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Abstract—Cascaded multilevel converter structure can be ap-
pealing for high-power solar photovoltaic (PV) systems thanks to
its modularity, scalability, and distributed maximum power point
tracking (MPPT). However, the power mismatch from cascaded
individual PV converter modules can bring in voltage and system
operation issues. This paper addresses these issues, explores the
effects of reactive power compensation and optimization on sys-
tem reliability and power quality, and proposes coordinated active
and reactive power distribution to mitigate this issue. A vector
method is first developed to illustrate the principle of power distri-
bution. Accordingly, the relationship between power and voltage
is analyzed with a wide operation range. Then, an optimized re-
active power compensation algorithm (RPCA) is proposed to im-
prove the system operation stability and reliability, and facilitate
MPPT implementation for each converter module simultaneously.
Furthermore, a comprehensive control system with the RPCA is
designed to achieve effective power distribution and dynamic volt-
age regulation. Simulation and experimental results are presented
to demonstrate the effectiveness of the proposed reactive power
compensation approach in grid-interactive cascaded PV systems.

Index Terms—Cascaded photovoltaic (PV) system, power—
voltage distribution, reactive power compensation, unsymmetrical

active power.
ORLDWIDE renewable energsesource: especially
W solarenergyaregrowingdramaticallin viewofenergy
shortagendenvironmentatoncern$l]-{3]. Large scalesolar
photovoltaic (PV) systems are typically conneto medium
voltagedistributiongrids,wherepowerconverter arerequired
to convertsolarenergyinto electricityin suct agrid-interactive
PV systeni4]-{14]. Toachievedirectmediun-voltagegrid ac
cessvithoutusingbulkymediumvoltagetransformeicascaded
multilevel converters are attracting more more attraction
due to their unique advantages such as enh energyhar
vestingcapabilityimplementedy distributec maximumpower

|I. INTRODUCTION

point tracking (MPPT), improved enelefficiency,lower cost,
higherpowerdensity,scalabilityanc modularity,plug-N-power
operation, etd11]-{14].

Althoughcascadednultilevel converter havebeensuccess
fully introduced in mediumto higt-voltageapplications such
aslargemotordrives,dynamicvoltage restorersteactivepower
compensations, and flexible ac transforme systemdevices
[15]-{28], theirapplicationsn PV system still facetoughchat
lenges because of solar power variability anc mismatch of
maximumpowerpointfrom eachconverte moduledueto man
ufacturing tolerances, partial shading, ' thermalgradients,
etc.In acascadedV systemthetotal acoutputvoltageis syn
thesized by the output voltage from each converter m in
one phase leg, which must fulfill grid cor or requirements.
Ideally, each converter module delivers the <activepower
to grid; hence, symmetrical voltage is distribL amongthese
modulesHowever,n theeventof active powermismatchfrom
these modules, the converter module with hi activepower
generation will carry more proportion of the wk ac output
voltage whichmayresultin overmodulatio if thesystenis not
oversized design. In serious scenario synthesizedoutput
voltagemay notbe enoughto meetthe systenrequirementAs
aresulttheactivepowermismatchmay notonly resultin losses
in energyharvestindutalsosysteninstabilityandunreliability
dueto theinadequat@utputvoltage or overmodulatiorissues.
Motivations aretowardaddressincthe aforementionedssues
andapproachingo mitigatethe negativ effectof activepower
mismatch. In [29}31], MPPT is achieved for ea modulein
these approaches to enhance energy harveHowever,only
unity powerfactorcontrolwasconsidere andtheinherenteac
tive powercompensatiorapabilityof the cascadedPV system
is ignored. As a result, the Pystem still surfers fro thede-
gradedpowerqualityandsystenreliability. It isrecognizedhat
reactive power compensation is able to pro strongvoltage
support in a wide range [18], [32].
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Fig. 1. Grid-interactive PV system with cascaded &nverters
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the converter module with high active power generatic
not required to provide reactive power, which has lim
the ca pability of reactive power compensation. Therefi
optimized solutionshave yet to be found and it is ve

critical to develop an effective reactive pov
compensation strategy for the gridteractive cascadedV
system.

This paper proposes an optimized reactive power-
pensation method and evaluates the effect of ree
power compensation on systemeliability and powel
quality in the gridinteractive PV systen with cascaded
convertermodules.A proper reactive power compensat
and distribution is consid ered to eliminate th
overmodulation caused by unsymmetrical a«power.In
theproperreactve powermanagemengnefirst emphasize
that the output voltage from the cascaded P)-tem must
to meet the grid code. The maximum reactive pc
compensatiomwill be activatedto mitigate this issueonce
active power mismatch occurs and voltage icurrent
distortion are detected. In thiway, correct active an
reactive power can be calculateahd MPPT for each
module can be achieved and grid code¢ can be met
simultaneously.However, overcompensatic of reactive
powermaybeprovided whichincreasethesystenbur- den.
Therefore reactivepowercompensatiommon¢ modulesis

[I. SYSTEM CONFIGURATIONAND POWER- VOLTAGE
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optimized and redistributed considering their respec
active power contribution on the premise that MPPT ce
achieved and grid code is fulfilled. As a result, system
reliability will be enhanced.

The rest of this paper is organized as follows. In Se:
Il, the cascaded PV system configuration is prese
and avector diagram is first derived to help illustrate
principle of active and reactive wer distribution
between eacimodule. Correspondingly, the relations|
between power and output voltage for each modul
analyzed under differentonditions. A reactive powe
compensation algorithm (RPCA), which is inherel
suitable for differenttypes of cascaded PV system,
developed in Section Il to improve system operatior-
formance in view of point of common coupling (PC
voltage rangeand MPPT implementatior Accordingly, a
control-system withthe proposer RPCA is designedto
achievedynamicvoltage regulation and optimized pov
distribution. The proposed - active power compensation
methodis implementedin the MAT- LAB/Simulink and
PSIM cosimulation platform and a kVA grid-interactive
laboratory prototype. Simulation and ex- mental results
at 2kVA are given to confirm the validity of the propos
reactive power compensation method in Sections \V,
respectivelyfollowed by conclusiorin SectionVI.

DISTRIBUTION

A. SystenConfiguration

Fig. 1 describes the system configuration of one-stage gridinteractive PV system with cascaded converter modules
each phase, which is very suitable fbe medium/high volta¢ application.Ilt canbe immuneto the leakagecurrentand PV

potential induced degradation issues. In this paper,- phasé®Vconverterareconnecteth “wye” configurationTheyrABLE |
VARIABLE DESCRIPTION INFIG. 1

Symbol Definition
Vovit(1=1,2,...,nt=a, b,c) outputvoltagefromeachPV arrays
Vdcj t dc capacitovoltage

idej t dccurrent

Vg t grid voltageon pointof commoncoupling(PCC)
ig t gridcurrent

Vs t converteoutputvoltagefromeachphase

Vi ot outputvoltagefromeachmodule

Ci n dccapacitor

L ¢ grid filterinductor

alsocanbeconnectedn “delta” configuration Thevariablesn
Fig. 1 are defineish Tablel.

In thetwo-stage PV system, the firstage dc/dc converte
with high voltage insulation can achieve the voltage boos
MPPT for the segmented PV arrays [34], [35]. The se-
stage thredevel H-bridge converter modules are cascade
augment the output tage, deliver active power to grid, a
provide reactive power compensation. Th-link voltage can
be controlled to be constant and the same in each con

module. For the low voltage application, sir-stage system
configuration can be considereghere the dc/dc converters
Fig. 1 can be replaced by Qu&sSource network or be +e
moved according to system requirement [7], [29], [30], [
The singlestage PV system features simple configuration
fewer devices integration in each modwHowever, additional
methods need be developed to solve the leakage current
In addition, the system may need to be oversized to acc-
date the wide input voltage variation [25], [30], [32]. In th
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configurations, unsymmetrical active power mayharvested
from the cascaded modules due to PV module mismatc-

entation mismatch, partial shading, etc. In this case, imp
powerdistributionandcontrolareproneto anintrinsicinstability

problemif MPPTis still desiredwhichresult:in alimited oper

ationrangefor the system36]. Moreover,it mayalsoseriously
deteriorateéhesystenreliability andpowerquality. Particularly,
appropriate reactive power compensation is very helpful -

prove the operation of the cascaded PV sy: Considering
active power is produced by PV arrays and reactive pow-

jection or absorption is regardless of PV arrays, one expe
independenactiveandreactivepowercontro for eachmodule.
By this way, effect of reactive power compensation system
reliability and power quality can be investigated. In this pe
efforts are focused on the intelligent reactive power cor

sation method and optimized reactive power distribution i
eachmodule.

B. Powerand VoltageDistributionAnalysis

In the cascaded PV system, the same ac grid current
through the ac side of each converter module. There
the output voltage distribution of each module will detern
theactiveandreactivepowerdistribution.In orderto clarify the
powerdistribution, four modules are selected in cascaded
PV convertersn eachphaseasanexample Vectol diagramsare
derivedin Fig. 2 to demonstratéhe principle of powerdistribu
tion between the cascaded converter modules in phase
The sameanalysis can be extended to phases b and c. It r
that active and reactive power will be independently contr
in each phase. Therefore, a discrete Fourier transform -
locked loop (PLL) method is adopted in this paper, whic
only based on sgle-phase grid voltage orientation and ¢
ex- tract fundamental phase, frequency, and ampli
information from any signal [8]. Considering that the F
voltage is rela tively stable,vga is first used as the PL
synchronous signal of tleascadedV systen asshownin Fig.
2(a). vga is transformed into. stationary reference fran
quantitiesvga . andvga Wwhich is the virtual voltage wit @&
phase shift ta/ga .. Theyare converted toga dandvgaqin the
dq synchronous referenceframe, wherevg, is aligned with
the d-axis by PLL control [8]. Ideally, vqa 4 IS equal to the
magnitude of PCGvoltage Vga and vga ¢ is zero. Once the
phaseshift angle ig a betweenvga and grid currentiga is
detected, the new q synchronougefer ence frame can t
defined. In this framédgais aligned wittthed -axis. Therefore,
the d -axis componentisa ¢ of the whole PV system outp
voltage vsa directly decides the activpower injection. The
contribution of each module output voltage onq -axis
componentvsa q is closely related to the reactivpower
compensation.

Fig. 2(b) illustratesvoltage distribution of four cascaded
con verter modules under unsymmetrice active power
generationin phasea. The output voltage of the total
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converterVsa is synthe sizedby the four convertermodule
output voltage with different amplitud and angles.The
voltagecomponentsfeachmodule ind g frame,vja ¢ andvja
q(=1,2,...,4), can be inc- pendentlycontrolledto
implementhedecoupledictiveanc re- activepowercontrol.
Becauseof the samegrid curren through eachconvert
module, the distributed d -axis and g -axis volt- age
componentsn d g frame determini the active andreactive
powerdistributionin theseconverte modulesyespectivelyThe
Viad> V2ad> V3ad> Vaa dindicates thamodulel gen
erategshemaximumactivepoweranc moduled generatethe
minimum activepower.The Via q= Ve aq=V3aaq= V4aq
reveals that the same reactive povus provided by these
modules The previousanalysisfurthet clarified therelation
ship between the previous voltage components and g
distribution.
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Fig. 2. Vectordiagrams showing relation betweenframe,dq frame, andl gframe. (a) Relationship between grid current, grid voltage, and converter

voltagein phasea. (b) Voltagedistributionof the PV converte in phasea.

Theaverageactiveandreactivepowerto gridin phasea, Pga
andQga, can bederivedby

P _jQ =V YVsa--Va (1)
ga — ga - _—
1 IXe

whereVya is the vector of/ga, Vsa is the vector ovsa, XL =

& t, &sthefundamentatadianfrequencyancLyisthegrid
filterinductor.

Considering the cascaded topology and -moc structure,
Pga andQga can also be expressasl

Pga = l_ysav a Sln /a :_l Vgalga d
2 X 2 -
1 2 2
= ,Vsa-d X Iga_ at 'gé q
Qua= 1 VeaVga 1Mgia 1
o Cos la+3 » = #Vgaiga
7o CRhtia SaVmiea
_1 o
— sa-g ga-d - 2 Iga_d +gf1_q A
gagq

()
whereVya is the magnitude o¥ga , Vsa is the magnitude o
Vsa, laiS phase angle betweega andvsa, igadis thed-axis
component ofga, andiga_qis theg-axis component Ciga.

wherePga ra te d IS the rated active power to grid in phase
Quara ted iS the rated reactive power to grid in phasand nu

merically equal tPga_ra ted , iga d ra ted IS thed-axiscomponent
of rated grid current in phase a, &1 andk2 are defined as

activeandreactivepowerdistributior coefficientsyespectively.
According to (2) and (3Vsacan be calculat¢ as

N & Vsa_d + Vsa_q
2k1 Pga ra ted XL \ 2k2 P gara ted XL ‘
= = + V— - Vga
Vga ga
(4)
Based on (3), thesa ¢ andvsa q can be derive by
\Vi = —LV
sa_d 2 ga [
Vsa_gags lgw—gk ?Vga ky + kZ2igad ra ted XL. (5)
- m 2
o I1(*"(2

A specific PV system application is selected to illustrate
relationship between active power, reactive power, and o
voltage as shown in Figs=8. In this application, thPgarate d
is 1MW, Ls is 0.8 mH, and the root mean square (RN

In orderto evaluateheeffectof reactivepowelcompensation value of lineline PCC voltage is 1kV. Vsa, Vsa d, @andvsa ¢

on the system reliability, one assumes fgafand Qga in the
generakase are givdny

— -1 i
Pga— kl Pga rated — |§1Vga|ga d rated
2 Z

are normalized to clarify the aforementioned analysis, w

the magnitude of phasground PCC voltagVya is definedas
1.0p.u.
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Fig. 3. Operation range w4 4 With respect to different active and react
power togrid.

Fig. 5. Operation range ¥sawith respect to different active and reacipower
togrid.

Fig. 4. Operation range ufa qWwith respect to different active and react
power togrid.
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Fig. 6. Relationship betweeRad, Vsa q, andVsa with fixed ki = 0.6
andvariedkz.

analysisfurther,therelationshipbetweervsa d, Vsa q , and
Vsawith fixed ky = 0.6 and variedk: is depicted in Fig. |
as an example. There are different cases to ger
active power witlD.6Pga rated fromthecascade converter
moduleswherevsad andvsa g change withk> . No matter
what kind ofcase,Vsa mustfulfill thesystenrequirement,
whichshouldbeontheflatsurfaceshownin Fig.5.

It canbe seenfrom Fig. 6 thatvsa 4 is graduallyreduced
with the increase of reactiygower. The reducecvsad is
helpful to reduce the burden of dc voltage. 7 shows
an example withfour cascadedconverte modulesto
illustrate how reactive power compensatio-contributesto
overcoming overmodulation caused by unsymmetrical
activepowerin phasea. As shownin Fig. 7(a), the output
voltages from four modules are the same under
symmetricabctivepowergenerationthatis Via = Voa = Vaa
= V4a. Theird -axiscomponentarealsothe samewhich is
Viad = V2ad = Vaad = Vaad . There is no reactive pow
requirement. These output voltaYyea Vasa , are not more
than their respectivedc voltage. However when the
unsymmetrical activepower is producel by these
modules,for example,the activepower from modulesl
and 2 is greaterthan onesfrom module 3 and 4, over
modulationwill happenAsdepictedn Fig. 7(b),viadand
V2 adare greater thawm a s andvs a g considerini the same
ac currentgoesthroughthesemodules. Withou reactive
power compensationyi o and V2 5 will exceed their d
voltage, which results in overmodulation of the t
modulesoutputvoltages.With the help of reactivepower,
V1aandVz2a arebroughtbackto the desire( values,which
areless than their dc voltage as shown in Fig. 7(c). - -
increase ofsaqcontribute to the reduction wsad, which
ensures that the synthesized voltage of each modu
their d -axis andq -axis componentss nc morethandc
voltage. Therefore, the overmodulatic caused by
unsymmetricafctivepowercanbe overcome

It is obvious that the system reliability can be furthe-
hanced if the reactive power compensation with a w
range is allowed by grid codes. When< 0, the PV syste
injects
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Fig. 7. Voltagedistribution of four cascaded converter moduled q frame. (a) Symmetrical actiygmwergeneration without reactive pov compensation.
(b) Unsymmetricahctivepowergeneratiomwithoutreactivepowercompensatior(c) Unsymmetricafctivepowergeneratiowith reactivepowercompensation.

reactive power into grid to support PCC voltage to avoi
dervoltage and help MPPT implementation. Wik, > 0, the
PV system absorbs reactive power from grid to support
voltage to avoid overvoltage am&lp MPPT implementatio!
However jf reactivepowercompensatiois not allowedby grid
codes, MPPT control will be disabled and equal active pt
output from eactconverter module will be controlled to -
sure the reliable system operation, which will be introduce
Sectionlll.

As discussee@arlier,theobjectiveof reactive powercompen
sation is to avoid the overmodulation. In terms of the c-
bution of each module oNsa ¢ andvsa q, as-well its dc link
voltage the outputvoltageof eachPV converte moduleshould
be subject to the followingpnstraint:

(MpjaVea d) * (MgjaVsa ) Vadiag=12 .  p)

(6)
where mpja is defined as the percentagevsa ¢ in thejth
cell, mgja is defined as the percentagevef 4 in the jth cell,
Mpa = _ 1MPja=1,Mqga= ?:1 Mgaj = 1, andVdcja
is thedc-link voltagein thejth cell in phasea.

An optimizedRPCAwill beelaborateih Sectiorlll. Fig.8,
asaninstanceijllustrateshowto obtainan optimizec voltage
distributionrelatedoreactivepowerdistributiorwhenthepre-
viousactivepowermismatchwith k; = 0.6 happen asshown
in Fig. 6, that igmp 1a =mMp 24 = 0.42 andmp 3a = Mp 4a =
r@g%&dﬁbelb@w&e@ﬁﬂﬁmﬁiar&@)th@ttht,a@@]QWﬁange
tive pemetitsiggetad intp 9ok, Dakh s SRSl utiaRs, satiel

the optimized voltage distribution k2 == 0.6 is selecteds
MQ1a = Mg2a = 0.15 andmg3a = Mg4a = 0.35. Similarly,
tiveasbhereeaipiesation kS (0) (s thpwherilebleivapor -
tooabsarkegngyttibe conshasiedo P Yy stem o0 FBEre @isid-
ering the grid voltage, dc voltage ripple, and reactive pc
loss,anoptimizedvoltagedistributior atk> = 0.7 is selecteds
mMQ1a = Mo2a =0.15 andmg3a = Mg4a = 0.35.

In this way, the reactive power distribution and compe-
tion can be optimized. The MPPT for each converter mc
andimprovedsystenreliability canbe implementedimultane
ously even under the unsymmetrical active power gener:
Althoughthe previousanalysiss specifiecin phasea, thesame
analysiscanbeappliedin phased anc c.

Ill. PROPOSEDREACTIVE POWER COMPENSATIONMETHOD
A. RPCA

Asaforementione@ppropriateeactivepowercompensation
will enhanceéhecascade®V systenreliability andimprove
power quality, especially for unsymmetrical active pcgen
eration. Fig. 9 shows the proposed RPCA for the cas PV

BYSHAE IHROREScAvd BB FAMBASSHIN T FiReRReHERd 12 P!
associated with modulation index of output voltage fr cas
caded PV converter modules, PCC voltage, and MPPT ct
implementation which will determine the active powv refer
encePy, . In the initial state, MPP"control for each PV con
vertermoduleis enabledandunity powel factoris implemented
consideringsymmetricabperatiornconditior actsonthesecas

or moa < 1 will both result inovermodulatior Consideringcaded modules.
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systenreliability. Oncetheovermodulatio is identified,the
intentionalreactivepowercompensatic is activatedo mitigate
theovermodulatiowith grid codeauthorizatior If PCCvolt-
age is high, maximum reactive power will be absorbed 1
grid to bringdown the PCC voltage with the normal volte
range according to the IEEE Std. 1547, as well possible
MPPTimplementatiorfor eachconverte modulesimultane
ously.ko= 1 is designated to achieve the maximum reac
power absorption. The PV systeiperates like an inductor.
Otherwisethemaximumreactivepowelis injectedinto grid
to provide the PCC voltage supp k2 = 1 isdesignatetb
executghemaximumreactivepowel injection. ThePV sys
temoperatesike acapacitorlf the maximumreactivepower
compensation still cannot eliminate the overmodulesMPPT
controlwill bedisabledto ensurehe securityandstability of
the cascaded PV system. Instead, reactive power comper
canbeoptimizedthatistheselectiolofkz,toreduceherisk of
overvoltager undervoltageause by themaximumreactive
powercompensationl herearediffereniwaysto optimizere-
activepowerdistributionin the cascade PV convertemodules
[14], [33]. In eitherway,thelimited conditionasshownin (6)
mustbe satisfiedto avoidtheovermodulatior It is notedthat
theselectedicvoltageandallowecvoltageripplewill alsoim-
pactonthereactivepowercompensatiooptimization.n this
papertheboundaryconditionin (6) is selectedo achievethe
optimizedreactivepowerdistribution which canlimit the unity
modulationvoltageoutputfor theconverte modulewith high
activepowergenerationevenhelpto possibleequivalengappar

j = 1Ppvja subtracting power loss, whicl definedas ent
powerbeingextractedrom eachPV converteimodule.
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Fig. 10. Block diagram of cascaded PV control system with the proposed RPCA in
TABLE I
SYSTEM CIRCUIT PARAMETERS IN' SIMULATION
Parameters Symbol Value
PV converter modules ieachphase Number n 4
Capacitovoltage Vacki(k=1,2...n;t=a,b,c) 3000 V (L.(p.u.
Capacitosize Cin 1000 F(0.02¢p.u.;
Filterinductol L¢ 5 mk-(0.056
Switchinc frequenc: for eact device fsw 5kHz
Grid (eachphase) Ratedreal power Pyt rated(t= a b, c) 1MW (0.333p.u.)
Ratedreactive power Qqgt rated(t=a, b, c) 1MVAR (0.333p.u.)
Rated RMS lin-ine voltage VgL L 12 kV (1.Cp.u.)
Ratecphasegroundvoltagemagnitude Vgt(t=a,b,c) 9.8 kV (0.81'p.u.)

in phases b and c. Particularly, the proposed PRCA beap based on the grid voltage requirement. Vgga 0on eachPV

plied for any type of the cascaded PV system, sur single:  converter modw is controlled to tracV,, to generate thed-
stage and twstage PV system [7], [14], [30]. The act and axis component command of grid curii ga_dr which will co-
reactive power is regulated in tfg synchronous referenc ordinateheMPPTimplementatioril4]. Thedecoupledturrent
frame.PLL is usedto synchronizeheoutputvoltage of thecas controlloopis developedo implemen thecurrenttrackof iga d
caded PV convertenga, grid currentiga with vga S0 thatthe andigagand generates thie-qg componentvsa g andvsa q of
desiredpowercontrolcanbeachievedTheRPCA provideshe s, in thedq synchronous reference frame. In ordeachieve
desired reactive pow&),, during unsymmetric: activepower theindependentontrolof activeandreactivepowerfrom each
fromthecascaded®V convertermodulesTheq axiscomponent module,Vsa ¢ andvsa gare converted tvsa ¢ andvsa g in the
command of gnd:urren(llau can be derived fror the desiredd q synchronous reference frame [1
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The modulatiorindex ofig. 11(f) shows the voltage al
outputvoltagecanbeobtainedyy mja = Vgear AS @ resulthe
active and reactive power can be properly distributed in
converter module, which achieves the MPPT and augmen
security and stability of the cascaded PV system opera-
multaneously.

[V. SIMULATION RESULTS

In order to explore the performance grid-interactive
cascadedPV systemwith the proposedeactive powercompen
sationapproachsimulationswerefirst conducte in acosimula
tion platformof MATLAB/Simulink andPSIM.A 3 MW/12 kV
threephasewo-stagecascade®V systemas shownin Fig. 1is
applied in this paper. The system parameters in simulatic
summarized imablell.

Figs. 11 and 12 illustrate the active and reactive pow:-
tribution, grid voltage and current change, voltage distribt
amongfour cascade®YV converteirmoduleswith reactivepower
injection and absorption during different scenarios in pha
respectively. Fig. 11(a) shows the power distribution wi-
active power injection considering the low grid voltage. At
beginning, the MPPT control is enathland each module t-
vestsmaximumpowerfrom thesegmenteéPV arrays At 0.5s,
the active power from four modul®s, — P4a, changes from
50 kW to 250kW. Active power to gritPga increases from
200 MW to 1IMW. The grid current magnitucl gaincreases
from 40 A to 200 A in Fig. 11(b). The system does not 1
the reactive power compensation because the symmett-
tive power can equalize the output voltage from these moc
There is no overmodulation, and grid current and PCC vo
hawe good quality as shown in Fig. 11(b) and (c). The mc-
tion indices from our modulesy a = muya, are within 1,
1].
At1ls,differentactivepowerisgeneratettomthefourmodules
dueto thedifferentirradiation.Modulesl anc 2 keep250kW
activepoweroutputbuttheactivepowerfrommodules3and4
reduceso50kW, whichresultdn bigpoweifluctuationduring
transientMoreovertheovermodulatiomause bytheunsym
metricalactivepowerseriouslydistortsthegrid currentig and
degradesystenoperatiorperformancasshowrin Fig.11(b)
and (d). The module indices from modules 1 anm; a and
Mpa, are in the rangel 1, 1]. After 1.5 s, MVAR reactive
powerQyga is injected to grid, which means tk> =- 1,and
reactivgpowerfromfourmodulesQia- Qaaiscontrolledothe
saméfirst. It showsthatthedynamicperformanc of reactive
poweris poor,whichiscausedythedistortecgridcurrentand
measuremembodulein PSIM.By thereactivepowercompen
sationthesystenreturngo thesteadyoperatioralthoughactive
powerdistributionamonghefourmodulegsstillunsymmetr
cal.Pga keepsat600kW, whichmeandhatk; = 0.6. Oncethe
systenoperatem safetyandsteadystatusthemaximumactive
poweroutputfromthefour modulesanbeaccuratel controlled
anddetectedThedynamicperformancef gridcurrentPCC
voltage Vga, and individual dc voltag¥gdc1a~ Vdc4a, canbe
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current waveforms beforand
after reactive power compensation optimization. - reactive
powerinjectioncanimprovesystenreliability butalsoincrease
thegrid voltagemagnitudeVya from 9.7to 10kV. In orderto
limit thevoltagerise theoptimizedreactivepowerinjectionis
reduced to— 600 kVAR, that is, ko = =0.6 which is
obtained
from Fig. 8. In this casethe unsymmetricz reactivepoweris
arranged between the four modulQ1 a = Q2 a = 95kVAR
andQza = Qs4a = —220kVAR. Thefilter inductorlossis also
providedbythePV systemBy thereactive poweroptimization,
Vgadecreases from 10 to %¥; the grid current still has goc
quality and total harmonic distortion (THD) is less than
The RPCAIs verifiedin this simulation

Fig. 12(a) shows the power distribution with reactive pc
absorption considering the high grid voltage. The same ¢
powerasonesn Fig. 11 changeé eacl stage At 1.5s,1 MVAR
reactive poweQqa , that is, k2 = 1, is absorbed from grid
eliminate the overmodulation af; ~-Q44 is controlled to the

same firstPgya keeps at 60&W, which means thek; = 0.6.
OncethemaximumactivepowerP1a = P44 is accuratelycap

turedatnewsteadysystemQia = Qaa IS rearrangedo reduce
therisk of undervoltaget2 s. Tnereactivepowerabsorption
canimprovesystenreliability butalsolowerthegrid voltage
magnitude/gafrom9.9t09.7kV asdepictedn Fig. 12(b)(f).
In ordertolimit thevoltagedrop,thetotalreactivepowerinjec-
tionisreducedo 700kVAR, thatis, k> = 0.7 whichis obtained
from Fig. 8. In this case, optimized reactive power dis-
tion canbederivedbasedn (6): Q1a = Q2a = 100kVAR and
Q3a= Qaa= 230kVAR: The filter inductor loss is provide
by a grid. By the reactive power optimizatiVgaincreases
from9.7t09.8kV, goodgrid currenisguaranteedandTHD is
lesghan5%.

V. EXPERIMENTAL RESULTS

Theexperimentsvereconducte in thelaboratoryto verify
the aforementioned theoretical analysis and the projre-
activepowercompensationontro performanceA two-stage
cascade®V systenprototypewith two 5 kW convertemod
ules has been developed and the block scheme is shc
Fig.13.Thecontrolalgorithmisimplementeiin DSP+ FPGA
controlplatform.Thedownscalecircuit parameterarelisted
in Tablelll. Consideringhepowetloss,actualineimpedance
andgrid equivalenimpedanceper unitsin experimentsarea
little differentfromonesdn simulationtasshownin Tablell.

Fig. 14 indicatesactivepowerdistribution reactivepower
distribution,grid voltage,andcurren changebeforeandafter
enablingheproposedpproaclhwith reactivepowerinjection,
respectivelylntheinitial stageftwomodulegenerat¢hesame
active powerP1a=P24a=710 W, and 1.4 kVactive power
consideringhelossis deliveredo grid asshownin Fig. 14(a).
Thereactivepowercompensatioisdisabletbecaus¢hesym-

metricalactivepowerensureghesameoutputvoltagefromthe
two modules and stable system operation. Subsequ P24
seen in Fig. 11(e).
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Fig. 13. Two-stagecascaded PV system prototype with two 5 kW converter mo
TABLE Il
SysTEM CIRCUIT PARAMETERS INEXPERIMENT
Parameters Symbol Value
PV converter modules iphasea Number n 2
Capacitoroltage Vicja(lj=1,2...,n) 200V (0.3!p.u.)
Capacitor size Cin 400 F(0.03¢p.u.)
Filterinductor L ¢ 2 mH (0.02:p.u.)
Switchingfrequencyfor eachdevice fsw 10kHz
Grid in phase Rated regbower Py arated 10 kW (1.(p.u.)
Rated reactive power Qgalrated 10kVAR (1.Cp.u.)
RMSphasegroundvoltage Vga 200 V (0.2¢p.u.)

output to fulfill the system requirement, which result:
overmodulatiorwith thedcvoltagelimit. As aresult,thegrid
currentisdistortecandseriousactivepowemismatclwill lead
tothesystenbreakdowrasshownin theleft zoome(waveforms
of Fig. 14(c).Afterward,theproposedRPCAis activatedand
maximum reactive poweQga =- 1.4 kVAR is injectedinto
gridandequakeactivepowerQia = Q2a = =730VAR isgen
erated from the two modulés eliminate the overmodulation.
Thelossonthefilter inductoris providedby the PV systemThe
grid currentiga retrieves good quality and THD is 4.5How-
ever, the- 1.4kVAR reactive power compensat incursthe
grid voltageVya increase from 280 to 29@ In order tc avoid

the overvoltage, the optimized reactive power compensat
introduced andQga decrease$rom- 1.4 to- 1.1kVAR. The

reactive power distribution ratio between the two modul
3:7basedon (6). Thefirst moduleoutputshigh activepowerbut
provides less reactiyeower.The reactive power sharing dc
notonly reducethe burdenof the secondmodule butalsoeffec
tively suppressetheovermodulationAs depictecin Fig. 14(c),
theVga decrease from 290 to 285 V aidstill keeps goot
quality.

Fig. 15illustratesactivepowerdistribution reactivepower
distribution,grid voltage,andcurren changebeforeandafter
enablingtheproposedpproactwith reactivepowerabsorption,
respectively. Initially, two modules generate the sactive
power,P1a = P25 = 760W, and1.5kW activepowerconsider
ingthelossisdeliveredo gridasshowrin Fig.15(a).Thereac
tive powercompensatiors disabledn Fig. 15(b).Subsequently,
P2a decreaseom760to 150W ancP1a keeps/60W,andQqga
is still controlledto bezero,whichcause seriougyrid current
distortionasshownintheleftzoome(waveformsf Fig.15(c).
In order to ensure the safe and stable system operatio
maximum reactive powdRga = 1.45 kVAR is first absorbed
from grid andthesamereactivepowel Q1a = Q2a = 700VAR
is absorbed by the two modules as shown in Fig. 15(b).
loss on the filter inductor is provided by grid. Tiga recov
ersgoodqualityandTHD is 4.68% Howeverthe1.45kVAR
reactive power compensation incurs the grid voliVya de-
creasdrom 300to 285V. In orderto avoidtheundervoltage,
theoptimizedreactivepowercompensatioisenabledndQga
decreasefom 1.45to 1.15kVAR. The reactivepowerdistri-
butionratiobetweerthetwo module:is 3:7basedn(6). The
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Fig. 15. Experimental results with the proposed approa reactivepower

Fig. 14. Experimental results with the proposed approach in regpower
compensation injection. (a) Active power distribution. (b) Reactive pow-
tribution. (c)Voltageand current waveforms with and without reacipower
compensation.

absorption. (a) Active power distribution. (b) Reactive p distribution.
(c) Voltageand current waveforms with and without reactive power comp
tion.
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