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Abstract

Today renewable energy sources are becoming
more popular with ever increasing energy demand
and environmental pollution due to non-renewable
energy sources. Among the renewable energy
sources, major portion of energy is generated using
Photovoltaic system. Grid connected photovoltaic
systems are gaining more importance. Large-scale
grid connected PV systems can be easily and
effectively interfaced with the modular multilevel
converters when compared with conventional DC-DC
converters. As modular multilevel converters have
unique advantages like enhanced energy harvesting
capability, scalability etc. they can be used for many
applications such as STATCOM, harmonic
compensator and so on. PV systems face tough
challenges such as output voltage over modulation
and power flow control due to irregular output
voltages from PV arrays. This paper proposes a
decoupled active and reactive power control method
to improve the system performance. A 3-MW, 12kV
PV system with the proposed control strategy is
modelled and the results are verified using MATLAB
simulation.

Key words - Multilevel converters, decoupled active
and reactive power control, photovoltaic systems.

I. INTRODUCTION

Nowadays the uses of non-conventional energy
sources are becoming more and more popular due to
increased energy usage and environmental concerns
from the conventional fossil fuels [1]-[3]. Due to this
reason the world is attracted towards the renewable
energy sources. In non-conventional energy sources
the solar energy has the best advantage over all other
energy sources like reduced dependence on fossil
fuels, flexible locations, government incentives,
modularity and scalability, less impact on the
environment etc., [4]-[14] In general power
generation in photovoltaic systems can be done in
small scale grid connected PV system and large scale
grid connected PV system.

The small scale grid connected PV systems
are mainly used for residential applications. The main
difficulty with photovoltaic distributed generating
system is designing of the system with high voltage
gain. In order to attain this high voltage gain the large
scale grid connected photovoltaic system is best

suitable in grid connected PV system. In Large scale
grid connected PV system, converters and inverters
are mainly used power electronic devices along with
PV panels. Converters are mainly used for boost the
PV output voltage and inverters are used to convert
DC-AC and to achieve effective MPPT.

Cascaded modular multilevel converters
have many merits like lower electromagnetic
interference, improved harmonic spectra, less THD,
low device rating, modularity etc., Cascaded multi
level converter is very favourable for large scale grid
connected photovoltaic system due to its unique
advantages like independent MPPT (maximum power
point tracking) for segmented PV arrays, high ac
voltage capability etc., [11]-[14]

Although, Cascaded multi level converter in
PV systems are desperate from some of their
applications like medium voltage motor drive, static
synchronous compensator (STATCOM), harmonic
compensator and high voltage dc back-back intertie
etc., [15]-[21] Photovoltaic systems with Cascaded
multilevel converters faces tough challenges like solar
power variability, mismatch of maximum power point
from each converter module due to manufacturing
tolerance, partial shading, dirt and thermal gradient
etc.,

The input of the utility grid comes from the
Cascaded modular multilevel inverter which converts
the DC output voltage of CFDAB DC-DC Converter
to AC for each phase of grid. If the output of inverter
voltage is mismatch with requirements of utility grid
then the active power generated in the system is
unsymmetrical. This unsymmetrical active power
results to over modulation in the system. To
overcome these problems proper control strategies are
developing for large scale grid connected PV systems.

Various control techniques are proposed for
the cascaded PV system, with direct connection
between individual inverter module and segmented
PV arrays [22]-[26]. But the PV arrays cannot be
directly connected to the individual inverter module
in high voltage large scale PV system application due
to the PV insulation and leakage issues. And also for
low frequency medium voltage transformers between
the PV converters and grid, there are still complicated
ground leakage current loops among the PV converter
modules. Therefore, these methods are not qualified
for the large scale grid connected PV system.
Moreover, reactive power compensation also not
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achieved. For achieving reactive power compensation
active and reactive power control strategy has been
applied in cascaded PV system with isolated dc-dc
converters.

In order to solve the aforementioned issues,
this paper proposes a large scale grid connected
cascaded PV system including current fed dual active
bridge (CFDAB) DC-DC Converter and cascaded
multilevel inverters as shown in Fig.3. A decoupled
active and reactive power control system is developed
to improve the system performance. In particular, the
proposed PV system allows a large low frequency dc
voltage ripple for each PV converter module, which
will not affect the MPPT achieved by CFDAB DC-
DC Converter. To enhancing the system life time
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conventional electrolytic capacitors are replaced by
film capacitors.

This paper consists of two stage large scale
grid connected PV system circuit topology in section
I1. And control methods used for both CFDAB DC-
DC Converter and Multilevel inverters are briefly
described in section Ill. In section 1V simulation done
by using MATLAB/Simulink with a three phase 3
MW/12 KV PV systems including 12 cascaded PV
inverter modules with the proposed decoupled active
and reactive power control strategy and finally ended
with conclusion in section V.

ILCIRCUIT TOPOLOGY AND DESIGN
PARAMETERS
A. Circuit Topology
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Fig.1 Block Diagram of cascaded PV system for one phase

The block diagram of single phase large scale grid
connected PV system is shown in the Fig.1. Fig.2 and
Fig.3 shows the proposed single phase grid connected
PV system and proposed three phase grid connected
cascaded PV system respectively. In this the power
conversion takes place in two stages, in that stage one
is power harvested from PV panel is given to DC-DC
converter for Boost action to stabilize the voltage for
this reason we are using Current Fed Dual Active
Bridge(CF-DAB) DC-DC Converter. And second
stage is these Converters are connected with cascaded
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modular inverter which contains High Voltage
Insulation. The main advantage of this circuit topology
compared with conventional methods is line frequency
transformers are not required. Inverter modules are
directly connected to the grid without any line
frequency transformers. In this each inverter module is
connected with individual DC-DC converter module
and each converter module is connected with one
individual PV panel. Due to this we are achieving
MPPT for each and every section independently to
harvest more solar energy.
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Fig.2 Proposed single phase grid connected PV system

Gt b M 191 o
Line-Line Volzge L 2kv Phash J
DC Coverter Mo Inere Mol
igb
iga ; J ign
Victh Vit
B OG- L Invrter OCdc L Inverter
= Convertr Modulelflh — Convertr | {Modue 1|t
i e Mo
|
. B Vi Viz
(i G S D Invertr DA = nvertr
Tila 4 L L
. h ‘ Comerter | Mol 2y Comerte | {Modul 2
ot e Shdi-ﬂt CHi . Modle2 " Modle2 1
\ I Vi Viw @ %
Mng DG4t 00 || et
710 S — Cometer — Comvere | [Moduenl"®
" J Moden Moduen

DC-DC Converter Modulen

Va Inverer Modulen T

Phasea

Plase Phasec

Fig.3 Proposed three phase grid connected cascaded PV system

B. Design Parameters

This paper presents a three phase 3SMW/12KV
line to line voltage PV system including 4 cascaded
PV inverter modules. Each phase can produce 1MW
and also each inverter module can produce 250MW.
The average DC voltage of each inverter is 3000V. Cpy
is high frequency capacitor which is connected in
parallel with PV panel. The High frequency
transformer with 1: N turns are connected in between

Low voltage side and High voltage side of converters
to Boost (or) Buck the voltage. Lqe; and Ly, are the DC
inductors and L is the leakage inductor in DC-DC
converter. Hence, C.y and Cyy are Low voltage side
and High voltage side DC capacitors respectively. Film
capacitor also used in this circuit to improve the
system life time. The detailed circuit parameters are
provided in Table I.

Table I: System Circuit Parameters in Simulation

Parameters Symbol Value
Number N 4
DC Capacitor Voltage Vi (k=12,..,n;i=a,b,c) 3000V
PV inverter DC Capacitor Size Cy, 400pF
modules in each Filter inductor Ly 0.8mH
phase Switching frequency fsw ac 5kHz
Number J 5
Capacitor voltage in low Vi 300V
voltage Capacitor
Capacitor voltage in high Vyy 600V
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voltage Capacitor
CF-DAB DC- Transformer turns ratio N 2
DC Converter PV arrays output voltage Vi, (k =1,2,..,n;i =a,b, c; 100V-200V
module r=12,..,j)
Leakage inductor Ly 2.5uH
DC inductor value Lact, Laco 12.5pH
Capacitor in high voltage Cyy 2mF
side
Capacitor in low voltage Cry 300uF
side
PV arrays output capacitor Cpy 100pF
Switching Frequency fsw pc 50kHz
Grid Rated real power P, 3IMW
(Three Phase) Rated reactive power Q, 1.5MVAR
Rated RMS line-line voltage Vi1 12Kv
I11. CONTROL SYSTEM DESIGN AND controlled respectively. PV voltage is directly

TECHNIQUE

Fig.4 represents the CF-DAB DC-DC converter
control and Cascaded Multilevel inverter control of
phase a. The same control technique can be applied
for remaining two phases.

A. Current Fed Dual Active Bridge (CFDAB) DC-
DC Converter Control

Fig.4 (a) shows the Current fed dual active
bridge (CFDAB) DC-DC converters control for one
unit in module 1 as shown Fig.1 [28]. The same
control method can be used for all other modules. The
name itself said that dual active bridge, due to this
structure this control method has two degrees of
freedom in that one is Duty cycle (D) another one is
phase shift angle (¢ ), by which the PV voltage and

Low Voltage Side (LVS) dc Link Voltage are

Individual dc voltage control

controlled by Duty Cycle, so it can be consider as
reference voltage which is generated from MPPT
algorithm [28].

In this paper the band width of duty cycle is
about 10 KHz, which much higher than 120 Hz, and
then the double frequency components in low voltage
side and high voltage side are blocked. Due to this
maximum MPPT is achieved on PV side. For
simplicity, a high band width PI controller is used in
this paper. The power transferred from Low Voltage
Side (LVS) side to High Voltage Side (HVS) is
determined by the phase shift angle (¢ ). To
minimize the peak transformer, LVS Voltage is
controlled by HVS Voltage to turns ratio (VuW/N),
due to this LVS and HVS voltages are balanced. To
obtain enough gain at double frequency proportional
resonant (PR) also used in this control method.

Current control based on dq rotating
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(a) CFDAB DC-DC Converter control

(b)
Fig.4 Control system of grid connected cascaded PV converters in phase a

(b) Cascaded Multilevel inverter control
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C. Cascaded multilevel inverter control

Fig. 4(b) shows the cascaded multilevel
inverter control. The active power distribution
between cascaded PV converter modules is decided
by the individual maximum power available from PV
arrays. By considering the dc capacitors which have
the same capacitance are connected with cascaded
multilevel inverter modules. The control technique
used for cascaded multilevel inverter control can be
called as Decoupled active and reactive power
distribution control. The double-loop dq control based
on Discrete Fourier Transform (DFT) PLL method
[8] is applied to achieve the active and reactive power
distribution.  The unique features of this control
method are the active and reactive power in each
module is synchronized with grid current which are
not achieved in traditional methods. Due to same grid
current goes through AC side of each module, the
grid voltage synchronization is not able to perform
the active and reactive power separation in each
module  under unsymmetrical active power
generation. Therefore, the maximum power harvested
from PV arrays along with CF-DAB DC-DC
converter control can be effectively delivered to the
utility grid. After that the maximum power is fed back
to minimize the inner loop action. This allows closed
loop compensators to have smaller gains and hence
increased robustness [29]-[31]. The d-axis component
command of grid current iz, ; is synthesized by the
multiple outputs from the n individual voltage loops.
The g-axis component command of grid current is

iga_q Obtained based on the desired reactive
power Q;. The decoupled current loop controls the
dg components of grid current iy, 4 and iy, 4 to track
the references i, 4 and iy, 4, and then generates the
total output voltage regulation Av, 4 andAv, ., are
feed back to the output voltage to improve the system
dynamic performance, respectively [28]. The output
voltage signal Avg, ; is synthesized by Avg, 4
Avy, 4, and decoupled variablewaiga_q. The
output voltage signal Av,, , is composed of Av, ,
Avy, o and decoupled variable wLsizq 4.
Subsequently, Avs, 4 and Avg, , are sent to the
"active and reactive components extraction" module,
which produces the decisive active and reactive
components, v, 4 andvg, o, by synchronizing
withig,. Then the "voltage distribution and
synthesization” module divides the vy, 4 andvs, 4,
into the n cascaded PV inverter modules according to
their  respective active and reactive power
contributions [27].

IV. SIMULATION RESULT

The Large scale grid connected PV system with the
proposed control strategy is simulated in
MATLAB/Simulink. Fig.5 shows the simulation
results of traditional control strategy in phase a. The
same results will come in phase b and c. The
simulation results of proposed control strategy in
three phases are shown in Fig.6.
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Fig.5: Simulation results of PV system with Active and Reactive power control in phase a
(a) Grid Power (b) PV array Irradiation (c) Active Power of PV modules (d) Reactive Power of PV
modules (e) Grid Current (f) DC Grid Voltage
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V.CONCLUSION

This paper addresses the active and reactive

power distribution among cascaded PV inverter
modules and their impacts on power quality and
system stability for the large scale grid connected
cascaded PV system. To attain independent active
and reactive power distribution, the output voltage in
each and every module is separated based on grid
current synthesization. The proposed compensation
capability irrespective of amount of active power
generated.

[1]

[2]

(3]

[4]

[5]

(6]

(71

(8]

[°]

[10]

[11]

[12]

[13]

[14]

REFERENCES

Y.Bo, L. Wuhua, Z. Yi, and H. Xiangning, “Design and
analysis of a grid connected photovoltaic power system,”
IEEE Trans. Power Electron., vol. 25, no. 4, pp. 992-1000,
Apr. 2010.

J.Ebrahimi, E. Babaei, and G. B. Gharehpetian, “A new
topology of cascaded multilevel converters with reduced
number of components for high-voltage applications,” IEEE
Trans. Power Electron., vol. 26, no. 11, pp. 3109-3118, Nov.
2011.

L.Nousiainen, and J. Puukko, “Photovoltaic generator as an
input source for power electronic converters,” |EEE Trans.
Power Electron., vol. 28, no. 6, pp. 3028-3037, June 2013.
D.Meneses, F. Blaabjery, O. Garcia, and J. A. Cobos,
“Review and comparison of step-up transformerless
topologies for photovoltaic AC-module application,” IEEE
Trans. Power Electron., vol. 28, no. 6, pp. 2649-2663, June
2013.

S.Kjaer, J. Pedersen, and F. Blaabjerg, “A review of single-
phase grid connected inverters for photovoltaic modules,”
IEEE Trans. Ind. Appl., vol. 41, no. 5, pp. 1292-1306,
Sep./Oct. 2005.

J.Mei, B. Xiao, K. Shen, L. M. Tolbert, and J. Y. Zheng,
“Modular multilevel inverter with new modulation method
and its application to photovoltaic grid-connected generator,”
IEEE Trans. Power Electron., vol. 28, no. 11, pp. 5063-5073,
Nov. 2013.

Y.Zhou, L. Liu, and H. Li, “A high performance photovoltaic
module-integrated converter (MIC) based on cascaded quasi-
Z-source Inverters (qZSI) using eGaN FETs,” IEEE Trans.
Power Electron., vol.28, no.6, pp.2727-2738, June 2013.
L.Liu, H. Li, and Y. Zhou, “A cascaded photovoltaic system
integrating segmented energy storages with self-regulating
power distribution control and wide range reactive power
compensation,” |IEEE Trans. Power Electron.,vol.26, no.12,
pp.3545-3559, Dec. 2011.

Q.Li and P. Wolfs, “A review of the single phase
photovoltaic module integrated converter topologies with
three different DC link configurations,” IEEE Trans. Power
Electron., vol. 23, no. 3, pp. 1320-1333, May 2008.

L.Zhang, K. Sun, Y. Xing, L. Feng, and H. Ge, “A modular
grid-connected photovoltaic generation system based on DC
bus,” IEEE Trans. Power Electron., vol. 26, no. 2, pp. 523—
531, Feb. 2011.

L.M. Tolbert and F. Z. Peng, “Multilevel converters as a
utility interface for renewable energy systems,” IEEE Power
Engineering Society Summer Meeting, Seattle, Washington,
Jul. 2000, pp. 1271-1274.

M.Malinowski, K. Gopakumar, J. Rodriguez and M. A.
Perez, “A survey on cascaded multilevel inverters,” IEEE
Trans. Ind. Electron., Vol.57, No.7, pp.2197-2206, July 2010.
S.Harb, and R. S. Balog, “Reliability of candidate
photovoltaic module-integrated-inverter (PV-MII)
topologies- a usage model approach,” IEEE Trans. Power
Electron., vol. 28, no. 6, pp. 3019-3027, June 2013.

L.Liu, H. Li, and Y. Xue “A coordinated active and reactive
power control strategy for grid-connected cascaded
photovoltaic (PV) system in high voltage high power
applications” in the 28th IEEE Applied Power Electronics

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Conference and Exposition (APEC’13), Long Beach, CA,
March 17-21, 2013, pp. 1301-1308.

M.Abolhassani, “Modular multipulse rectifier transformers in
symmetrical cascaded H-bridge medium voltage drive,”
IEEE Trans. Power Electron., vol. 27, no. 2, pp. 698-705,
Feb. 2012.

K.Sano and M. Takasaki, “A Transformerless D-STATCOM
based on a multivoltage cascaded converter requiring no dc
source,” |IEEE Trans. Power Electron., vol. 27, no. 6, pp.
2783-2795, Jun. 2012.

C.D.Townsend, T.J. Summers, J. Vodden, A.J. Watson, R.E.
Betz, and J.C. Clare, “Optimization of switching losses and
capacitor voltage ripple using model predictive control of a
cascaded H-bridge multilevel StatCom,” IEEE Trans. Power
Electron., vol. 28, no. 7, pp. 3077-3087, Jul. 2013.
B.Gultekin and M. Ermis, “Cascaded multiulevel converter-
based transmission STATCOM: system design methodology
and development of a 12 kV + 12 MVAr power stage,” IEEE
Trans. Power Electron., vol. 28, no. 11, pp. 4930-4950, Nov.
2013.

T.Zhao, G. Wang, S. Battacharya, A. Q. Huang, “Voltage
and power balance control for a cascaded H-bridge
converter-based solid-state transformer,” IEEE Trans. Power
Electron., vol. 28, no. 4, pp. 1523-1532, April. 2013.

X.She, A. Q. Huang, X. Ni, “Current sensorless power
balance strategy for DC/DC converters in a cascaded
multilevel converter based solid state transformer,” IEEE
Trans. Power Electron., vol. 29, no. 1, pp. 17-22, Jan. 2014.
S.Du, J. Liu, J, Lin, “Hybrid cascaded H-bridge converter for
harmonic current compensation,” IEEE Trans. Power
Electron., vol. 28, no. 5, pp. 2170-2179, May. 2013.
E.Villanueva, P. Correa, J. Rodriguez, and M. Pacas,
“Control of a single-phase cascaded h-Bridge multilevel
inverter for grid-connected photovoltaic systems,” |IEEE
Trans. Ind. Electron., Vol.56, No.11, pp.4399-4406, Sept.
2009.

O.Alonso, P. Sanchis, E. Gubia, and L. Marroyo, “Cascaded
H-bridge  multilevel converter for grid connected
photovoltaic generators with independent maximum power
point tracking of each solar array,” in Proc. 34th Annu. IEEE
PESC, Jun. 2003, vol. 2, pp. 731-735.

J.Negroni, F. Guinjoan, C. Meza, D. Biel, and P. Sanchis,
“Energy sampled data modeling of a cascade H-bridge
multilevel converter for grid-connected PV systems,” in Proc.
10th IEEE Int. Power Electron. Congr., Oct. 2006, pp. 1-6.
Cecati, F. Ciancetta, and P. Siano, “A multilevel inverter for
photovoltaic systems with fuzzy logic control,” IEEE Trans.
Ind. Electron., Vol. 57, No. 12, pp. 4115-4125, Dec. 2010.
M.Rezaei, H. Iman-Eini, S. Farhangi, “Grid-connected
photovoltaic system based on a cascaded H-Bridge inverter,”
Journal of Power Electronics, vol. 12, no. 4, pp. 578-86, July
2002.

L.Liu, H. Li, Y. Xue, W. Liu, “Reactive power compensation
and optimization strategy for grid-interactive cascaded
photovoltaic systems,” submitted to IEEE Trans. Power
Electron. 2014.

Y.Shi, L. Liu, H. Li, Y. Xue, “A single-phase grid-connected
PV converter with minimal DC-link capacitor and low-
frequency ripple-free maximum power point tracking,” in
Proc. 5rd IEEE Energy Conversion Congress & Exposition
(ECCE’13), Denver, Colorado, Sept. 15-19, 2013, pp. 2385-
2390.

M.J.Ryan, R.W. D. Doncker, and R. D. Lorenz, “Decoupled
control of a four-leg inverter via a new 4_4 transformation
matrix,” IEEE Trans. Power Electron., vol. 16, no. 5, pp.
694-701, Sep. 2001.

P.C.Loh, M. J. Newman, D. N. Zmood, and D. G. Holmes,
“A comparative analysis of multi-loop voltage regulation
strategies for single and three-phase UPS systems,” IEEE
Trans. Power Electron., vol. 18, no. 5, pp. 1176-1185, Sep.
2003.

P.C.Loh and D. G. Holmes, “Analysis of multiloop control
strategies for LC/CL/LCL-filtered voltage-source and
current-source inverters,” IEEE Trans. Ind. Appl., vol. 41,
no. 2, pp. 644-654, Mar./Apr. 2005.

ISSN: 2348 — 8379

http://www.internationaljournalssrg.org

Page 21




