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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
and reactive power distribution to mitigate this issue. A vector 
method is first developed to illustrate the principle
bution. Accordingly, the relationship between power and voltage 
is analyzed with a wide operation range. Then, an optimized 
active power compensation algorithm (RPCA) is proposed to im
prove the system operation stability and reliability, and facilitate 
MPPT implementation for each converter module
Furthermore, a comprehensive control system with the RPCA 
designed to achieve effective power distribution
age regulation. Simulation and experimental results are
to demonstrate the effectiveness of the proposed reactive power 
compensation approach in grid-interactive cascaded

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

I. INTRODUCTION

ORLDWIDE renewable energyresources,
solarenergy,aregrowingdramatically

shortageandenvironmentalconcerns[1]–[3].
photovoltaic (PV) systems are typically connected
voltagedistributiongrids,wherepowerconverters
to convertsolarenergyinto electricityin such
PV system[4]–[14]. Toachievedirectmedium
cesswithoutusingbulkymedium-voltagetransformer,
multilevel converters are attracting more and
due to their unique advantages such as enhanced

vestingcapabilityimplementedbydistributed
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Cascaded multilevel converter structure can be ap-
power solar photovoltaic (PV) systems thanks to 

its modularity, scalability, and distributed maximum power point 
the power mismatch from cascaded 

nverter 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-

proposes coordinated active 
reactive power distribution to mitigate this issue. A vector 

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 

module simultaneously. 
Furthermore, a comprehensive control system with the RPCA is 

distribution and dynamic volt-
age regulation. Simulation and experimental results arepresented 
to demonstrate the effectiveness of the proposed reactive power 

cascaded PV systems.

Cascaded photovoltaic (PV) system, power–
compensation, unsymmetrical 

resources,especially
dramaticallyinviewofenergy

[3]. Large-scalesolar
photovoltaic (PV) systems are typically connectedto medium-

convertersarerequired
suchagrid-interactive

medium-voltagegrid ac-
transformer,cascaded

multilevel converters are attracting more andmoreattraction
due to their unique advantages such as enhancedenergyhar-

distributedmaximumpower

point tracking (MPPT), improved energy
higherpowerdensity,scalabilityand
operation, etc.[11]–[14].

Althoughcascadedmultilevelconverters
fully introduced in medium- to high
aslargemotordrives,dynamicvoltage
compensations, and flexible ac transformation
[15]–[28], theirapplicationsin PV systems
lenges because of solar power variability and the
maximumpowerpointfromeachconverter
ufacturing tolerances, partial shading, dirt,
etc.In acascadedPV system,thetotal
thesized by the output voltage from each converter module
one phase leg, which must fulfill grid codes
Ideally, each converter module delivers the same
to grid; hence, symmetrical voltage is distributed
modules.However,in theeventof active
these modules, the converter module with higher
generation will carry more proportion of the whole
voltage,whichmayresultin overmodulation
oversized design. In serious scenario, the
voltagemaynotbeenoughto meetthe
aresult,theactivepowermismatchmay
in energyharvestingbutalsosystem
dueto theinadequateoutputvoltage
Motivations aretowardaddressing
andapproachingto mitigatethenegative
mismatch. In [29]–[31], MPPT is achieved for each
these approaches to enhance energy harvesting.
unitypowerfactorcontrolwasconsidered
tive powercompensationcapability
is ignored. As a result, the PV system still surfers from
gradedpowerqualityandsystemreliability.
reactive power compensation is able to provide
support in a wide
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point tracking (MPPT), improved energyefficiency, lower cost, 
andmodularity,plug-N-power 

convertershavebeensuccess-
to high-voltageapplications such

voltagerestorers,reactivepower
compensations, and flexible ac transformationsystemdevices

systemsstill facetoughchal-
lenges because of solar power variability and themismatch of

convertermoduledueto man-
ufacturing tolerances, partial shading, dirt,thermalgradients,

totalacoutputvoltageis syn-
thesized by the output voltage from each converter modulein
one phase leg, which must fulfill grid codesor requirements.
Ideally, each converter module delivers the sameactivepower

hence, symmetrical voltage is distributedamongthese
activepowermismatchfrom

these modules, the converter module with higheractivepower
generation will carry more proportion of the wholeac output

overmodulationif thesystemis not
oversized design. In serious scenario, thesynthesizedoutput

thesystemrequirement.As
maynotonlyresultin losses
instabilityandunreliability

voltageor overmodulationissues.
the aforementionedissues

negativeeffectof activepower
MPPT is achieved for eachmodulein

these approaches to enhance energy harvesting.However,only
consideredandtheinherentreac-

of thecascadedPV system
system still surfers fromthede-

reliability. It is recognizedthat
reactive power compensation is able to providestrongvoltage

range [18], [32].

39
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Fig. 1. Grid-interactive PV system with cascaded PV converters.
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the converter module with high active power generation is 
not required to provide reactive power, which has limited 
the ca- pability of reactive power compensation. Therefore, 
optimized solutions have yet to be found and it is very 
critical to develop an effective reactive power 
compensation strategy for the grid- interactive
system.

This paper proposes an optimized reactive power com
pensation method and evaluates the effect of reactive 
power compensation on system reliability and power 
quality in the grid-interactive PV system
convertermodules.A proper reactive power compensation 
and distribution is consid- ered to eliminate the 
overmodulation caused by unsymmetrical active
theproperreactivepowermanagement,onefirst emphasizes 
that the output voltage from the cascaded PV sys
to meet the grid code. The maximum reactive power 
compensationwill be activatedto mitigate
active power mismatch occurs and voltage and 
distortion are detected. In this way, correct active and 
reactive power can be calculated,and MPPT
module can be achieved and grid code
simultaneously.However, overcompensation
powermaybeprovided,whichincreasesthesystem
Therefore,reactivepowercompensationamong

II. SYSTEM CONFIGURATION AND 

A. SystemConfiguration

Fig. 1 describes the system configuration of one two
each phase, which is very suitable for the medium/high voltage
potential induced degradation issues. In this paper, three

Symbol

Vp v j t  (j =  1, 2, . . . , n 
Vd c j  t

id c j  t

vg  t

ig   t

vs  t

vj   t

Ci  n

L  f

alsocanbeconnectedin “delta” configuration.
Fig. 1 are definedin Table I.

In the two-stage PV system, the first-stage dc/dc converters 
with high voltage insulation can achieve the voltage boost and 
MPPT for the segmented PV arrays [34], [35]. The second
stage three-level H-bridge converter modules are cascaded to 
augment the output voltage, deliver active power to grid, and 
provide reactive power compensation. The dc
be controlled to be constant and the same in each converter 

                                                                                                                        
                                                                                                                                                
                                                                                                                            Available online at

International Journal of Advanced Research Trends in Engineering and Technology 
September 2015

the converter module with high active power generation is 
not required to provide reactive power, which has limited 

pability of reactive power compensation. Therefore, 
yet to be found and it is very 

ritical to develop an effective reactive power 
interactivecascadedPV

This paper proposes an optimized reactive power com-
pensation method and evaluates the effect of reactive 

reliability and power 
with cascaded

A proper reactive power compensation 
ered to eliminate the 

overmodulation caused by unsymmetrical activepower.In
first emphasizes 

that the output voltage from the cascaded PV sys- tem must 
to meet the grid code. The maximum reactive power 

this issueonce
active power mismatch occurs and voltage and current 

correct active and 
MPPT for each

grid code can be met
overcompensationof reactive

systembur- den.
amongmodulesis 

optimized and redistributed considering their respective 
active power contribution on the premise that MPPT can be 
achieved and grid code is fulfilled. As a result, the 
reliabilitywill be enhanced.

The rest of this paper is organized as follows. In Section 
II, the  cascaded  PV  system  configuration  is  presented  
and a vector diagram is first derived to help illustrate the 
principle   of active and reactive po
between eachmodule. Correspondingly, the relationship 
between power and output voltage for each module is 
analyzed under differentconditions. A reactive power 
compensation algorithm (RPCA), which is inherently 
suitable for different types of cascaded PV system, is 
developed in Section III to improve system operation per
formance in view of point of common coupling (PCC) 
voltage rangeand MPPT implementation.
control system withthe proposed
achievedynamicvoltage regulation and optimized power 
distribution. The proposed re-
method is implementedin the
PSIM cosimulation platform and a 10 
laboratory prototype. Simulation and experi
at 2 kVA are given to confirm the validity of the proposed 
reactive power compensation method in Sections IV and
respectively,followedbyconclusion

AND POWER– VOLTAGE

DISTRIBUTION

Fig. 1 describes the system configuration of one two-stage grid-interactive PV system with n cascaded converter modules for 
the medium/high voltageapplication.It canbe immuneto the

potential induced degradation issues. In this paper, three- phasePVconvertersareconnectedin“wye” configuration.
VARIABLE DESCRIPTION IN FIG.1

Definition

. . . , n ; t =  a, b , c) outputvoltagefromeachPV arrays
dc capacitorvoltage

dccurrent
grid voltageonpointof commoncoupling(PCC)

gridcurrent
converteroutputvoltagefromeachphase

outputvoltagefromeachmodule
dccapacitor

grid filterinductor

configuration.Thevariablesin 

stage dc/dc converters 
with high voltage insulation can achieve the voltage boost and 
MPPT for the segmented PV arrays [34], [35]. The second-

bridge converter modules are cascaded to 
ltage, deliver active power to grid, and 

provide reactive power compensation. The dc-link voltage can 
be controlled to be constant and the same in each converter 

module. For the low voltage application, single
configuration can be considered, where the dc/dc converters in 
Fig. 1 can be replaced by Quasi-Z
moved according to system requirement [7], [29], [30], [32]. 
The single-stage PV system features simple configuration and 
fewer devices integration in each module. 
methods need be developed to solve the leakage current issues. 
In addition, the system may need to be oversized to accommo
date the wide input voltage variation [25], [30], [32]. In these 
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optimized and redistributed considering their respective 
active power contribution on the premise that MPPT can be 
achieved and grid code is fulfilled. As a result, the system 

The rest of this paper is organized as follows. In Section 
II, the  cascaded  PV  system  configuration  is  presented  

vector diagram is first derived to help illustrate the 
principle   of active and reactive power distribution 

module. Correspondingly, the relationship 
between power and output voltage for each module is 

conditions. A reactive power 
compensation algorithm (RPCA), which is inherently 

types of cascaded PV system, is 
developed in Section III to improve system operation per-
formance in view of point of common coupling (PCC) 

implementation.Accordingly, a
proposedRPCA is designedto

voltage regulation and optimized power 
active powercompensation

the MAT- LAB/Simulink and 
PSIM cosimulation platform and a 10 kVA grid-interactive 
laboratory prototype. Simulation and experi- mental results 

are given to confirm the validity of the proposed 
reactive power compensation method in Sections IV andV,

conclusionin SectionVI.

cascaded converter modules for 
the leakagecurrentand PV 

configuration.TheyTABLE I

module. For the low voltage application, single-stage system 
where the dc/dc converters in 
Z-Source network or be re-

moved according to system requirement [7], [29], [30], [32]. 
stage PV system features simple configuration and 

fewer devices integration in each module. However, additional 
methods need be developed to solve the leakage current issues. 
In addition, the system may need to be oversized to accommo-
date the wide input voltage variation [25], [30], [32]. In these 
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configurations, unsymmetrical active power may be 
from the cascaded modules due to PV module mismatch, ori
entation mismatch, partial shading, etc. In this case, improper 
powerdistributionandcontrolarepronetoan
problemif MPPTis still desired,whichresults
ationrangefor thesystem[36]. Moreover,it
deterioratethesystemreliability andpowerquality.
appropriate reactive power compensation is very helpful to im
prove the operation of the cascaded PV system.
active power is produced by PV arrays and reactive power in
jection or absorption is regardless of PV arrays, one expects an 
independentactiveandreactivepowercontrol
By this way, effect of reactive power compensation on 
reliability and power quality can be investigated. In this paper, 
efforts are focused on the intelligent reactive power compen
sation method and optimized reactive power distribution from 
eachmodule.

B. Power and Voltage DistributionAnalysis

In the cascaded PV system, the same ac grid current flows 
through the ac side of  each  converter  module.  Therefore,  
the output voltage distribution of each module will determine 
theactiveandreactivepowerdistribution.In
power distribution, four modules are selected in the 
PV convertersin eachphaseasanexample.Vector
derivedin Fig. 2 to demonstratetheprinciple
tion between the cascaded converter modules in phase a [14]. 
The same analysis can be extended to phases b and c. It means 
that active and reactive power will be independently controlled 
in each phase. Therefore, a discrete Fourier transform phase
locked loop (PLL) method is adopted in this paper, which is 
only based on single-phase grid voltage orientation and can 
ex- tract fundamental phase, frequency, and amplitude 
information from any signal [8]. Considering that the PCC 
voltage is rela- tively stable, vga is first used as the PLL 
synchronous signal of thecascadedPV system
2(a). vga is transformed into �.����stationary reference frame 
quantities vga �.��and vga ����which is the virtual voltage with 
phase shift to vga �.��. They are converted to vga 

dq synchronous refer- enceframe,wherev
the d-axis by PLL control [8]. Ideally, vga 

magnitude of PCC voltage Vga and vga q 

phase-shift angle ��ig a between vga and grid current 
detected, the new d q synchronous refer- ence frame can be 
defined. In this frame, iga is aligned withthe 
the d -axis component vsa d of the whole  PV system output 
voltage vsa directly decides the active power 
contribution of each module output voltage on   
component vsa q is closely related to the reactive 
compensation.

Fig. 2(b) illustratesvoltage distribution
con- verter modules under unsymmetrical
generation in phasea. The output voltage
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configurations, unsymmetrical active power may be harvested 
from the cascaded modules due to PV module mismatch, ori-
entation mismatch, partial shading, etc. In this case, improper 

intrinsicinstability 
resultsin a limited oper-

mayalsoseriously 
quality.Particularly, 

appropriate reactive power compensation is very helpful to im-
prove the operation of the cascaded PV system.Considering 
active power is produced by PV arrays and reactive power in-
jection or absorption is regardless of PV arrays, one expects an 

controlfor eachmodule. 
effect of reactive power compensation on system 

reliability and power quality can be investigated. In this paper, 
efforts are focused on the intelligent reactive power compen-
sation method and optimized reactive power distribution from 

In the cascaded PV system, the same ac grid current flows 
through the ac side of  each  converter  module.  Therefore,  
the output voltage distribution of each module will determine 

orderto clarify the 
distribution, four modules are selected in the cascaded

Vectordiagramsare 
principleof powerdistribu-

tion between the cascaded converter modules in phase a [14]. 
analysis can be extended to phases b and c. It means 

that active and reactive power will be independently controlled 
in each phase. Therefore, a discrete Fourier transform phase-
locked loop (PLL) method is adopted in this paper, which is 

phase grid voltage orientation and can 
tract fundamental phase, frequency, and amplitude 

information from any signal [8]. Considering that the PCC 
is first used as the PLL 

stemasshownin Fig.
stationary reference frame 

which is the virtual voltage with �Œ/2 
vga d and vga q in the 
vga is alignedwith

ga d is equal to the 
q is zero. Once the 

and grid current iga is 
ence frame can be 

the d -axis. Therefore, 
of the whole  PV system output 

power injection. The 
contribution of each module output voltage on   q -axis 

is closely related to the reactive power 

of four cascaded
unsymmetrical active power

voltage of the total

converterVsa is synthe- sizedby
output voltage with different amplitude
voltagecomponentsof eachmodule in 
q (j = 1, 2, . . . , 4), can be inde
implementthedecoupledactiveand
Becauseof the same grid current
module, the distributed d -axis
componentsin d q frame determine
powerdistributionin theseconverter
v1 a d > v2 a d > v3 a d > v4 a d indicates that 
eratesthemaximumactivepowerand
minimum active power. The v1 a q 

reveals that the same reactive power 
modules.Thepreviousanalysisfurther
ship between the previous voltage components and power 
distribution.
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the four convertermodule
different amplitudeand angles.The

module in d q frame, vja d and vja 

4), can be inde- pendentlycontrolledto
andre- activepowercontrol.

current through eachconvert
axis and q -axis volt- age

determinethe activeandreactive 
convertermodules,respectively.The 

indicates that module 1 gen-
andmodule4 generatesthe 

a q = v2 a q = v3 a q = v4 a q 

reveals that the same reactive power is provided by these 
furtherclarified therelation-

ship between the previous voltage components and power 
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g

i

Fig. 2.Vector diagrams showing relation between �.����frame, 
voltagein phasea.(b) Voltagedistributionof thePV converter

Theaverageactiveandreactivepowertogrid
and Qga , can be derivedby

P jQ = V Vsa Vga
ga ga

ga jXL

where Vga  is the vector of vga , Vsa  is the vector of 
�&�/f, �&is thefundamentalradianfrequency,and
filter inductor.

Considering the cascaded topology and  modular 
Pga  and Qga  can also be expressedas
��
�� Pga  =  1  Vs a Vg a    sin �/a   = 1 Vgaiga d

�� 2    XL 2�� 1 2 2

= 2 vsa   d × iga    d   + iga  q

1   Vs a Vg a 1 V 2
a 1

�� Qga =
�� 2       XL

cos �/a  + 2   XL           
= 2 Vga iga

���� 2 v × i2 +  i2 + 1
2

= 1 
sa  q ga d

ga q
2 ga   

where Vga  is the magnitude of vga , Vsa is the magnitude of  
vsa , �/a is phase angle between vga and vsa , 
component of iga , and iga  q is the q-axis component of 

In orderto evaluatetheeffectof reactivepower
on the system reliability, one assumes that P
general case are givenby
��
�� Pga = k1 Pga  ra te d  = 1 k1 Vga iga  d  ra ted

2

                                                                                                                        
                                                                                                                                                
                                                                                                                            Available online at

International Journal of Advanced Research Trends in Engineering and Technology 
September 2015

1 2
2

k

frame, dq frame, and d q frame. (a) Relationship between grid current, grid voltage, and converter output 
converterin phasea.

grid in phasea,Pga

��

where Pga ra te d is the rated active power to grid in phase a,  
Qga ra te d is the rated reactive power to grid in phase a 
merically equal to Pga  ra te d , iga  d  ra te 

ga (1) of rated grid current in phase a, and k
activeandreactivepowerdistribution

According to (2) and (3), Vsa can be calculated
is the vector of vsa , XL   = 2 2

andLf is thegrid

Considering the cascaded topology and  modular structure,

Vsa    = v sa  d + vsa q

2k1 Pga  ra te d XL 
2

= +
Vga

2

Based on (3), the vsa  d   and vsa   q   can be derived
���� v =     �¥k1 V

ga q
sa d k 2 + k 2   ga

2 ��
ga q

vsa  q = �¥��k 2
2 Vga k1  +

ga   d + i XL
2 1 +k 2

(2)
is the magnitude of  
, iga d is the d-axis 

axis component of iga.
powercompensation 

Pga and Qga in the 

A specific PV system application is selected to illustrate the 
relationship between active power, reactive power, and output 
voltage as shown in Figs. 3–6. In this application, the 
is 1 MW,  Lf  is 0.8 mH, and the root mean square (RMS)  
value of line-line PCC voltage is 12 kV. 
are normalized to clarify the aforementioned analysis, which 
the magnitude of phase-ground PCC voltage 
1.0p.u.
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Vga

frame. (a) Relationship between grid current, grid voltage, and converter output 

is the rated active power to grid in phase a,  
is the rated reactive power to grid in phase a and nu-

ra te d is the d-axiscomponent
k1 and k2 are  defined as
coefficients,respectively. 

can be calculatedas

2k2 P ga ra tedXL
2

Vga .

(4)

can be derivedby

(5)k2 iga d  ra te d XL .

2

A specific PV system application is selected to illustrate the 
relationship between active power, reactive power, and output 

6. In this application, the Pga ra te d 

is 0.8 mH, and the root mean square (RMS)  
kV. Vsa , vsa d , and vsa q 

are normalized to clarify the aforementioned analysis, which 
ground PCC voltage Vga  is definedas
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Fig. 3. Operation range of vsa d with respect to different active and reactive 
power togrid.

Fig. 4. Operation range of vsa q with respect to different active and reactive 
power togrid.

                                                                                                                        
                                                                                                                                                
                                                                                                                            Available online at

International Journal of Advanced Research Trends in Engineering and Technology 
September 2015

with respect to different active and reactive 

with respect to different active and reactive 

Fig. 5. Operation range of Vsa with respect to different active and reactive 
togrid.
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with respect to different active and reactive power 
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Fig. 6. Relationship between vsa d , vsa  q , and Vsa  with fixed 
andvariedk2.

analysisfurther,therelationshipbetweenv
Vsa with fixed k1 = 0.6 and varied k2 is depicted in Fig. 6 
as an example. There are different cases to generate 
active power with0.6Pga rated fromthecascaded
modules,where vsa d and vsa q change with 
what kind ofcase, Vsa mustfulfill thesystem
whichshouldbeonthe flatsurfaceshownin

It canbeseenfrom Fig. 6 thatvsa d is gradually
with the increase of reactive power. The reduced 
helpful  to reduce the burden of dc voltage. Fig.
an example withfour cascadedconverter
illustratehow reactive power compensation
overcoming overmodulation caused by
activepowerin phasea.As shownin Fig.
voltages from four modules are the
symmetricalactivepowergeneration,thatis
= V4a. Theird -axiscomponentsarealsothe
v1a d = v2a d = v3a d = v4a d . There is no reactive power 
requirement. These output voltage,V1a V4a

than their respective dc voltage. However,
unsymmetrical active power is produced
modules,for example,the activepower from
and 2 is greaterthan onesfrom modules
modulationwill happen.As depictedin Fig. 7(b), 
v2 a d are greater than v3 a d and v4 a d considering
ac currentgoesthroughthesemodules. Without
power compensation,V1 a and V2 a will exceed their dc 
voltage, which results in overmodulation of the two 
modulesoutputvoltages.With thehelp of
V1 a andV2 a arebroughtbackto thedesired
areless than their dc voltage as shown in Fig. 7(c). The 
increase of vsa q contribute to the reduction of 
ensures that the synthesized voltage of each module by 
their d -axis and q -axis componentsis no
voltage. Therefore, the overmodulation
unsymmetricalactivepowercanbe overcome.

It is obvious that the system reliability can be further en
hanced if the reactive power compensation with a wider 
range is allowed by grid codes. When k2   < 0, the PV system
injects
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with fixed k1  = 0.6 

vsa d , vsa q , and
is depicted in Fig. 6 

as an example. There are different cases to generate 
cascadedconverter

change with k2 . No matter 
systemrequirement,

Fig.5.
graduallyreduced

The reduced vsa d is 
helpful  to reduce the burden of dc voltage. Fig.7 shows 

converter modules to
compensationcontributesto

unsymmetrical
7(a), the output

the same under
isV1a = V2a = V3a

thesame,which is 
. There is no reactive power 

a , are not more
However, when the
produced by these

from modules1
from modules3 and 4, over-

in Fig. 7(b), v1 a d and 
consideringthesame

modules. Withoutreactive
exceed their dc 

voltage, which results in overmodulation of the two 
of reactivepower,

desiredvalues,which
less than their dc voltage as shown in Fig. 7(c). The 

contribute to the reduction of vsa d , which 
ensures that the synthesized voltage of each module by 

no more than dc
the overmodulation caused by

be overcome.
It is obvious that the system reliability can be further en-

hanced if the reactive power compensation with a wider 
0, the PV system
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n n

Fig. 7.    Voltage distribution of four cascaded converter modules in 
(b) Unsymmetricalactivepowergenerationwithoutreactive

reactive power into grid to support PCC voltage to avoid un
dervoltage and help MPPT implementation. When 
PV system absorbs reactive power from grid to support PCC 
voltage to avoid overvoltage and help MPPT implementation. 
However,if reactivepowercompensationis not
codes, MPPT control will be disabled and equal active power 
output from eachconverter module will be controlled to en
sure the reliable system operation, which will be introduced in 
SectionIII.

As discussedearlier,theobjectiveof reactive
sation is to avoid the overmodulation. In terms of the contri
bution of each module on vsa d and vsa q , as well its dc link 
voltage,theoutputvoltageof eachPV converter
be subject to the followingconstraint:

(mP ja vsa  d )
2 + (mQja vsa   q )

2 �”��Vdcj a (j 

where  mP ja   is defined as  the  percentage of 
cell, mQja  is defined as the percentage of vsa 

mP a  = j = 1 mP j a = 1, mQa = j = 1   mQa 
is thedc-link voltagein thejth cell in phasea.

An optimizedRPCAwill beelaboratedin Section
asaninstance,illustrateshowto obtainanoptimized
distributionrelatedtoreactivepowerdistribution
viousactivepowermismatchwith k1 = 0.6 happens
in Fig. 6, that is mP  1a  = mP  2 a  = 0.42 and m
0.08 in (6). It canbeseenfromFig.8(a)thattheof reactive power compensation is k2   �� [   1
reac-
tive power is injected into grid. There is no solutions satisfying the condition (6) for k2  ����[    0.6, 0], where m

or  mQa  <  1  will  both  result  inovermodulation.
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��

distribution of four cascaded converter modules in d q  frame. (a) Symmetrical active power generation without reactive power
reactivepowercompensation.(c)Unsymmetricalactivepowergenerationwith

reactive power into grid to support PCC voltage to avoid un-
dervoltage and help MPPT implementation. When k2 > 0, the 
PV system absorbs reactive power from grid to support PCC 

help MPPT implementation. 
notallowedby grid 

codes, MPPT control will be disabled and equal active power 
converter module will be controlled to en-

sure the reliable system operation, which will be introduced in 

reactivepowercompen-
sation is to avoid the overmodulation. In terms of the contri-

, as well its dc link 
convertermoduleshould 

j = 1, 2, . . . ,n)
(6)

is defined as  the  percentage of vsa d    in the jth

the optimized voltage distribution at 
mQ 1a  = mQ 2a  = 0.15 and mQ 3a  = m
it can be seen from Fig. 8(b) that the available range of reactivepowercompensationis k2 �� [0.58
is absorbed by the cascaded PV system. There are no solutions satisfying the  condition (6)  for  
ering the grid voltage, dc voltage ripple, and reactive power 
loss,anoptimizedvoltagedistribution
mQ 1a  = mQ 2a  = 0.15 and mQ 3a  = m

In this way, the reactive power distribution and compensa
tion can be optimized. The MPPT for each converter module 
andimprovedsystemreliability canbe
ously even under the unsymmetrical active power generation. 
Althoughthepreviousanalysisis specified
analysiscanbeappliedin phasesb and

III. PROPOSED REACTIVE POWER C

A. RPCA

q   in the  jth cell, Asaforementioned,appropriatereactive

Qa j   = 1, andVdcj a will enhancethecascadedPV system

SectionIII. Fig.8, 
optimizedvoltage 

distributionwhenthepre-
happensasshown 
mP  3a  = mP  4a =

theavailablerange 1, 0.6] when

power is injected into grid. There is no solutions satisfying mQ 1 a  = mQ 2 a  = 0

power quality, especially for unsymmetrical active power
eration. Fig. 9 shows the proposed RPCA for the cascaded
system in phase a. The same algorithm can be used in phases   b and c. The reactive power compensatio
associated with modulation index of output voltage from  
caded PV converter modules, PCC voltage, and MPPT control 
implementation which will determine the active power  
ence Pga . In the initial state, MPPT 
vertermoduleis enabledandunity power
consideringsymmetricaloperationcondition

overmodulation.Consideringcaded modules. 
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generation without reactive powercompensation.
with reactivepowercompensation.

the optimized voltage distribution at k2  =   0.6 is selectedas
mQ 4a  = 0.35. Similarly,

it can be seen from Fig. 8(b) that the available range of reac-58, 1] whenreactivepower
is absorbed by the cascaded PV system. There are no solu-tions satisfying the  condition (6)  for  k2  ����[0, 0.58]. Consid-
ering the grid voltage, dc voltage ripple, and reactive power 

distributionatk2 = 0.7isselectedas 
mQ 4a  = 0.35.

the reactive power distribution and compensa-
tion can be optimized. The MPPT for each converter module 

beimplementedsimultane-
ously even under the unsymmetrical active power generation. 

specifiedin phasea, thesame 
andc.

COMPENSATIONMETHOD

reactivepowercompensation
systemreliability andimprove

power quality, especially for unsymmetrical active powergen-
eration. Fig. 9 shows the proposed RPCA for the cascadedPV
system in phase a. The same algorithm can be used in phases   b and c. The reactive power compensation requirement Q��    isga
associated with modulation index of output voltage from  cas-
caded PV converter modules, PCC voltage, and MPPT control 
implementation which will determine the active power  refer-

. In the initial state, MPPT control for each PV con-
powerfactoris implemented 
conditionactson thesecas-
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Fig.8. Voltagedistributionamongfourcascadedconverter

Fig. 9.    Flowchart of the proposedRPCA.

n
arrays
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convertermoduleswithk1 =0.6andk2 changes.(a)Reactivepowerinjection.

systemreliability. Oncetheovermodulation
intentionalreactivepowercompensation
theovermodulationwith gridcodeauthorization.
age is high, maximum reactive power will be absorbed from 
grid to bring down the PCC voltage with the normal voltage 
range according to the IEEE Std. 1547, as well help
MPPTimplementationfor eachconverter
ously. k2 = 1 is designated to achieve the maximum reactive 
power absorption. The PV system o
Otherwise,themaximumreactivepower
to provide the PCC voltage support.
executethemaximumreactivepower
temoperateslike acapacitor.If the
compensation still cannot eliminate the overmodulation,
controlwill bedisabledto ensurethe
the cascaded PV system. Instead, reactive power compensation 
canbeoptimized,thatistheselection
overvoltageor undervoltagecaused
powercompensation.Therearedifferent
activepowerdistributionin thecascaded
[14], [33]. In eitherway,thelimited
mustbesatisfiedto avoidtheovermodulation.
theselecteddcvoltageandallowed
pactonthereactivepowercompensation
paper,theboundaryconditionin (6)
optimizedreactivepowerdistribution,
modulationvoltageoutputfor theconverter
activepowergeneration,evenhelpto

j = 1 Ppv ja subtracting power loss, which is
powerbeingextractedfromeachPV
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injection.(b)Reactivepowerabsorption.

overmodulationis identified,the 
compensationis activatedto mitigate 

authorization.If PCCvolt-
age is high, maximum reactive power will be absorbed from 

down the PCC voltage with the normal voltage 
range according to the IEEE Std. 1547, as well helppossible 

convertermodulesimultane-
= 1 is designated to achieve the maximum reactive 

power absorption. The PV system operates like an inductor. 
poweris injectedinto grid 

to provide the PCC voltage support.k2 = 1 isdesignatedto
powerinjection.ThePV sys-
themaximumreactivepower 

compensation still cannot eliminate the overmodulation,MPPT 
thesecurityandstabilityof 

the cascaded PV system. Instead, reactive power compensation 
selectionofk2, toreducetheriskof 

causedby themaximumreactive 
differentwaysto optimizere-

cascadedPV convertermodules 
limited conditionasshownin (6) 

overmodulation.It is notedthat 
voltageripplewill alsoim-

compensationoptimization.In this 
(6) is selectedto achievethe 

distribution,whichcanlimit theunity 
convertermodulewith high 
topossibleequivalentappar-

subtracting power loss, which isdefinedas ent
PV convertermodule.
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ga q

Fig. 10. Block diagram of cascaded PV control system with the proposed RPCA in phase a.

PV converter modules ineachphase

Switching
Grid (eachphase)

Rated RMS line
Rated

in phases b and c. Particularly, the proposed PRCA can  
plied for any type of the cascaded PV system, such as 
stage and two-stage PV system [7], [14], [30]. The active 
reactive power is regulated in the dq synchronous reference 
frame.PLL is usedto synchronizetheoutputvoltage
caded PV converters vsa , grid current iga with 
desiredpowercontrolcanbeachieved.TheRPCA

��
desired reactive power Qga  during unsymmetrical
fromthecascadedPVconvertermodules.The
command  of  gridcurrent i�Û can be  derived from 
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Block diagram of cascaded PV control system with the proposed RPCA in phase a.

TABLE II
SYSTEM  CIRCUIT  PARAMETERS  IN SIMULATION

Parameters Symbol

Number n
Capacitorvoltage Vd c k i (k = 1, 2 . . . n ; t = a, b, c) 3000 V (1.0

Capacitorsize Ci n 1000 
Filterinductor L f

Switchingfrequencyfor eachdevice fSW

Ratedreal power Pg t    rated(t = a, b, c) 1MW
Ratedreactive power Qg t     rated(t  =  a, b, c) 1MVAR

Rated RMS line–line voltage 
Ratedphase-groundvoltagemagnitude

Vg L   L

Vg t (t = a, b ,c)
12 kV (1.0

9.8 kV (0.817

in phases b and c. Particularly, the proposed PRCA can  be ap- based on the grid voltage requirement. The 
plied for any type of the cascaded PV system, such as single- converter module is controlled to track 

stage PV system [7], [14], [30]. The active and axis component command of grid current
synchronous reference 

voltageof thecas-
with vga so that the 
RPCAprovidesthe

ordinatetheMPPTimplementation[14].
controlloop is developedto implement
and iga q and generates the d–q components 
vsa in the dq synchronous reference frame. In order to

during unsymmetricalactivepower theindependentcontrolof activeand
Theq-axiscomponent module, vsa  d  and vsa  q are converted to 

can be  derived from the desiredd q  synchronous reference frame [14]. 
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ga d

Value

4
3000 V (1.0p.u.)

1000 ����F (0.026p.u.)
5 mH(0.056)

5kHz
MW (0.333p.u.)

MVAR (0.333p.u.)
12 kV (1.0p.u.)

9.8 kV (0.817p.u.)

based on the grid voltage requirement. The Vdcja   on eachPV
��

e is controlled to track Vdc  to generate the d-
axis component command of grid currenti�� , which will co-

[14].Thedecoupledcurrent 
implementthecurrenttrackof iga d 

components vsa d and vsa  q  of 
synchronous reference frame. In order toachieve

reactivepowerfromeach
are converted to vsa  d   and vsa  q  in the

synchronous reference frame [14]. 
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The modulation indexofig. 11(f) shows the voltage and 
outputvoltagecanbeobtainedby mja = V d c 

active and reactive power can be properly distributed in each 
converter module, which achieves the MPPT and augments the 
security and stability of the cascaded PV system operation si
multaneously.

IV. SIMULATION RESULTS

In order to explore the performance of
cascadedPV systemwith theproposedreactive
sationapproach,simulationswerefirst conducted
tionplatformof MATLAB/Simulink andPSIM.
three-phasetwo-stagecascadedPV systemas
applied in this paper. The system parameters in simulation are 
summarized in TableII.

Figs. 11 and 12 illustrate the active and reactive power dis
tribution, grid voltage and current change, voltage distribution 
amongfourcascadedPVconvertermoduleswith
injection and absorption during different scenarios in phase a, 
respectively. Fig. 11(a) shows the power distribution with re
active power injection considering the low grid voltage. At the 
beginning, the MPPT control is enabled and each module har
vestsmaximumpowerfrom thesegmentedPV
the active power from four modules P1a P4

50 kW to 250 kW.  Active power to  grid Pga   

200 MW to 1 MW. The grid current magnitude 
from 40 A to 200 A in Fig. 11(b). The system does not need 
the reactive power compensation because the symmetrical ac
tive power can equalize the output voltage from these modules. 
There is no overmodulation, and grid current and PCC voltage 
have good quality as shown in Fig. 11(b) and (c). The modula
tion indices from our modules, m1 a      m4 a , are within  
1].
At 1s,differentactivepowerisgeneratedfrom
dueto thedifferentirradiation.Modules1 and
activepoweroutputbuttheactivepowerfrom
reducesto50kW,whichresultsin bigpower
transient.Moreover,theovermodulationcaused
metricalactivepowerseriouslydistortsthe
degradessystemoperationperformanceasshown
and (d). The module indices from modules 1 and 2, 
m2 a , are in the range[ 1, 1]. After 1.5 s, 1
power Qga  is injected to grid, which means that
reactivepowerfromfourmodulesQ1a Q4a

samefirst. It showsthatthedynamicperformance
powerispoor,whichiscausedbythedistorted
measurementmodulein PSIM.By thereactive
sation,thesystemreturnsto thesteadyoperation
powerdistributionamongthefourmodulesis
cal.Pga keepsat600kW,whichmeansthat
systemoperatesinsafetyandsteadystatus,the
poweroutputfromthefourmodulescanbeaccurately
anddetected.Thedynamicperformanceof grid
voltage  Vga ,  and  individual dc  voltage,Vdc
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ofig. 11(f) shows the voltage and current waveforms beforeand

d c j a 
. As a result,the after reactive power compensation optimization. The  

active and reactive power can be properly distributed in each 
converter module, which achieves the MPPT and augments the 
security and stability of the cascaded PV system operation si-

In order to explore the performance ofgrid-interactive 
reactivepowercompen-

conductedin acosimula-
PSIM.A 3 MW/12 kV 

asshownin Fig. 1 is 
applied in this paper. The system parameters in simulation are 

Figs. 11 and 12 illustrate the active and reactive power dis-
tribution, grid voltage and current change, voltage distribution 

with reactivepower 
injection and absorption during different scenarios in phase a, 
respectively. Fig. 11(a) shows the power distribution with re-
active power injection considering the low grid voltage. At the 

d and each module har-
PV arrays.At 0.5s,

4a , changes from 
ga   increases  from

The grid current magnitude Iga increases 
from 40 A to 200 A in Fig. 11(b). The system does not need 
the reactive power compensation because the symmetrical ac-

power can equalize the output voltage from these modules. 
There is no overmodulation, and grid current and PCC voltage 

good quality as shown in Fig. 11(b) and (c). The modula-
, are within  1,

fromthefourmodules 
and2 keep250kW 

frommodules3and4 
fluctuationduring 

causedbytheunsym-
grid currentig and 

shownin Fig.11(b) 
and (d). The module indices from modules 1 and 2, m1 a and 

1, 1]. After 1.5 s, 1MVAR reactive
is injected to grid, which means thatk2 = 1,and

iscontrolledtothe
performanceof reactive 
distortedgridcurrentand 
reactivepowercompen-
operationalthoughactive 

isstill unsymmetri-
k1 = 0.6.Oncethe 

themaximumactive 
accuratelycontrolled 

gridcurrent,PCC

powerinjectioncanimprovesystem
thegrid voltagemagnitudeVga from
limit thevoltagerise,theoptimized
reduced to  600  kVAR,  that  is,  
obtained
from Fig. 8. In this case,theunsymmetrical
arranged between the four modules, 
andQ3 a = Q4 a = 220kVAR. The
providedbythePV system.By thereactive
Vga decreases from 10 to 9.9 kV; the grid current still has good 
quality and total harmonic distortion (THD) is less than 5%. 
TheRPCAis verifiedin thissimulation.

Fig. 12(a) shows the power distribution with reactive power 
absorption considering the high grid voltage. The same active 
powerasonesin Fig.11changesin each
reactive power Qga , that is, k2 = 1, is absorbed from grid to 
eliminate the overmodulation and Q
same first. Pga keeps at 600 kW, which means that 
OncethemaximumactivepowerP
turedatnewsteadysystem,Q1a Q
therisk of undervoltageat2 s.The
canimprovesystemreliability but
magnitudeVga from9.9to9.7kV as
In ordertolimit thevoltagedrop,the
tion is reducedto700kVAR, thatis,
from Fig. 8. In this case, optimized reactive power distribu
tion canbederivedbasedon(6): Q
Q3 a = Q4 a = 230 kVAR. The filter inductor loss is provided 
by a grid. By the reactive power optimization, 
from9.7to9.8kV, goodgridcurrent
lessthan5%.

V. EXPERIMENTAL 

Theexperimentswereconducted
the aforementioned theoretical analysis and the proposed
activepowercompensationcontrol
cascadedPV systemprototypewith
ules has been developed and the block scheme is shown in 
Fig.13.Thecontrolalgorithmisimplemented
controlplatform.Thedownscaledcircuit
in TableIII. Consideringthepower
andgrid equivalentimpedance,per
little differentfromonesinsimulations

Fig. 14 indicatesactivepowerdistribution,
distribution,grid voltage,andcurrent
enablingtheproposedapproachwith
respectively.Intheinitial stage,two
active power, P1 a = P2 a = 710 W, and 1.4 kW 
consideringthelossisdeliveredto grid
Thereactivepowercompensationis
metricalactivepowerensuresthesame
two  modules and  stable system operation. Subsequently, 

dc1a Vdc 4a , canbe seen in Fig. 11(e). 
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after reactive power compensation optimization. The  reactive
reliability butalsoincrease

from 9.7to 10 kV. In orderto 
reactivepowerinjectionis 

that  is,  k2     =   0.6  which is

unsymmetricalreactivepoweris 
arranged between the four modules, Q1 a = Q2 a = 95kVAR 

Thefilter inductorlossisalso 
reactivepoweroptimization,

the grid current still has good 
quality and total harmonic distortion (THD) is less than 5%. 

simulation.
Fig. 12(a) shows the power distribution with reactive power 

absorption considering the high grid voltage. The same active 
eachstage.At 1.5s,1MVAR 
1, is absorbed from grid to 

Q1 a Q4a  is controlled to the
which means that k1 = 0.6. 

P1a P4a is accuratelycap-
Q4a is rearrangedto reduce 
reactivepowerabsorption
alsolower thegrid voltage 

asdepictedin Fig.12(b)–(f). 
thetotalreactivepowerinjec-
is,k2 = 0.7whichisobtained 

from Fig. 8. In this case, optimized reactive power distribu-
Q1a = Q2a = 100kVAR and 

The filter inductor loss is provided 
by a grid. By the reactive power optimization, Vga increases 

currentisguaranteed,andTHD is 

XPERIMENTAL RESULTS

conductedin thelaboratoryto verify 
the aforementioned theoretical analysis and the proposedre-

controlperformance.A two-stage 
with two 5kW convertermod-

ules has been developed and the block scheme is shown in 
implementedin DSP+ FPGA 

circuitparametersarelisted 
loss,actualline impedance 

perunitsin experiments,area 
simulationsasshowninTableII.

distribution,reactivepower 
currentchangebeforeandafter 

with reactivepowerinjection, 
twomodulesgeneratethesame 

= 710 W, and 1.4 kW active power 
gridasshownin Fig.14(a). 

isdisabledbecausethesym-
sameoutputvoltagefromthe

two  modules and  stable system operation. Subsequently, P2 a
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Fig. 11.    Simulation results with the proposed approach in reactive power injection. (a) Active and reactive power distribu
(c) Zoomedvoltageandcurrentwaveformsat 0.5 s. (d)
(f) Zoomedvoltageandcurrentwaveformsat2 s.
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Fig. 11.    Simulation results with the proposed approach in reactive power injection. (a) Active and reactive power distribution. (b) 
(d) Zoomedvoltageandcurrentwaveformsat 1 s. (e) Zoomedvoltageand
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tion. (b) Voltage and currentchanges.
andcurrentwaveformsat 1.5 s.



                                                                                                                        
                                                                                                            
                                                                                                                            

                        
                            
                       International Journal of Advanced Research Trends in Engineering and Technology 
                       Vol. 2, Issue 9, September 2015

Fig.12.   Simulationresultswith theproposedapproach
(c) Zoomedvoltageandcurrentwaveformsat 0.5 s. (d)
(f) Zoomedvoltageandcurrentwaveformsat2 s.
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approachin reactivepowerabsorption.(a)Activeandreactivepowerdistribution.
(d) Zoomedvoltageandcurrentwaveformsat 1 s. (e) Zoomedvoltage
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distribution.(b)Voltageandcurrentchanges.
andcurrentwaveformsat 1.5 s.
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Fig. 13.   Two-stage cascaded PV system prototype with two 5 kW converter modules.

PV converter modules inphasea

Grid in phasea

output to fulfill the system requirement, which results in 
overmodulationwith thedcvoltagelimit. As
currentisdistortedandseriousactivepowermismatch
tothesystembreakdownasshownin theleft zoomed
of Fig.14(c).Afterward,theproposedRPCA
maximum reactive power Qga = 1.4 kVAR 
gridandequalreactivepowerQ1a = Q2a = 730
erated from the two modules to eliminate the
Thelossonthefilter inductorisprovidedby the
grid current iga retrieves good quality and THD is 4.5%. 
ever,   the 1.4 kVAR reactive power compensation
grid voltage Vga  increase from 280 to 290 V. In order to
the overvoltage, the optimized reactive power compensation is 
introduced  and  Qga decreasesfrom 1.4  to
reactive power distribution ratio between the two modules is 
3:7basedon(6).Thefirst moduleoutputshigh
provides less reactive power. The reactive power sharing does 
notonly reducetheburdenof thesecondmodule
tively suppressestheovermodulation.As depicted
the Vga decrease from 290 to 285 V and iga still keeps good 
quality.
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cascaded PV system prototype with two 5 kW converter modules.

TABLE III
SYSTEM   CIRCUIT   PARAMETERS  INEXPERIMENT

Parameters Symbol Value

Number n 2
Capacitorvoltage 

Capacitor size 
Filterinductor

Switchingfrequencyfor eachdevice 
Rated realpower

Rated reactive power 
RMSphase-groundvoltage

Vd c j  a  (j = 1, 2 . . . , n)
C in 

L f 

fSW

Pg a ra te d 
Q g a [rated 

vg a

200 V (0.33
400 ����F (0.036
2 mH (0.022

10kHz
10 kW (1.0

10 kVAR (1.0
200 V (0.29

output to fulfill the system requirement, which results in 
As aresult,thegrid 
mismatchwill lead 
zoomedwaveforms 

RPCAisactivated,and 
kVAR is injectedinto

730VAR isgen-
overmodulation.

thePV system.The 
retrieves good quality and THD is 4.5%. How-

reactive power compensationincursthe
In order toavoid

the overvoltage, the optimized reactive power compensation is 
to 1.1 kVAR. The

reactive power distribution ratio between the two modules is 
highactivepowerbut 

The reactive power sharing does 
modulebutalsoeffec-
depictedin Fig.14(c), 

still keeps good 

Fig.15 illustratesactivepowerdistribution,
distribution,grid voltage,andcurrent
enablingtheproposedapproachwith
respectively. Initially, two modules generate the same
power,P1a = P2a = 760W, and1.5kW
ingthelossisdeliveredtogridasshown
tivepowercompensationisdisabledin
P2a decreasesfrom760to150W and
is still controlledto bezero,whichcauses
distortionasshownin theleft zoomed
In order to ensure the safe and stable system operation, the 
maximum reactive power Qga = 1.45 
fromgrid andthesamereactivepower
is absorbed by the two modules as shown in Fig. 15(b). The 
loss on the filter inductor is provided by grid. The 
ersgoodqualityandTHD is 4.68%.
reactive power compensation incurs the grid voltage 
creasefrom 300to 285V. In orderto
theoptimizedreactivepowercompensation
decreasesfrom 1.45to 1.15kVAR. The
butionratiobetweenthetwomodules
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Value

200 V (0.33p.u.)
(0.036p.u.)

2 mH (0.022p.u.)
kHz

10 kW (1.0p.u.)
(1.0p.u.)

200 V (0.29p.u.)

distribution,reactivepower 
currentchangebeforeandafter 

reactivepowerabsorption, 
respectively. Initially, two modules generate the sameactive 

kW activepowerconsider-
shownin Fig.15(a).Thereac-

in Fig.15(b).Subsequently, 
andP1a keeps760W,andQga 

causesseriousgrid current 
zoomedwaveformsof Fig.15(c). 

In order to ensure the safe and stable system operation, the 
45 kVAR is first absorbed 

powerQ1a = Q2a = 700VAR 
is absorbed by the two modules as shown in Fig. 15(b). The 
loss on the filter inductor is provided by grid. The iga recov-

4.68%.However,the1.45kVAR 
reactive power compensation incurs the grid voltage Vga de-

to avoidtheundervoltage, 
compensationisenabledandQga 

Thereactivepowerdistri-
modulesis3:7basedon(6).The
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Fig. 14. Experimental results with the proposed approach in reactive 
compensation injection. (a) Active power distribution. (b) Reactive power dis
tribution. (c) Voltage and current waveforms with and without reactive 
compensation.
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Fig.  15. Experimental results with the proposed approach in
absorption.  (a)  Active  power  distribution.  (b)  Reactive  power
(c) Voltage and current waveforms with and without reactive power compensa
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first module with high active power shares less reactive power 
generation, which contributes on undervoltage elimination and 
systemreliability. It canbeseenfromFig.15(c)
from285to 290V andiga  still maintainsgood

Thepreviousexperimentalresultsareconsistent
ulationresultsshownin Figs.10and11.

VI. CONCLUSION

This paper addressed the effect of reactive power compen
sation on system operation performance in grid
caded PV systems. Thesystem stability and reliability issue 
caused by unsymmetrical active power was specifically ana
lyzed.Reactivepowercompensationanddistribution
duced to mitigate this issue. The output voltage of each
module was verified to directly deter
distribution. The relationshipbetweenvoltage
powerdistribution was illustrated with a wide power change 
range. An optimized RPCA was proposed considering the 
MPPT implementation, grid voltage, and overmodulation. 
Moreover, the RPAC was el- igible to be integrated into 
different types of the cascaded PV system.
the control systemwith MPPT control and optimized RPCA 
was developed and validated by the sim
experimental results under different scenarios. The proposed 
approach was demonstrated to be able to effectively enhance 
system operation stability and reliability, and improve power
quality.
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