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Abstract. In this paper, a new control method for quasi-Z-source cascaded multilevel
inverter based grid-connected photovoltaic (PV) system, using evolutionary algorithm and
Artificial Neural Network (ANN), is proposed. The proposed method is capable of boosting
the PV array voltage to a higher level and it solves the imbalanced problem of DC-link
voltage in traditional cascaded H-bridge inverters using ANN. The proposed control system
adjusts the grid injected current in phase with the grid voltage and achieves independent
Maximum Power Point Tracking (MPPT) for the separate PV arrays by Proportional-
Integral (PI) controllers. For achieving the best performance, this paper presents an
optimum approach to design the controller parameters using Particle Swarm Optimization
(PSO). The primary design goal is to obtain good response by minimizing the integral
absolute error. Also, the transient response is guaranteed by minimizing the overshoot,
settling time, and rise time of the system response. Effectiveness of the new proposed
control method has been verified through simulation studies in a seven-level quasi-Z-source
cascaded multilevel inverter.

(© 2015 Sharif University of Technology. All rights reserved.

1. Introduction

Photovoltaic (PV) power generation has a great po-
tential to serve as a clean and inexhaustible renewable
energy source. However, output power of the PV
arrays is greatly affected by environmental conditions,
such as stochastic changes of the temperature and
solar irradiance. In PV systems, extracting the max-
imum power of the PV array and current injection
into the grid at unity power factor are necessary.
In recent years, applying various multilevel inverter
topologies to PV systems is getting more and more
attention due to the large power-scale and high voltage
demands. Among various topologies, Cascaded H-
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Bridge (CHB) inverter has unique advantages and has
been identified as a suitable topology for transformer-
less, grid-connected PV systems [1]. Applying CHB
inverter in the PV systems has some advantages, such
as the independent Maximum Power Point Tracking
(MPPT) of each array. However, the DC-link voltage
in each inverter module is not constant, because PV
array voltage varies with changes of environmental
conditions, such as temperature and solar irradiation or
partial shadows. These cases will cause an unbalanced
DC-link voltage among different H-bridge modules.
Furthermore, in the conventional Cascaded Multilevel
Inverter (CMI) based PV system, each module is a buck
inverter because the first component of the output AC
voltage is always lower than the input DC voltage.
Therefore, an additional DC-DC boost converter is
necessary to obtain the desired output voltage and also
to balance the DC-link voltages. This DC-DC boost
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converter increases the complexity of the power and
control circuit and reduces the efficiency [2-5].

In recent years, the Z-Source Inverter (ZSI) and
Quasi-Z-Source Inverter (QZSI) have been employed
for the PV power generation system due to some unique
advantages and features. The ZSI has a discontinuous
input current during the shoot-through state due to
presence of the blocking diode [6-8]. Thus, this con-
figuration is not appropriate for photovoltaic applica-
tions. Nowadays, Quasi-Z-Source Cascaded Multilevel
Inverter (QZS-CMI) based PV systems were proposed
which have continuous input current and boosting
capability and also inherit the advantages of traditional
CMI, while overcoming issues with imbalanced DC-
link voltages among independent modules [9,10]. Liu
et al. [2] use PI controllers for designing the whole
control system; but in the presented control method,
each QZS-CMI module needs a control loop for DC-
link peak voltage control which causes the complexity
of the control system. Several works are done related
to QZS-CMI, for example: Liu et al. [11], Shajith
and Kamaraj [12], and Sun et al. [13] present the
various multi-carrier bipolar PWM techniques for QZS-
CMI and Liu et al. [14], and Sun et al. [15] focus on
parameter design of the QZS-CMI. The Phase Shifted
Sinusoidal Pulse Width Modulation (PS-SPWM) is
used as a modulation scheme for QZS-CMI in [16].

In this paper, a new control method for a QZS-
CMI based PV system is proposed. The control
objectives are independent DC-link voltage control,
independent MPPT control, and current injection into
the grid at unity power factor. The Artificial Neural
Network (ANN) and PI controllers are employed to
control QZS-CMI. The independent DC-link voltage
control is achieved using ANN. Applying the ANN has
some advantages in comparison to using PI controllers
in [2]. In this method, the DC-link peak voltage control
loop for each module is removed and only one ANN is
used for all modules, which causes simplicity in the
control system and cost reduction. Also, PI controllers
have a delay time due to integral term. Consequently,
by removing the PI controllers in the DC-link peak
voltage control loop and using ANN, the delay time
decreases in the transient conditions. Besides, the
reliability of the control system enhances using ANN.
In fact, if any input data is out of range due to
failing in the measurements, the ANN gets acceptable
outputs. In this paper, the independent MPPT and
current injection are controlled using PI controllers.
There have been many technical methods for designing
the control parameters in the time and frequency
domain. Mostly, design of control parameters using
these methods are time-consuming. To achieve a high
and fast performance, this paper presents an optimum
approach to design PI parameters using Particle Swarm
Optimization (PSO). In the PSO method, the pri-

mary goal for the design of control parameters is to
obtain good steady state response by minimizing the
integral absolute error. Also, the transient response
is guaranteed by minimizing the overshoot, settling
time, and rise time of the system response. In fact,
the objective function is defined so that both the
steady state and transient response improve. Also, the
PS-SPWM modulation scheme is used for the QZS-
CMI. This paper is organized as follows: Section 2
consists of an overview of the system with the proposed
control strategy; Section 3 focuses on the system
modeling and grid-connected control; design of the PI
parameters using PSO is presented in Section 4; the PS-
SPWM modulation scheme is presented in Section 5;
effectiveness of the proposed control strategy is verified
by simulation in PSCAD/EMTDC software and the
results are compared with the results of reference [2] in
Section 6; and finally, a conclusion is made in Section 7.

2. QZS-CMI and its control strategy

The QZS-CMI based grid-connected PV system with
the proposed control strategy is shown in Figure 1.
Comparing to the conventional CMI module, an
inductor-capacitor impedance network is included in
the input stage of each module. This structure is used
to synthesize DC voltage sources to generate 2n + 1
staircase output waveform, wherein 7 is the number of
independent PV array.

2.1. Quasi-Z-source tnverter operation

The QZS-CMI combines the QZS network into each
CMI module. The QZSI can be operated in two
modes, i.e. the non-shoot-through and the shoot-
through [16]. Figure 2 shows the QZSI equivalent
circuits operating in the two modes and defines the
polarities of all voltages and currents. If the switching
period, shoot-through period, and non-shoot-through
period are considered as T, Ty, and 1,5, respectively,
the Eq. (1) can be written as:

Ts =dspn + Tnsh~ (]‘)

Therefore, the shoot-through duty ratio is D = T, /Ts.
When the kth module is in non-shoot-through state,
the power is transmitted from the DC side to the AC
side and the inverter operates as a traditional CMI. In
steady state, the following relations can be obtained [2]:

Vbor = Vevi = BrVpve,

1
1- 2Dy

Virk = SkVper. (2)

While in a shoot-through mode, there is no power
transmission, because the DC-link voltage is zero. In
this mode, there are:

Vbor =0, Vir =0. (3)
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Figure 2. The equivalent circuit of the QZSI: (a) Non-shoot-through state; and (b) shoot-through state.
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Figure 3. Block diagram of the proposed control grid-connected system for the QZS-CMI based PV system.

For the QZS-CMI, the output synthesized voltage is
equal to:

Vi = Z Ve = Z SVpor. (4)
=1 k=1

In the above equations, Vpok is the kth module DC-
link peak voltage; Vpyy is the output voltage of the
kth PV array; Dj and By are the shoot-through duty
ratio and boost factor of the kth module, respectively;
Vi is the output voltage of the kth module and Sy, €
{-1, 0, 1} is the switching function of the kth module.

2.2. Principle of control strategy

Fach QZS-CMI module has two independent control
commands: shoot-through duty ratio, Dy, and modu-
lation signal, Vy,x. Dy is used to adjust the DC-link
voltage to a desired reference value, while V,,,; is used
to control the grid injected power. The main goals of
the control system of QZS-CMI based grid-connected
PV system are: 1) Independent MPPT for each module
to ensure the maximum power extraction from each PV
array; 2) Current injection into the grid at unity power
factor; and 3) Balanced DC-link peak voltage for all
QZS-CMI modules.

To achieve these goals, the PI controllers and
ANN are employed. The total PV array voltage loop
adjusts the sum of n PV array voltages using a PI
controller, PI;. Each PV array voltage reference is
calculated by its MPPT block. Also, the current loop
achieves a sinusoidal grid-injected current in phase
with the grid voltage. A Proportional-Resonant (PR)
controller makes the actual grid-injected current to
track its desired value [17]. The n — 1 independent PV
array voltage loops control the other n — 1 PV array
voltages to achieve their own MPPTs through the n—1
PI controllers, named as PI, to PL,, respectively. Also,
as shown in Figure 1(b), the DC-link peak voltage of
each module is controlled by means of shoot-through
duty ratio which is determined by an ANN. The inputs
of ANN are the real PV array voltages and its outputs

are the shoot-through duty ratios for the DC-link
voltage control system. Finally, the shoot-through duty
ratio Dy and modulation signal V,,; for kth module
are combined into the PS-SPWM modulation scheme
to achieve the desired goals.

3. System modeling

The block diagram of the QZS-CMI based grid-
connected PV system is shown in Figure 3. The details
will be explained as follows.

3.1. Independent PV wvoltage and injected
current control

In the kth QZS-CMI module, the current of the

inductor L is:

dVpyi
bv ®)

where i1 is the current of inductor, Li; ipyy is the
current of kth PV array; and C,, is the shunt capacitor
with the PV array. The total output voltage of the
QZS-CMI can be written as:

tpik =tpvy — Cp

dis .
VH:Vg‘i‘Lfé‘i‘Tfla (6)

where Vj is the grid voltage and ¢, is the grid injected
current; 7y is parasitic resistance and Ly is the filter
inductance. Consequently, the transfer function of the
grid injected current can be obtained by:

B I.(s) B 1
G = V) — Vo)~ Lystry

(7)

To make the actual grid injected current track the
desired reference, a PR controller Gpgi(s) = kip +
i‘zii% is used, where wy is the resonant frequency, i.e.
314 rad/s.

In the next step, a grid voltage feed-forward
control loop is applied. Therefore, the kth module has

the following modulation signal:

Vink = V‘r’nk + vg(s)Gvfk‘(s)7 (8)
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where, V,,,;; is the kth module modulation signal; V! ,
is output of the PI controller in the kth module, and
Guri(s) is as follows [2]:

1
G'vfk(s) = nGinvk(s),
Ginok(s) = “jzlzgz; = Vb 9)

Due to DC-link peak voltage balance control, the DC-
link peak voltages are equal. Therefore:

Ginvk(s) = Ginu(s)v

According to Figure 3, the closed-loop transfer function
of the grid injected current control system can be
written in Eq. (11) as shown in Box I. According to
Figure 1, each PV array voltage can be obtained by:

1

Vpvi(s) = & [Lpvi(s) = Iru(s)]. (12)

p

ke (1,2, m) (10)

In the non-shoot-through mode, the output power is
equal to input power [2]. Therefore:

isVHk
2
In the above equation, vy is the output peak voltage of
the kth module; i pcy, is the average current of the DC-
link in the kth module; iz1x_nsh is the average current
of inductor Ly in non-shoot-through mode. Eq. (13)
can be rewritten using Eq. (2) as follows:

= OpcriDCK = VPVkiL1k_nsh- (13)

1V Hk (14)

YL1k_nsh = m

Also, in the shoot-through mode, the average current
of the inductor L; is:

iL1k_sh = IPVE- (15)
Therefore, the average current of the inductor L; in
the one switching cycle can be obtained as follows:

i1k = Dririe_sh + (1 — Di)itik_nsn

1:(1 = Dy,

20pcr(1 —2Dy) (16)

= Dyipvi +

>

n k=1 n

Vo (8 Vv (5)
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Figure 4. Block diagram of the total PV voltage loop.
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Figure 5. Block diagram of the separate PV voltage loop.

In addition, a PI controller Gpri(s) = kp; + ’% is used
to track the total reference voltage coming from MPPT.
The block diagram of the total PV array voltage loop
is shown in Figure 4. Also, for modules 2 to n, a PI
controller Gprr(s) = kpi + 1% is applied to separate
PV voltage to achieve their own MPPTs. The block
diagram of the separate PV array voltage loop is shown
in Figure 5.

3.2. Independent DC-link voltage control using

ANN
Artificial neural network is a model which is inspired
from the biological neurons. It has a series of nodes
with interconnections where mathematical functions
and bias factors are applied to do an input/output
mapping. An important feature of ANN that makes
it proper for this kind of problems is its flexibility to
lead in its domain and outside it, as well as work with
the non-linear nature of the problem [18]. Although
the data set for the ANN training is not complete and
possibly all combinations are not considered, the ANN
will be able to interpolate and extrapolate the results.
These features make ANN a good and reliable choice
for use as a controller.

Generally, the computational speed of ANN is
high, because only simple mathematical functions ap-
ply to each layer. The ANN topology, which is used
in this paper, is shown in Figure 1(b). It is a feed-
forward structure which has three layers. The first
layer has 20 neurons and also, second layer has 10
neurons. The number of neurons in the output layer
is equal to the number of outputs. This topology has

I.(s) _ Gprri(s)Gf(8)Ginu(s)
IS‘(S) 1+ GpRi(S)Gf(S)GmT(S)

Gic =

e (kipS? + kipw? + kirwo)

B LfS3 + (Tf + VD(vk]ifsz)SQ + L/wgs + VDC’kkipW?) + f/D(jkkiRwo + rfwg

(11)

Box I
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tangent-sigmoid activation function hidden layers and,
also, a linear activation function output layer. This
ANN takes the real value of PV array voltages values
as inputs and gives the shoot-through duty ratios for
the control system as outputs. If the range of PV
array voltage variation is considered 110 to 130 V and
a step of 1V for its variation, then we have 21 points for
each array leading to a data-set of a size equal to 213.
For input data, the output of the ANN, which is the
shoot-through duty ratio of PV modules, is calculated
by using Eq. (2). After determining the inputs and
outputs, the back propagation learning algorithm can
be used for ANN training [19].

4. Design of PI controller parameters using
particle swarm optimization

The PI is a well-known controller for industrial pro-
cesses. This is due to its good performance and simple
structure in a wide range of operating conditions.
Tuning such a controller requires specification of two
parameters: proportional gain K, and integral gain
K; [20]. In the past, this problem has been solved by
a trial and error technique. In this paper, the problem
of PI parameters tuning is formulated as an opti-
mization problem. The problem formulation employs
four performance indexes, i.e. the overshoot, settling
time, rise time, and integral absolute error of the step
response as the objective function terms to tune the
PI parameters for getting the best performance in a
given plant. In this study, the primary design goal is
to obtain good steady state response by minimizing
the integral absolute error. At the same time, the
transient response is guaranteed by minimizing the
overshoot, settling time, and rise time of the step
response. For solving this optimization problem, the
particle swarm optimization algorithm is used in this
paper.

The PSO is a stochastic optimization technique
which uses swarming behaviors observed in flock of
birds. In fact, the PSO was inspired by the sociological
behavior associated with swarms. PSO was developed
by James Kennedy and Russell Eberhart in 1995 as
a new heuristic method [21]. It uses a number of
particles that constitute a swarm moving around in
one N-dimensional search space looking for the best
position. The individuals in the swarm are called
particles. Each particle in the PSO algorithm is a
potential solution for the optimization problem and
keeps track of its coordinates in the problem space and
tries to search for the best position through flying in
a multidimensional space, which are associated with
the best solution (called best fitness) it has achieved
so far and is called “pbest”. Another “best” value
called “gbest”, that is tracked by the global version
of the particle swarm optimizer, is the overall best

value and its location obtained so far by each particle
in the swarm. The sociological behavior, which is
modeled in the PSO, is used to guide the particles.
Fach particle is determined by two vectors in the N-
dimensional search space: The position vector and
the velocity vector [22]. Each particle investigates its
search space through previous experience, its present
velocity, and the experience of the neighboring parti-
cles. The PSO concept is the change in the velocity
of each particle toward its pbest and gbest positions
at each iteration. In the PSO, acceleration of each
particle is weighted by a random term [23]. PSO is
a history-based algorithm such that in each iteration,
particles use their own behavior associated with the
previous iterations. Let X and V denote the particle’s
position vector and its corresponding velocity vector
in the search space. In this algorithm, at iteration
h, each particle i has its position defined by X! =
[Xi1,Xi2,...,X; n] and also, its velocity vector defined
by V" = [Vi1, Vi, ..., Vin] in the search space. In the
next iteration, position and velocity of each particle
can be calculated as:
VAR =W x VP + €y x rand; x (pbest; , — X/,

7,m

+C5 x rands x (gbest,n — thn) ,

i=1,2,...m, n=12_.N, (17)

h+1 h h+1 - h+1
X7;7;I; :Xi,n +‘/;717;I— if Xmin,i,n S X1+ S X!nax,i,na

: h+1
if Xi’n <Xmin7i7n7

= Xmin,i,n

= Xuax,inp A X' > X (18)
The transient response is very important, therefore,
both the overshoot and time duration of the transient
response must be kept within tolerable limits. Hence,
four indexes of the transient response are utilized to
characterize the performance of PI control systems.

The objective function (frota) for optimal design
of PI controller parameters can be formulated as
follows:

frotal = fo + frr + fsr + frae, (19)

where f,, frr, fsr and f;ap are the overshoot, rise
time, settling time, and integral absolute error of
the step response, respectively. To apply PSO for
tuning the PI controller parameters, the closed-loop
transfer function of the total PV voltage loop and
separate PV voltage loop are necessary. These closed-
loop transfer functions which are calculated using
block diagram of Figures 4 and 5, are included in
Appendix A. Also, the parameters used in PSO are
given in Appendix B.
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Figure 6. Modulation scheme for the proposed system.

5. The PS-SPWM for QZS-CMI

The modulation technique applied in the proposed
system is a phase shifted sinusoidal pulse width mod-
ulation which is shown in Figure 6. The shoot-
through states are inserted by the simple boost control
method [16]. In this control method, two straight
lines, which are denoted as 1 — D, and D,
envelops equal to or greater than the peak value of the
sinusoidal reference signals are used to control shoot-
through duty ratio. If the triangular carrier signal is
smaller than D, — 1 or bigger than 1 — D,,, the two
switches of one leg in H-bridge module are turned on
simultaneously. In PS-SPWM schemes, the number of
triangular carrier waves is equal to m — 1, where m is
equal to level number. Also, the required phase shifts
among different carriers is given as:

360°
m—1"

p= (20)
Therefore, in this case (m = 7), triangular carriers of
different H-bridge modules are shifted 60° with respect
to each other.

6. Simulation results

Performance evaluation of the proposed control strat-
egy was carried out by simulation in PSCAD/EMTDC
software. The parameters of QZS-CMI are shown in
Table 1. Also, the codes of PSO algorithm are written

Table 1. QZS-CMI parameters.

QZS-CMI parameters Value
QZS inductance, L1 and L» 1.8 mH
QZS capacitance, C7 and C% 3300 pF

PV array parallel capacitance, C, 1100 pF
Filter inductance, Ly 1 mH
Carrier frequency, fe. 5 kHz

Grid voltage 220V/50 Hz

22 (2015) 2505-2515 2511

Table 2. The parameters of the control system obtained

by PSO algorithm.

Parameters Value Parameters Value
kip 0.00491 kir -0.01673
kp+ 1.1511 kre 1.5348
kpk 0.0263 krk 0.0017

in MATLAB for the best results to be obtained for the
control parameters. As mentioned earlier, the closed-
loop transfer function of the total PV voltage control
loop and the separate PV voltage control loop are used
for the optimization problem. The results of the PSO
algorithm are shown in Table 2. Effectiveness of the
proposed method is shown by comparing the results
of the new proposed method with the results of [2] in
Table 3. In this table, the overshoot, settling time, rise
time, and integral absolute error of the step response
for these closed-loop transfer functions are given. As
shown in this table, the overshoot, settling time, rise
time, and integral absolute error of step response for all
the closed-loop transfer functions, obtained using PSO
algorithm, are smaller than the results of [2]. Also, the
nntool toolbox in MATLAB is used for ANN training.

The P-V characteristic of the PV array is shown
in Figure 7. The measured voltage and current for
each PV array are used to apply the MPPT search
algorithm for determining the PV voltage reference at
the MPP. Incremental conductance algorithm is used
for tracking the maximum power point of a PV array
in this paper [24].

At first, all modules are working at 1000 W /m?
and 25°C conditions and all the initial voltage refer-
ences of MPPT algorithm are given at 120 V. The peak
value of DC-link voltage in all modules is controlled at
145V. After 1 second, the third module’s irradiation
decreases to 700 W/m?. Hence, according to Figure 7,
the reference voltage of this module is decreases to
about 119.2V by MPPT algorithm. It should be noted
that the change of temperature mostly affects the
voltage of maximum power point, so that temperature

600 :
25°C, 1000 w/m?>
25°C, 900 W/nl2

25°C, 700 W/nl2

400

300

Power (W)

200

100

0 50 100 150
Voltage (V)

Figure 7. PV array power-voltage characteristic.
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Table 3. Comparison of the results of the new proposed method with the results of [2].

Transfer Overshoot Settling Rise Integral
functions (%) time (sec) time (sec) absolute error
Using . Using . Using . Using .
Using Using Using Using
controller controller controller controller
controller controller controller controller
parameters parameters parameters parameters
. parameters . parameters . parameters . parameters
obtained . obtained . obtained . obtained .
in [2] in [2] in [2] in [2]
by PSO by PSO by PSO by PSO
Total PV
otal PV 8.62 56.1 0.362 2.84 0.0395 0.177 0.0384 0.5052
voltage loop
rate P
Separate PV g 33.3 0.438 0.511 0.0578 0.0651 0.0584 0.0988
voltage loop
400 200
: t — Vm ~  lw T =Vmppl
£ 00 i ERE Vol
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Figure 8. Simulation results: (a) Total PV array voltage; (b) PV array voltage of the first module; (c) PV array voltage
of the second module; and (d) PV array voltage of the third module.

rising causes the voltage of maximum power point to
drop. While, the change of solar irradiation mainly
affects the current injection.

The total PV voltage (sum of all three PV array
voltages) and other PV array voltages are shown in
Figure 8(a)-(d), respectively. It can be seen that during
the change in the MPPT reference value due to the
change in environmental condition, the proposed con-
trol method has excellent tracking performance after
a very short transient. It can be seen in Figure 8(d)
that after a change in the environmental condition of
third module, the controller of this module tracks the
new reference. As shown in Figure 8(b)-(d), PV array
voltage of the first module is different with respect
to the second and third modules. This is due to the
fact that the modulation signal generation of the first
module is different from that of other modules.

The inverter output voltage is shown in Fig-
ure 9. It can be indicated that the solar irradiation
or temperature does not affect the seven-level staircase
output voltage of the inverter due to shoot-through
operation. It is no matter if the temperature and the
solar irradiation change or not; the QZS-CMI always

-500 1 1 1 1 1 1 1 1 1
0.90 0.92 0.94 0.96 0.98 1.00 1.02 1.04 1.06 1.08 1.10
Time (s)

Figure 9. Inverter output voltage.

outputs a constant voltage which verifies the voltage
balancing capability.

Figure 10 shows the grid-injected current which is
exactly in phase with the grid voltage and ensures unity
power factor. It should be noted that lower irradiation
causes reduction of the grid-injected current. The DC-
link voltage of the third module is shown in Figure 11.
Low DC-link peak voltage fluctuation is because of
capacitor voltages fluctuation due to inverter status
change from the shoot-through mode to nomn-shoot-
through mode and vice versa. It can be seen that
with the ANN, DC-link peak voltages are kept at
the reference value (145 V). It should be noted that,
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Figure 12. Shoot-through duty ratio of the third module.

according to Eq. (2), after decrement of the reference
voltage of the third module by MPPT algorithm, longer
shoot-through time interval is necessary for this module
to fix the DC-link peak voltage at 145 V. The shoot-
through duty ratio of third module, during the change
in the MPPT reference value, is shown in Figure 12.
As shown in this figure, ANN adjusts new shoot-
through duty ratio after a very short transient, so
that third module’s DC-link peak voltage has a very
low distortion after a change in the solar irradia-
tion.

7. Conclusion

In this paper, a new control method for QZS-CMI
based single-phase grid-connected PV system is pro-
posed. The proposed system is a combination of QZSI
and CHB multilevel topology and has both of their
advantages. This enables independent MPPT control
for each PV array in different conditions. Moreover,
independent DC-link voltage control enforces all QZS-
HBI modules to have balanced voltages and, also, grid-
injected current is fulfilled at unity power factor. The
control parameters are designed using PSO algorithm.
It was shown that the system has fast and accurate re-
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sponse. Also, an ANN used for DC-link voltage control
has some advantages such as simplicity, cost reduction,
fast response, and more reliability. Performance of the
proposed control system for a seven level QZS-CMI
is evaluated under variable environment conditions.
The simulation results show the effectiveness of the
proposed control strategy for a QZS-CMI based single-
phase grid-connected PV system.
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Table B.1. PSO parameters.

Particle no 100

NPar 5
MaxTter 80
w 0.9
KEI 0.1
nl 2
n2 2
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