errors.

Therefore, theModel 1l in general leads to larger errors

especially when the total PV power contribution goes beyordenarios 33 and 44 respectively. Fig. 10 shows RhgV)
the total load power consumption. Hence, one can noticebeturves for the both equivalent models and the true grid at the
the importance of having the separate PV equivalent in tse cxterma ofE,. It is obvious that in the case of minimum error,
of high PV penetration. which the associateB, with Model Il is around its average
Within all scenarios, the average of active power erigs value, the behavior of thélodel | is significantly better.
and reactive power erroE, are given in Table VI. Statistically Moreover, it is evident from the upper graph in Fig. 10 that in
speaking, theEp, and Eq in the Model | are respectively re- the scenario 33 (minimurkp in the Model 1), in which the
duced by 72% and 41% compared to ¥Medel Il. Moreover, total PV production is higher than the total load consummptio
these average error values are taken as measures to evakathe base voltag€ oot = 309 kW andPpyior = 360 kW,
the performance of the equivalent active and reactive powtbe general voltage-dependency behavior of Medel Il
curves versus the voltage at the feeding point. As can be seempletely deviates from what is seen in the true system.
in Fig. 7, the active power error levels of the both models im this scenario an increase in the voltage would lead to a
scenario 40 are roughly close to their corresponding ageragecrease in the equivalent active power, which is tantamoun
errors. Similarly, one can see that the both models at ttea decline in the load. This opposite active power-voltage
scenario 41 have roughly similar reactive power error sl behavior is because of fewer free parameters inMioelel ||
their average error values. Fig. 9 illustrates active aagdtiee (i.e. lower flexibility) that causes a poor setting of freega-
power variations versus the voltage variation at the fagpdieters, and along with, voltage dependant parametgrand
point for the scenarios 40 and 41, respectively. It is wortly are remained independent of generation and consumption
mentioning that the total load active power at the base geltapower patterns. In other words, in thodel 11, identified free
Rlotot and the total generated power by PV systdthgo.c are  parameters cannot be a proper representative of loads and PV
remained constant while the voltage as the input is varied. dystems for different possible combinations of active powe
both models, it is obvious that increasing the voltage iases production and consumption levels; e.g. in this case study
the equivalent active and reactive power as it is expectad fr when production is higher than consumption, tedel I
the voltage dependency characteristic of the load. Howevexhibits an opposite behavior than the true system. In the
comparingPeq(V) and Qeq(V) in the both equivalent modelsscenario 44 (maximunEp in the Model 1), the total PV
reveals that thévodel | not only introduces lower error butproduction is less than the total load consumption at the
also follows the similar trajectory as the true grid; on titeed base voltaged g0t = 515 kW andPpyior = 300 kW. TheEp
hand, the general behavior of tivkodel Il to a large extent of scenario 44 in theModel Il is slightly higher than the
is far from the true grid. maximum E, of the Model I. Thus, even at the maximum
The scenarios associated with the extermaEpfand Eg;  Ep of the Model | in scenario 44, one can intuitively expect a
for the Model | are taken as an another measure to compdretter response for thdodel | compared to the thlodel I1.
the quality of this model with regard to thodel Il. The Moreover, the trajectory oModel | still lies on the same
minimum and the maximunk, values ofModel | occur in trajectory as the true grid. Though tiModel Il in scenario

9. The response of the true grid and the both equivalerdets at the
age error values of the both equivalents.
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Fig. 10. Equivalent active power at the feeing point in thespnce of the Fig. 11. Equivalent reactive power at the feeing point in phesence of the
Ep exterma. Eq exterma.

D. Further Application

) ) . As stated earlier, reactive power support via PV systems
44 does not show an opposite active power-voltage behaviof, pe done via different methods such as: constant power

its trajectory still follows a different pattern than theergrid. factor, active power dependent reactive power regulatiti) Q
The minimum and the maximurgy values of theModel | and droop-based voltage (DBV) regulation Q(V) [12]-{21].

occur in scenarios 46 and 27, respectively. Fig. 11 depiéf’slthe bBY rﬁi;/ulation method, as shown in Fig. 12& local
the Qeq(V) curves for the both equivalent models and th¥° tage at a system gonnect|on pomt Is imported as an
true grid at the exterma oFq. It is worth mentioning that input to calculate the required local reactive power to faigu

in all scenarios of this case study, both PV systems amne voltage. Si_nce voltage is explicit_ly addressed in the/DB
loads consume reactive power. Thus, the equivalent reac ethqd, reactive power con_sumpnon can be_ managed by
power remains in consumption mode for any combinatioif '€/ of the voltage violation. Therefore, using the R(V

of PVs and loads reactive power. This means less stress BR{Nd can prevent unnecessary reactive power consumption

free parameters associated with reactive power aggregati'B‘ contrast to Q(P) method, which employs the delivered powe

In the Model II, therefore, one can expect a better reactiv(éf apv sylst(_em as thhe :jnput.hThe GGfC also recom_mends using
power-voltage behavior in contrast to the active powetags DBV regulation method in the near future scenarios [12].'
behavior presented in Fig. 10. In the scenario 44, He To further evalgate the perfqrmance and the ggnerahty of
of the Model 11 is slightly higher than the minimurg, of M€ Proposed static equivalencing methodology, it is asslim
the Model I. Accordingly, it is obvious that the behaviorthat PV systems are equped_ W'th DBV characteristics. Pa-
of the Model | is much more close to the true system a meters of the Q(V) chargctenstlc, namely slope and gelta_
compared to théodel Il. In the scenario 27, thEq value of threshold, for PV systems in the true systems are set acgprdi
the Model Il is slightly lower than the maximurig of the o the pfo_p‘?s?d mult|-quect|ve coordmated_DBV apprpamh !
Model I. Nevertheless, it is still clear that the trajectory Opg] to minimize reactive power consumption. So, with the

the Model | is following the same trajectory as the true gridl,Jse 9f the Q(V) characteristic, one can expect a lower s_ffarg 0
while the trajectory of theModel |1 obviously differs from reactive power as compared to the GGC standard charaicterist

the true grid. employed in the previous subsection.
Training and test data sets are generated very similar to

In addition to causing lower errors, it can be concluded, thdbe subsections V-A and V-B; the only difference is that PV
first, the trajectory behavior of thdodel | is superior than the Systems are embedded with Q(V) characteristics. Besides, i
Model II. Second, the general active power-voltage behavithe proposed equivalent ZIP/PV modéllodel |, it is as-
of the Model Il and the true system can be diametricallpumed that the equivalent PV is associated with an equivalen
opposed depending on active power production and consurR{Y) characteristic; hence, equations correspondingeoties
tion levels. Hence, it is necessary to address PV system agoaver of the equivalent PV system (16) and (17) in the
separate entity. Otherwise using thodel |1 with the wrong Model | must be replaced by the following equation
behavior in power system studies can lead to under or over .
estimation of power and voltage, which can negatively affec Qpvea= Mpveq (V ~ Vinea) (25)
the secure operation and planning of the power system. Fanere mpeq and Viheq are respectively the slope and the
instance, if one employs the traditiondlodel Il to design a voltage threshold of the equivalent Q(V) characteristibjolu
voltage controller in the vicinity of the feeding point, ththe their identified values via the proposed gray-box modeltiden
controller will not act correctly in the true system. fication process beconmay,e = 233 p.u. andVip e = 1.051p.u.



TABLE VII
ESTIMATED FREE PARAMETERS OF THE BOTH EQUIVALENT MODELS IN
THE CASE OF THEDBV CHARACTERISTIC.

taw

over-excited
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Equivalent  az [of] ap | Bz Bi Br | Qpv mp\teq:l Vth‘eq I th/‘ Vd,i N
Model | 092 -12 1.27|-82 179 -8.8| 1.004 233 1.051

Model Il  -1.06 3 -0.93( 11.9 -18 7.08 - -

[ [p.ul

under-excited

! N“\ V/Vn
AQi oS \
N

for this case study, respectively. The identified free patens Fig. 12. Characteristic curve of reactive power droop wititage level.

are given in Table VII. The average of active power errors
Ep of Model | and Model Il becomes 2.6 kW and 9 kW,
respectively, which are roughly close to g of both models

at the scenario 46. The average of reactive power eEgusf
Model landModel Il are 83 kvarand 212 kvar, respectively,
which are roughly close to th&; of both models at the
scenario 28. These results show that average values o&activ
and reactive power errors in thiodel | are respectively
reduced by 71% and 61% in comparison with tedel II.

In contrast to the results of the previous subsection, M. P
systems with the GGC characteristic, the average values of

Scenario 46
T

e
Ay

J -
-
-
-

""""

0.88

0.9 0.92 094 096 098 1
V [p.u]

Scenario 28
T

I I I
102 104 1.06 1.08

r|= = =Modell

True system

== Model Il

reactive power errors in th®lodel | is reduced more in the
case of the DBV characteristic that will be reasoned in the
following.

The performance of both models is evaluated at the afore-
mentioned scenarios corresponding to average active agd re A - 4 and the both | )
: : : ; Fig. 13. The response of the true grid and the both equivatentdels at the
t!ve power em_)rs of both qugls. Fig. 13 depicts eqqum_qt average error values of the both equivalents while PV systara equipped
tive and reactive power variations versus the voltage #iara with Q(v) characteristics.
at the feeding point for the scenarios 46 and 28, respeytivel

In the scenario 46, in which the total PV production is higher
than the total demand, the active power-voltage behavithveof independent free parameters used to model PV systems as a

Model 11 and the true system are diametrically opposed. T§§Parate entity. Therefore, the piecewise behavior of 8D
similar course of discussion given in the previous subsactjbased reactive power control mechanism calls even more for

justifies this wrong behavior. Moreover, it is similarly ate @ddressing PV systems as a separate entity in the aggregatio
that the active power-voltage behavior of théodel | is ©f future distribution grids.

very close to the true system. The reactive power-voltage

characteristic curve of the true system in the lower graph VI. CONCLUSION

of Fig. 13 illustrates a sudden rise almost after the voltageThis paper deploys the gray-box modelling concept to pro-
of 1.05 p.u.. This lies in the fact that the DBV reactivepose a new static equivalent model of distribution grid$ait
power control mechanism in PV systems operates basedtigh level penetration of PV systems embedded with voltage
a feedforward signal of the voltage, and so, when the voRupport schemes such as the GGC standard characteristic
age goes beyond thresholds of PV systems, reactive poWasp(P) and droop-based voltage regulation characteristic
consumption is commenced. Furthermore, the multi-ohjectiQ(V). In the proposed model, PV systems within the grid are
coordinated DBV method tries to minimize reactive poweaggregated as a separate entity in addition to the ZIP elguiva
consumption; this leads to a narrower range of activatidoad. So, the proposed structure of the equivalent conefsts
band with high steep slopes for Q(V) characteristics [18]. lan equivalent ZIP load and an equivalent PV embedded with
this regard, reactive power compensation units of PV systean equivalent of the corresponding voltage support scheme
kick in at relatively higher voltages with a steep rise. Hencutilized in the grid. The paper also considers the trad#lion
due to aforementioned reasons, the reactive power-voltagay of addressing PV systems as the negative load in the grid
trajectory of the true system looks like a piecewise curvey investigate the quality of the proposed method. A utijtid
which can reason the higher average reactive power ermas used as the test true system; in this system with maximum
associated with théModel 1l in comparison with the GGC active and reactive demand of 515 kW and 170 kVar, the active
characteristic-based PV systems. Fig. 13 also illustrdtes and reactive power errors of the proposed ZIP/PV equivalent
the reactive power-voltage behavior of tModel Il cannot in the presence of the GGC characteristic were in the range of
track down the reactive power variations associated with PA44 kW (0.5%) and 384 kvar (2.2%), respectively; and in
systems due to the lack of flexibility in the model. On théhe presence of the DBV characteristics were in the range of
other hand, théModel | behaves in a similar manner as th@.6 kW (0.5%) and 83 kvar (4.9%), respectively. The results
true system due to a higher flexibility that stems from extrdemonstrate that the proposed equivalent model not only

i i i i i i i i
092 094 096 098 1 1.02 1.04 106 1.08

V [p.u]
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reduces active and reactive errors compared to the tradltio[16] A. Yazdani, A. Di Fazio, H. Ghoddami, M. Russo, M. Kazeita
way but also represents a similar trajectory behavid®iV)
and Qeq(V) at the feeding point as the true distribution grid
does. Furthermore, it is shown that the active power-veltag
behavior of the traditional model cannot be a proper repré?]
sentative of the true system for different possible scewsari
of consumption and production levels (e.g. in this caseystugs]
when the total production of PV systems goes beyond the total
load consumption level) due to inflexibility of the model tha
causes a bad parameter setting. It is also demonstrateththgto]
the case of PV systems equipped with DBV characteristies, th
reactive power-voltage characteristic of the traditiomaidel
cannot capture the piecewise functioning behavior of DB0]
characteristics embedded in PV systems.
Thus, in the current and future distribution grids with higr[bl]
level PV penetrations, it is beneficial to address PV systems

as a separate entity in the aggregation as demonstrated in[gg

proposed ZIP/PV equivalent.
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