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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 energy resources, especially
W solarenergy, are growing dramatically in view of energy
shortage and environmental concerns [ 1]—[3]. Large-scale solar
photovoltaic (PV) systems are typically connectedto medium-
voltage distribution grids, where power converters are required
to convert solar energy into electricity in such a grid-interactive
PV system [4]-[14]. To achieve direct medium-voltage grid ac-
cesswithoutusing bulky medium-voltage transformer, cascaded
multilevel converters are attracting more and more attraction
due to their unique advantages such as enhanced energy har-
vesting capability implemented by distributed maximum power

I. INTRODUCTION

point tracking (MPPT), improved energy efficiency, lower cost,
higher power density, scalability and modularity, plug-N-power
operation, etc. [11]-[14].

Although cascaded multilevel converters have been success-
fully introduced in medium- to high-voltage applications such
as large motor drives, dynamic voltage restorers, reactive power
compensations, and flexible ac transformation system devices
[15]-[28], their applications in PV systems still face tough chal-
lenges because of solar power variability and the mismatch of
maximum power point from each converter module due to man-
ufacturing tolerances, partial shading, dirt, thermal gradients,
etc. In a cascaded PV system, the total ac output voltage is syn-
thesized by the output voltage from each converter module in
one phase leg, which must fulfill grid codes or requirements.
Ideally, each converter module delivers the same active power
to grid; hence, symmetrical voltage is distributed among these
modules. However, in the event of active power mismatch from
these modules, the converter module with higher active power
generation will carry more proportion of the whole ac output
voltage, which may result in overmodulation if the system is not
oversized design. In serious scenario, the synthesized output
voltage may not be enough to meet the system requirement. As
aresult, the active power mismatch may not only result in losses
in energy harvesting but also system instability and unreliability
due to the inadequate output voltage or overmodulation issues.
Motivations aretoward addressing the aforementioned issues
and approaching to mitigate the negative effect of active power
mismatch. In [29]-[31], MPPT is achieved for each module in
these approaches to enhance energy harvesting. However, only
unity power factor control was considered and the inherent reac-
tive power compensation capability of the cascaded PV system
is ignored. As a result, the PV system still surfers from the de-
graded power quality and system reliability. It is recognized that
reactive power compensation is able to provide strong voltage
support in a wide range [18], [32].
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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 cascaded PV
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 with cascaded
converter modules. A proper reactive power compensation
and distribution is consid- ered to ecliminate the
overmodulation caused by unsymmetrical active power. In
the proper reactive power management, one first emphasizes
that the output voltage from the cascaded PV sys-tem must
to meet the grid code. The maximum reactive power
compensation will be activated to mitigate this issue once
active power mismatch occurs and voltage and current
distortion are detected. In this way, correct active and
reactive power can be calculated, and MPPT for each
module can be achieved and grid code can be met
simultaneously. However, overcompensation of reactive
power may be provided, which increases the system bur- den.
Therefore, reactive power compensation among modules is

II. SYSTEM CONFIGURATION AND POWER— VOLTAGE
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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
reliability will be enhanced.

The rest of this paper is organized as follows. In Section
I, the cascaded PV system configuration is presented
and a vector diagram is first derived to help illustrate the
principle of active and reactive power distribution
between each module. Correspondingly, the relationship
between power and output voltage for each module is
analyzed under different conditions. 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 range and MPPT implementation. Accordingly, a
control system with the proposed RPCA is designed to
achieve dynamic voltage regulation and optimized power
distribution. The proposed re- active power compensation
method is implemented in the MAT- LAB/Simulink and
PSIM cosimulation platform and a 10 kVA grid-interactive
laboratory prototype. Simulation and experi- mental results
at 2 kVA are given to confirm the validity of the proposed
reactive power compensation method in Sections IV and V,
respectively, followed by conclusion in Section VI.

DISTRIBUTION

A. System Configuration

Fig. 1 describes the system configuration of one two-stage grid-interactive PV system with » cascaded converter modules for
each phase, which is very suitable for the medium/high voltage application. It can be immune to the leakage current and PV

potential induced degradation issues. In this paper, three- phase PV converters areconnected in“wye” configuration. TheyTABLE 1
VARIABLE DESCRIPTION IN FIG. 1

Symbol Definition

Vpvje G=1,2,...,n5t=a, b, c) output voltage from each PV arrays
Viejt dc capacitor voltage

idej ¢ dc current

Vg ¢ grid voltage on point of common coupling (PCC)
ig ¢ grid current

Vs ot converter output voltage from each phase
Vi output voltage from each module

Ci » dc capacitor

L 5 grid filterinductor

also can be connected in “delta” configuration. The variables in
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-link voltage can
be controlled to be constant and the same in each converter

module. For the low voltage application, single-stage system
configuration can be considered, where the dc/dc converters in
Fig. 1 can be replaced by Quasi-Z-Source network or be re-
moved according to system requirement [7], [29], [30], [32].
The single-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 harvested
from the cascaded modules due to PV module mismatch, ori-
entation mismatch, partial shading, etc. In this case, improper
power distribution and control are prone to an intrinsic instability
problem if MPPT is still desired, which results in a limited oper-
ation range for the system [36]. Moreover, it may also seriously
deteriorate the system reliability and power 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
independent active and reactive power control for each module.
By this way, 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
each module.

B. Power and Voltage Distribution Analysis

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
the active and reactive power distribution. In order to clarify the
power distribution, four modules are selected in the cascaded
PV converters in each phase as an example. Vector diagrams are
derived in Fig. 2 to demonstrate the principle of power distribu-
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, vg, is first used as the PLL
synchronous signal of the cascaded PV system as shown in Fig.
2(a). vgq is transformed into aff stationary reference frame
quantities vgq « and vg, g which is the virtual voltage with 7/2
phase shift to veq « . They are converted to vgq ¢ and veq ¢ in the
dq synchronous refer- ence frame, where vg, is aligned with
the d-axis by PLL control [8]. Ideally, ves 4 is equal to the
magnitude of PCC voltage Vgu and vg, 4 is zero. Once the
phase-shift angle 0;; , between vg, and grid current igq is
detected, the new d g synchronous refer- ence frame can be
defined. In this frame, ig, is aligned withthe d -axis. Therefore,
the d -axis component v, ¢ of the whole PV system output
voltage vy, directly decides the active power injection. The
contribution of each module output voltage on ¢ -axis
component vy, 4 is closely related to the reactive power
compensation.

Fig. 2(b) illustrates voltage distribution of four cascaded
con- verter modules under unsymmetrical active power
generation in phase a. The output voltage of the total

converter Vy, is synthe- sized by the four converter module
output voltage with different amplitude and angles. The
voltage components of each module in d g frame, v;q sand v,
¢ G =12 ...,4), can be inde- pendently controlled to
implement the decoupled active and re- active power control.
Because of the same grid current through each convert
module, the distributed d -axis and ¢ -axis volt- age
components in d ¢ frame determine the active and reactive
power distribution in these converter modules, respectively. The
Viad > V2ad™> V3ad> Vaaaqindicates that module 1 gen-
erates the maximum active power and module 4 generates the
minimum active power. The vi o ¢ =V2ug=Viag= Viagq
reveals that the same reactive power is provided by these
modules. The previous analysis further clarified the relation-
ship between the previous voltage components and power
distribution.
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Fig. 2. Vector diagrams showing relation between af frame, dg frame, and d ¢ frame. (a) Relationship between grid current, grid voltage, and converter output

voltage in phase a. (b) Voltage distribution of the PV converter in phase a.

The average active and reactive power to grid in phase a, Pgq
and Qg , can be derivedby
P _jo 'sw Ve - Ve (1)
ga — ga -
ga ] XL
where V. is the vector of v, , Vs 1s the vector of vee , Xz =
oLy, o is the fundamental radian frequency, and Ly is the grid

filterinductor.

Considering the cascaded topology and modular structure,
Pgq and Qg can also be expressedas

O 1 VsaVea 1 .
(Pga = 7 sind, = Vgalga a
0 2 XL 2 -
1 2 2
N .
= Vsaa X lga_d T leayq
1 ViaVea AP
%an: N 0804 +3 5 =3Veal
a galga—g
] % Rl Salkeles
L g 2gq X
sa —q ga—d 2 lgg g PRTT AL
ga q
(2)

where Vg, is the magnitude of vg, , Via is the magnitude of
Vsa » Oq 18 phase angle between vg, and vsq , igq 4 1s the d-axis
component of iy , and iga 4 1S the g-axis component of ig, .

In order to evaluate the effect of reactive power compensation
on the system reliability, one assumes that Pg, and Qg in the
general case are givenby

U — _1 ;
[Pga_kl Pga rated — IEI Vga lga d rated
) _

where Pgq 1a e d 15 the rated active power to grid in phase a,
Qua ra te d 1s the rated reactive power to grid in phase a and nu-

merically equal t0 Pgy rate d, lga d rate d 1S the d-axis component
of rated grid current in phase a, and k1 and k2 are defined as

active and reactive power distribution coefficients, respectively.
According to (2) and (3), Vi, can be calculated as

o B _ ETEY
VS“ w sa_d 1 vsa_q
< 2ky Pga_ rate dXL 2kZ P garate aXr :
ng Vg‘l B Vga
4)
Based on (3), the vsq 4 and vsa 4 can be derived by
% = Ak
sa _d 7) 2 ga .
0 Vsa gais ﬁ HL; Vga kQ +k2 iga d rate dXL- (5)
- {€+k2 m 2

2

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 Pgara te d
is 1 MW, Ly is 0.8 mH, and the root mean square (RMS)
value of line-line PCC voltage is 12 kV. Via, Vsa ¢, and vy -
are normalized to clarify the aforementioned analysis, which
the magnitude of phase-ground PCC voltage Vg, is defined as
1.0 p.u.
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Fig. 3. Operation range of vy, ¢ with respect to different active and reactive
power to grid.

Fig. 5. Operation range of V. with respect to different active and reactive power
to grid.

Fig. 4. Operation range of vy, 4 with respect to different active and reactive
power to grid.
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Fig. 6. Relationship between vy a, Vsa ¢, and Vsqe with fixed k&1 = 0.6
and varied k> .

analysis further, the relationship between vsq a, vsa ¢ , and
Vsa with fixed k1 = 0.6 and varied k> is depicted in Fig. 6
as an example. There are different cases to generate
active power with 0.6 Py, rated from the cascaded converter
modules, where vsq ¢ and vy, 4 change with k2 . No matter
what kind of case, Vi, must fulfill the system requirement,
whichshould be on the flatsurface showninFig. 5.

It can be seen from Fig. 6 that vy, « is gradually reduced
with the increase of reactive power. The reduced vy, 4 is
helpful to reduce the burden of dc voltage. Fig. 7 shows
an example with four cascaded converter modules to
illustrate how reactive power compensation contributes to
overcoming overmodulation caused by unsymmetrical
active power in phase a. As shown in Fig. 7(a), the output
voltages from four modules are the same under
symmetrical active power generation, thatis Vi, = V2o = V3a
= Vaq. Their d -axis components are also the same, which is
Via d = V2a d = V3a d = V4a d - There is no reactive power
requirement. These output voltage, Vi, Vaq , are not more
than their respective dc voltage. However, when the
unsymmetrical active power is produced by these
modules, for example, the active power from modules 1
and 2 is greater than ones from modules 3 and 4, over-
modulation will happen. As depicted in Fig. 7(b), vi « v and
V2 4 q are greater than vs 4 ¢ and v4 4 ¢ considering the same
ac current goes through these modules. Without reactive
power compensation, V1, and V2, will exceed their dc
voltage, which results in overmodulation of the two
modules output voltages. With the help of reactive power,
V14 and V>, are brought back to the desired values, which
are less than their dc voltage as shown in Fig. 7(c). The
increase of vy, 4 contribute to the reduction of vy ¢, which
ensures that the synthesized voltage of each module by
their d -axis and ¢ -axis components is no more than dc
voltage. Therefore, the overmodulation caused by
unsymmetrical active power can be 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 k> < 0, the PV system
injects
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Fig. 7. Voltage distribution of four cascaded converter modules in d ¢ frame. (a) Symmetrical active power generation without reactive power compensation.
(b) Unsymmetrical active power generation without reactive power compensation. (¢) Unsymmetrical active power generation with reactive power compensation.

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
voltage to avoid overvoltage and help MPPT implementation.
However, if reactive power compensation is not allowed by grid
codes, MPPT control will be disabled and equal active power
output from each converter module will be controlled to en-
sure the reliable system operation, which will be introduced in
Section III.

As discussed earlier, the objective of reactive power compen-
sation is to avoid the overmodulation. In terms of the contri-
bution of each module on vy, 4 and v, 4 as well its dc link
voltage, the output voltage of each PV converter module should
be subject to the followingconstraint:

Wirja Vsa a0 F MgraVea ) = Vidciagi— 1 2 p)
(6)
where mpj, is defined as the percentage of vss ¢ in the jth
cell, mgjq is defined as the percentage of vsa 4 inthe jth cell,
mpa = _';zlmpja: I, moa = 7-:1 moaj = 1,and Viej a
is the dc-link voltage in the jth cell in phase a.

An optimized RPCA will be elaborated in Section I1I. Fig. 8,
as an instance, illustrates how to obtain an optimized voltage
distributionrelated to reactive power distribution when the pre-
vious active power mismatch with k1 = 0.6 happens as shown
in Fig. 6, thatis mp 14 =mp 24 =0.42 and mp 34 = mp 44 =
8108 dati0d posrarhsosapeitanvhiss #6a) that the apasipRigdiange
reac- e

tequRion @pesdanto prid Fherevmaresalytions sasisfying

the optimized voltage distribution at k> ==0.6 is selected as
mo1a =mp2q = 0.15 and mg 34 = mpaa =0.35. Similarly,
thveapoleseempaisatith i§ (b) thpo B8 ayalabladangeeploteas-
thoAbsathayiby the casgadsd BY foystemm. Theoessre apnsadu-
ering the grid voltage, dc voltage ripple, and reactive power
loss,an optimized voltage distribution at k2 = 0.7 is selected as
mota =mp2q =0.15 and mg3qs = mpae = 0.35.

In this way, the reactive power distribution and compensa-
tion can be optimized. The MPPT for each converter module
and improved system reliability can be implemented simultane-
ously even under the unsymmetrical active power generation.
Although the previous analysis is specified in phase a, the same
analysis can be applied in phases b and c.

III. PROPOSED REACTIVE POWER COMPENSATION METHOD

A. RPCA

Asaforementioned, appropriatereactive powercompensation
will enhance the cascaded PV system reliability and improve
power quality, especially for unsymmetrical active power gen-
eration. Fig. 9 shows the proposed RPCA for the cascaded PV
DaleT s T SPe R SR s s g s

ga
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-
ence Py, . In the initial state, MPPT control for each PV con-
verter module is enabled and unity power factor is implemented
considering symmetrical operation condition acts on these cas-

or mpq < 1 will both result in overmodulation. Considering caded modules.
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system reliability. Once the overmodulation is identified, the
intentional reactive power compensation is activated to mitigate
the overmodulation with grid code authorization. If PCC volt-
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 helppossible
MPPT implementation for each converter module simultane-

"".l : ously. k2 = 1 is designated to achieve the maximum reactive
- -z ]'5{:_«?_ Waltaze Highi_ = power absorption. The PV system operates like an inductor.
o b ol Otherwise, the maximum reactive power is injected into grid
T to provide the PCC voltage support. k> = 1 isdesignatedto
LS r . . o« v
= i AT e execute the maximum reactive power injection. The PV sys-
= Renrdvi Pamer-. Mo =" Renreive REioi. > g : .
_ Anjetion Aflow by - < Absorgtien Ak by =T tem operates like a capacitor. If the maximum reactive power
Tl DA i Caggg— Ne compensation still cannot eliminate the overmodulation, MPPT
| Yo y Yo 3 control will be disabled to ensure the security and stability of
.'|1:-|.i|||uull Keactive Fanei | Alaxhmuoiin Memickise P Lol Pavior Faelon the cascaded PV System. Instead, reactive power compensation
. Infec |_va- ._tl o I:'gn.lml . p 4 R
[ = 15‘,,-3 el | (1% .:.3.,. st £ =0 canbe optimized, thatis the selection of k2, to reduce the risk of
T overvoltage or undervoltage caused by the maximum reactive
te < Dhvenn power compensation. There are different ways to optimize re-
| ",‘I.;-;; active power distribution in the cascaded PV converter modules
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Fig. 9. Flowchart of the proposed RPCA.

arrays

[14], [33]. In either way, the limited condition as shown in (6)
must be satisfied to avoid the overmodulation. It is noted that
the selected dec voltage and allowed voltage ripple will also im-
pact on the reactive power compensation optimization. In this
paper, the boundary condition in (6) is selected to achieve the
optimized reactive power distribution, which can limit the unity
modulation voltage output for the converter module with high
active power generation, even help to possible equivalent appar-

j=1Ppvja subtracting power loss, which is defined as ent
power being extracted from each PV converter module.
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TABLE II
SYSTEM CIRCUIT PARAMETERS IN SIMULATION

Parameters Symbol Value
PV converter modules in each phase Number n 4
Capacitor voltage Vi cit(k 892 B0t = a, b, c) 3000 V (1.0 p.u.)
Capacitor size Cin 1000 x F(0.026p.u.)
Filter inductor Ly 5 mH (0.056)
Switching frequency for each device Sfsw 5kHz

Grid (each phase) Rated real power

Rated reactive power

Rated RMS line-line voltage
Rated phase-ground voltage magnitude

1MW (0.333p.u.)

IMVAR(0.333p.u.)
12kV (1.0 pu.)

9.8kV (0.817 p.u.)

Py, rated(t = a, b, c¢)
Qg rated(t = a, b, ¢)
Ver L
Vg,(t=a, b,c)

in phases b and c. Particularly, the proposed PRCA can be ap-
plied for any type of the cascaded PV system, such as single-
stage and two-stage PV system [7], [14], [30]. The active and
reactive power is regulated in the dg synchronous reference
frame. PLL is used to synchronize the output voltage of the cas-
caded PV converters vy, , grid current iy, with v, so that the
desired power control can be achieved. The RPCA provides the
desired reactive power Q:ga during unsymmetrical active power
from the cascaded PV converter modules. The g-axis component

) .
command of grid current ",

based on the grid voltage requirement. The V¢ on each PV

converter module is controlled to track V. to generate the d-
axis component command of grid currenti',, ,, which will co-
ordinate the MPPT implementation [14]. The decoupled current
control loop is developed to implement the current track of igq 4
and igq 4 and generates the d—q components vy, gand vy, 4 of

vsq 1n the dg synchronous reference frame. In order toachieve
the independent control of active and reactive power from each
module, vyq ¢ and vy, 4are converted to veq ¢ and vy, ¢ in the

can be derived from the desired d ¢ synchronous reference frame [14].
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The modulation index ofig. 11(f) shows the voltage and
output voltage can be obtained by m;, = Viesa: As a result, 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-
multaneously.

IV. SIMULATIONRESULTS

In order to explore the performance of grid-interactive
cascaded PV system with the proposed reactive power compen-
sation approach, simulations were first conducted in a cosimula-
tion platform of MATLAB/Simulink and PSIM. A 3 MW/12 kV
three-phase two-stage cascaded PV system as shown in Fig. 1 is
applied in this paper. The system parameters in simulation are
summarized in Tablell.

Figs. 11 and 12 illustrate the active and reactive power dis-
tribution, grid voltage and current change, voltage distribution
among four cascaded PV converter modules with reactive power
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-
vests maximum power from the segmented PV arrays. At 0.5 s,
the active power from four modules P, = P4, , changes from
50 kW to 250 kW. Active power to grid Pg, increases from
200 MW to 1 MW. The grid current magnitude /4, increases
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, = m4,, are within =1,
1].

Atls,differentactivepoweris generated fromthe fourmodules
due to the different irradiation. Modules 1 and 2 keep 250 kW
active power output but the active power from modules 3 and 4
reduces to 50 kW, whichresults in big power fluctuation during
transient. Moreover, the overmodulation caused by the unsym-
metrical active power seriously distorts the grid current iy and
degrades system operation performance as shown in Fig. 11(b)
and (d). The module indices from modules 1 and 2, m1 , and
ma 4, are in the range [ 1, 1]. After 1.5 s, ] MVAR reactive
power Qg is injected to grid, which means thatk, =- 1,and
reactive power from four modules Q1 4~ Q44 iscontrolledtothe
same first. It shows that the dynamic performance of reactive
poweris poor, which is caused by the distorted grid current and
measurement module in PSIM. By the reactive power compen-
sation, the system returns to the steady operation although active
powerdistributionamongthe four modulesis stillunsymmetri-
cal. Pg, keeps at 600 kW, which means that k1 = 0.6. Once the
systemoperatesinsafety and steady status, the maximumactive
power output from the four modules can be accurately controlled
and detected. The dynamic performance of grid current, PCC

voltage Veu, and individual dc voltage, Vic1a Ve 44 , can be

current waveforms before and

after reactive power compensation optimization. The reactive
power injection can improve system reliability but also increase
the grid voltage magnitude Vg, from 9.7 to 10 kV. In order to
limit the voltage rise, the optimizedreactive power injection is
reduced to = 600 kVAR, that is, ko = =0.6 which is
obtained

from Fig. 8. In this case, the unsymmetrical reactive power is
arranged between the four modules, Q1 o = 02 « = 95kVAR
and O34 = Q44 = =220kVAR. The filter inductor loss is also
provided by the PV system. By the reactive power optimization,
Veq decreases from 10 to 9.9 kV; the grid current still has good
quality and total harmonic distortion (THD) is less than 5%.
The RPCA is verified in this simulation.

Fig. 12(a) shows the power distribution with reactive power
absorption considering the high grid voltage. The same active
power as ones in Fig. 11 changes in each stage. At1.5s, 1 MVAR
reactive power Qg , that is, k> = 1, is absorbed from grid to
eliminate the overmodulation and Q1 +~Qa4, is controlled to the

same first. Pg, keeps at 600 kW, which means that k; = 0.6.
Once the maximum active power P1, = P4, is accurately cap-

tured at new steady system, Q14 = Q44 1s rearranged to reduce
the risk of undervoltage at 2 s. The reactive power absorption
can improve system reliability but also lower the grid voltage
magnitude Vg, from 9.9 t0 9.7 kV as depicted in Fig. 12(b)—(f).
In order to limit the voltage drop, the total reactive power injec-
tion is reduced to 700 kVAR, that is, k&2 = 0.7 which is obtained
from Fig. 8. In this case, optimized reactive power distribu-
tion can be derived based on (6): Q14 = 024 = 100 kVAR and
03 4= 01 4= 230 kVAR: The filter inductor loss is provided
by a grid. By the reactive power optimization, Vg, increases
from9.7to 9.8 kV, good grid current is guaranteed, and THD is
lessthan 5%.

V. EXPERIMENTAL RESULTS

The experiments were conducted in the laboratory to verify
the aforementioned theoretical analysis and the proposed re-
active power compensation control performance. A two-stage
cascaded PV system prototype with two 5 kW converter mod-
ules has been developed and the block scheme is shown in
Fig. 13. The control algorithm is implemented in DSP + FPGA
control platform. The downscaled circuit parameters are listed
in Table I1I. Considering the power loss, actual line impedance
and grid equivalent impedance, per units in experiments, are a
little different fromones in simulations as shownin TableII.

Fig. 14 indicates active power distribution, reactive power
distribution, grid voltage, and current change before and after
enabling the proposed approach with reactive power injection,
respectively. Intheinitial stage, twomodules generate the same
active power, P1 .= P2,=710 W, and 1.4 kW active power
considering the loss is delivered to grid as shown in Fig. 14(a).
The reactive power compensation is disabled because the sym-

metrical active power ensures the same output voltage fromthe
two modules and stable system operation. Subsequently, P>,
seen in Fig. 11(e).
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Fig. 11. Simulation results with the proposed approach in reactive power injection. (a) Active and reactive power distribution. (b) Voltage and currentchanges.
(c) Zoomed voltage and current waveforms at 0.5 s. (d) Zoomed voltage and current waveforms at 1 s. (¢) Zoomed voltage and current waveforms at 1.5 s.
(f) Zoomed voltage and current waveforms at 2 s.
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Fig. 13. Two-stage cascaded PV system prototype with two 5 kW converter modules.
TABLE III
SYSTEM CIRCUIT PARAMETERS IN EXPERIMENT
Parameters Symbol Value
PV converter modules in phase a Number n 2
Capacitor voltage Wicia =12 .., 1n) 200 V (0.33 p.u.)
Capacitor size <A 400 u F (0.036p.u.)
Filter inductor L r 2 mH (0.022p.u.)
Switching frequency for each device Ssw 10 kHz
Grid in phasea Rated realpower Py rate d 10kW (1.0p.u.)
Rated reactive power O gualrated 10 kVAR (1.0 p.u.)
RMS phase-ground voltage Vea 200V (0.29p.u.)

output to fulfill the system requirement, which results in
overmodulation with the dc voltage limit. As a result, the grid
currentis distorted and serious active powermismatch willlead
to the system breakdown as shown in the left zoomed waveforms
of Fig. 14(c). Afterward, the proposed RPCA is activated, and
maximum reactive power Qg, =- 1.4 kVAR is injected into
gridand equalreactive power Q14 = 024 = =730 VAR is gen-
erated from the two modules to eliminate the overmodulation.
The loss on the filter inductor is provided by the PV system. The
grid current iy, retrieves good quality and THD is 4.5%. How-
ever, the- 1.4 kVAR reactive power compensation incurs the
grid voltage Vg, increase from 280 to 290 V.In order to avoid

the overvoltage, the optimized reactive power compensation is
introduced and Qg decreases from- 1.4 to- 1.1 kVAR. The

reactive power distribution ratio between the two modules is
3:7 based on (6). The first module outputs high active power but
provides less reactive power. The reactive power sharing does
not only reduce the burden of the second module but also effec-
tively suppresses the overmodulation. As depicted in Fig. 14(c),
the Vg, decrease from 290 to 285 V and ig, still keeps good
quality.

Fig. 15 illustrates active power distribution, reactive power
distribution, grid voltage, and current change before and after
enabling the proposed approach with reactive power absorption,
respectively. Initially, two modules generate the same active
power, P1, = P2, =760 W, and 1.5 kW active power consider-
ingthelossis delivered to grid as shown in Fig. 15(a). The reac-
tive power compensation is disabled in Fig. 15(b). Subsequently,
P>, decreases from 760 to 150 W and P14 keeps 760 W,and Qgq
is still controlled to be zero, which causes serious grid current
distortion as shownin the left zoomed waveforms of Fig. 15(c).
In order to ensure the safe and stable system operation, the
maximum reactive power Qg = 1.45 kVAR is first absorbed
from grid and the same reactive power Q14 = 024 = 700 VAR
is absorbed by the two modules as shown in Fig. 15(b). The
loss on the filter inductor is provided by grid. The ig, recov-
ers good quality and THD is 4.68%. However, the 1.45 kVAR
reactive power compensation incurs the grid voltage Vg, de-
crease from 300 to 285 V. In order to avoid the undervoltage,
the optimized reactive power compensation is enabled and Qg
decreases from 1.45 to 1.15 kVAR. The reactive power distri-
bution ratio between the two modules is 3:7 based on (6). The
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Fig. 14. Experimental results with the proposed approach in reactive power
compensation injection. (a) Active power distribution. (b) Reactive power dis-
tribution. (c) Voltage and current waveforms with and without reactive power

compensation.

(6]

Fig.
absorption. (a) Active power

i)

15. Experimental results with the proposed approach in reactive power

distribution. (b) Reactive power distribution.

(c) Voltage and current waveforms with and without reactive power compensa-

tion.
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first module with high active power shares less reactive power
generation, which contributes on undervoltage elimination and
system reliability. It can be seen from Fig. 15(c) that V, increase
from 285 to 290 V and iy, still maintains good quality.

The previous experimental results are consistent with the sim-
ulation results shown in Figs. 10 and 11.

VI. CONCLUSION

This paper addressed the effect of reactive power compen-
sation on system operation performance in grid-interactive cas-
caded PV systems. The system stability and reliability issue
caused by unsymmetrical active power was specifically ana-
lyzed. Reactive power compensation and distribution was intro-
duced to mitigate this issue. The output voltage of each
module was verified to directly determine the power
distribution. The relationship between voltage distribution and
power distribution 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. Correspondingly,
the control system with MPPT control and optimized RPCA
was developed and validated by the sim- ulation and
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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