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Abstract

A new type of photovoltaic (PV) fed cascaded multilevel topology is pro-
posed in this work. The proposed topology is an integration of Switched
Coupled Inductor (SCL) quasi Z-Source network (qZS) to Cascaded Mul-
tilevel Inverter (CMI). In order to extract maximum power with high tracking
efficiency under various conditions from the PV system, Grey Wolf Opti-
mization (GWO) algorithm is implemented in the proposed topology. The
main aspect of GWO is to control the duty cycle through iterations for better
performance. The GWO has the potential to achieve global peak under any
climatic conditions. The iterations are done in three steps mainly hunting,
encircling for prey and, attacking prey. To prove the effectiveness of GWO, its
performance is compared with traditional Perturb & Observe (P & O) MPPT
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technique. The proposed technique is implemented, tested for various Partial
Shading Conditions (PSC) using MATLAB/ Simulink results are verified
with experimental set up of 1 kW by utilizing My-RIO embedded FPGA
processor board.

Keywords: Perturb & Observe, grey wolf optimization, switched cou-
pled inductor, quasi Z-Source, cascaded multilevel inverter, partial shading
conditions.

1 Introduction

Energy shortfall is the crucial issue in the earth presently, so it is important to
recognize and progress in the renewable energy power generation system [1].
Renewable energy sources such as photovoltaic, wind, and fuel cells can
be linked without any difficulty to a converter system [2]. In integrating
renewable energy resources, solar photovoltaic has into a great demand [3].
In recent years, the rooftop installation has become a trend [4]. According
to the International Agency the usage of PV systems has been growing
rapidly from the year 2017 [5]. To avoid the climatic changes regarding global
warming, solar energy plays a major role [6]. There is a vigorous stipulation
over the PV systems to cut down the prices and increase the demand in
the market [7]. In recent days PV installation is increasing for the Plug-
in-Electrical Vehicles (PEV) [8, 9]. For productive operation, under various
climatic conditions, the MPPT technique plays a major role [10].

In the PV systems, the PSC are unavoidable interruption where the
efficiency will be reduced globally and the system outcome will have multiple
local peaks and an individual global peak. Hence, it is a major challenge
for plotting MPPT for PV systems [11, 12]. Due to the usage of MPPT
techniques, it is easy to operate for obtaining maximum efficiency [13].
The DC link voltage can be controlled by implementing MPPT technique
to avoid fluctuations [14]. The importance of implementing MPPT algorithm
is to work PV panel efficiently at maximum power [15]. In solar PV appli-
cation, the output voltage of solar PV varies continuously depending upon
output voltage of solar PV varies continuously depending upon the solar
radiation [16].

There are many soft computing techniques developed and implemented
for Multilevel Inverters such as Hill Climbing (HC), Incremental Conduc-
tance (IC), P&O [17, 18]. PSC is caused by numerous circumstances like
cloud, building and trees, which leads to the reduction in efficiency [19].
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Figure 1 Block diagram of the proposed topology.

However, these algorithms will operate perfectly under uniform irradiation
of solar with single peak P-V characteristics and V-I characteristics.

In general, PV is mostly suitable for Cascaded Multilevel Inverters com-
pared to Diode clamped and Flying Capacitor [20]. qZS-CMI prevail the
disadvantages present in the conventional CMI by combining with qZS net-
work and H-Bridge module. Numerous attempts have been taken to improve
the boost capability of voltage in qZSI by utilizing various modulation tech-
niques. However, these techniques were not able to boost the output voltage
according to the requirements. The other option which was left is to modify
the circuit as per the work carried out by previous researchers [21, 22]. In the
qZSI, adding a specific boost cell can lead to a high voltage gain qZSI. It can
maintain a continuous input current and low DC bus voltage overshoot, and
increase the boost capacity of the inverter [23].

SCL qZS-CMI was the advantageous topology while comparing with
various quasi Z-source network topologies, discussed in this. The main
contribution of this work is, SCL qZS-CMI will be implemented to P&O
and GWO technique for comparison. The harmonics can be reduced by
implementing the MPPT technique, where it can obtain a smooth output
voltage.

The block diagram of the proposed topology is shown in Figure 1. This
work is organised as follows: In Section 2 the proposed topology is discussed.
Section 3 describes design and implementation of GWO technique, Section 4
deals with simulation results and Section 5 gives brief discussion about
experimental results. Finally, inferences are discussed in Section 6.

2 Description of the Proposed SCL qZS-CMI Topology

The three H-bridges of SCL qZS-CMI have similar capacitor values and
inductor values. In each H-Bridge, a coupled inductor is connected with a



1398 V. R. Rajan et al.

Figure 2 Circuit diagram of SCL qZS-CMI with Solar PV system.

pair of diodes (Db1, Dc1), (Db2, Dc2) and (Db3, Dc3) as shown in Figure 2.
The coupled inductor as the same number of turns Nxa = Nxb turns ratio of
winding is n = Na3/Na1 = Na3/Na2.

The turn’s ratio of windings is same for the other two H-bridges. SCL
combines with one capacitor, two diodes in the existing model. It achieves
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high boost factor of 3/(1-4D) while comparing with traditional qZS-CMI.
SCL has low stress on the components of the circuit. By comparing with the
traditional qZS-CMI the size of the inductor is reduced. In shoot-through state
diodes Da1, Da2, Da3 will be OFF, whereas diodes (Db1, Dc1), (Db2, Dc2)
and (Db3, Dc3) will be ON. Windings (Na1, Na2), (Nb1, Nb2) and (Na3, Nb3)
are charged by parallel capacitors C11, C21, C31, Na3, Nb3 and Nc3 produce
energy to C11, C21, C31 and capacitors C13, C23, C33 will obtain energy. The
leakage inductance is limited by charging current of capacitors C13, C23, C33.

During non-shoot-through, it has six operating states and two non-
operating states for SCL qZS-CMI. Diodes (Db1, Dc1), (Db2, Dc2) and
(Db3, Dc3) will be OFF, diodes Da1, Da2, Da3 will be ON. The capacitors
(C11, C12), (C21, C22) and (C31, C32) will be charged. The windings (Na1,
Na2, Na3), (Nb1, Nb2, Nb3) and (Nc1, Nc2, Nc3) are in series with capacitors
C13, C23, C33 to transfer energy to the main circuit. The leakage inductance
of SCL qZS-CMI is absorbed by C12, C22, and C32 and they are recycled
to avoid stress on switches. Figures 3 and 4 shows the shoot through and

Figure 3 Shoot through operation of single of H-Bridge in SCL qZS-CMI.

Figure 4 Non-shoot through operation of H-Bridge in SCL qZS-CMI a single Bridge in
SCL qZS-CMI.
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non-shoot through operation of the proposed circuit. By applying KVL to
three H-Bridges during shoot through operation.

VL1 = VPV 1 + VC12 (1)

VL2 = VPV 2 + VC22 (2)

VL3 = VPV 3 + VC32 (3)

VNa1 = VNa2 = VC11, VNa3 = nVNa1 (4)

VC13 = VNa1 + VNa3 = (n+ 1)VNa1 = (n+ 1)VC11 (5)

By applying KVL for three H-Bridges during non-shoot through
operation;

VL1 = VPN − VPV 1 − VC12 (6)

VNa1 + VNa2 + VNa3 = VC12 − VC13 (7)

VNa1 + VNa2 + VNa3 = VPN − VC11 − VC13 (8)

In case of magnetic coupling, VNa3 = nVNa2 = nVNa1, the capacitor
will be as a voltage source during non-shoot through state , VC13 = (n +
1)VC11, Hence Equations (7) and (8) of the first H-Bridge can be modified as,

VNa1 =
VC12 − VC13

2 + n
(9)

VNa1 =
VPN
n+ 2

− VC13

n+ 1
(10)

SCL qZS-CMI is connected in series with individual PV sources. The
switch count of the circuit is ‘4n’ where ‘n’ is number of PV sources. Three
dc sources have the same voltage and the AC output voltage is attained by
2n+1 levels. The equation of SCL qZS-CMI with dc source is given as;

VPV g = VPV , where g = 1, 2, 3,. . . ,n. The voltage level of three
H-Bridge of SCL qZS-CMI is generated as VPV1, VPV1 + VPV2 and
VPV1 + VPV2 + VPV3. Cascaded Multilevel Inverter operation is shown in
Table 1. In Table 1, VPV1 = VPV2 = VPV3 = Vdcm.

3 Design of Grey Wolf Optimization (GWO)

GWO is one of the modern techniques applied for tracking in the PV system.
It is developed based on consideration of iterations, where the traditional
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Table 1 Switching states of SCL qZS-CMI
Voltage −→ 0 Vdcm 2Vdcm 3Vdcm −3Vdcm −2Vdcm −Vdcm 0
Switch ↓
Sa1 1 1 1 1 0 0 0 0
Sa2 1 0 0 0 1 1 1 0
Sa3 0 0 0 0 1 1 1 1
Sa4 0 1 1 1 0 0 0 1
Sb1 1 1 1 1 0 0 0 0
Sb2 1 1 0 0 1 1 0 0
Sb3 0 0 0 0 1 1 1 1
Sb4 0 0 1 0 0 0 1 1
Sc1 1 1 1 1 0 0 0 0
Sc2 1 1 1 0 1 0 0 0
Sc3 0 0 0 0 1 1 1 1
Sc4 0 0 0 1 0 1 1 1

methods have only two possibilities in choosing the LP and the GP for
achieving maximum power. The masters of the wolves are men and women,
where they are known as alphas. The alphas are mainly taken into account for
judging regarding hunting and other regular activities. The alphas judgements
are informed to the group of wolves. Sometimes alphas follow other groups of
the wolves depending upon the right behaviour. In meetings, the group will
confess the alpha by handling their tail. The alpha wolves permit to amour
in their group. The alpha controls the group that is the reason it is called
as the strongest. The second type of wolves are called beta. This helps the
alpha while taking decisions and it will also help other groups while taking
decision. The beta wolf can be either men or women, the best wolf is alpha.
Grey wolves have prey location recognizing ability and encircling them. In
general, the hunt is guided by wolf, later beta and delta wolves join in the
hunting process [24]. Moreover, it is divided into two types leader solutions
and other solutions [25]. If one of the alpha wolf dies or becomes old the beta
wolf gets the authorities and it should respect the alpha, but it is superior to
other wolves. The beta is considered as a mentor for the alpha and the director
for the wolves. The beta fulfils the alpha’s demand on the group and it gives a
response to the alpha. The least level is omega. The omega will be the victim.
The following equations are proposed for encircling the prey:

~F = | ~E ·
#        »

Zp(t)−
#      »

Z(t)| (11)
#                »

Z(t+ 1) =
#        »

Zp(t)− ~G · ~B (12)
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Where t indicates the current iteration, F, E, G and B are coefficient
vectors, Zp is the position vector of the prey and Z indicates the position
vector of the grey wolf.

The vectors G and E are calculated as follows;

G = 2c · l1 − c (13)

E = 2 · l2‘ (14)

where the elements of c are linearly decreased from 2 to 0 throughout
iterations and l1, l2 are random vectors in [0, 1]. Z is the position for finding
the prey. Grey wolves can realize the location of prey and encircle them. In
reference to derive the hunting behaviour of grey wolves, alpha gives the best
solution, where beta and delta have better knowledge about finding the prey.
The following equations are given:

Bα = |E1 · Zα − Z|, Bβ = |E2 · Zβ − Z|, Bδ = |E3 · Zδ − Z|
(15)

Z1 = Zα −G1 · (Bα), Z2 = Zβ −G2 · (Bβ), Z3 = Zδ −G3(Bδ)
(16)

Z(t+ 1) =
Z1 + Z2 + Z3

3
(17)

Duty cycle D should be determined for algorithm, Hence, (11) is
represented as:

Di(k + 1) = Di(k)−A.D. (18)

Thus, the fitness function of the GWO algorithm is formulated as

P (dki ) > P (dk−1
i ) (19)

Where P represents power, d is the duty cycle, i is the number of current
grey wolves, and k is the number of iterations. In Figure 5 Flow chart of GWO
is shown. The word ‘agent’ represents wolf in the flow chart.

3.1 PV Panel Voltage Control to Achieve Maximum Power

In Figure 6 PV panel voltage control is shown. By using PI regulators it
is controlled to achieve maximum power for the SCL qZS-CMI modules
from 2 to ‘n’ in phase, where for PIxn, n represents (n = 2,3,. . . n). GWO
is implemented because of its fast-tracking ability.
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Figure 5 Flow chart of GWO.

3.2 PV Panel Voltage Control for All Modules in SCL qZS-CMI

Figure 7 shows the voltage control for all modules in PV panel. To enforce
the sum of the PV panel voltage a PI regulator is employed in each phase

vPV tx =

n∑
k=1

vPV xk (20)
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Figure 6 PV panel voltage control to achieve maximum power by MPPT.

Figure 7 Voltage control of all modules in PV panel.

For tracking all the PV voltages

V ∗
PV tx =

n∑
k=1

v∗PV xk (21)

In Figure 6 v∗PV x1 the voltage is from the first module, from modules 2
to ‘n’ in MPPT is v∗PV x2 to v∗PV xn. Through (21), the MPPT is achieved for
SCL qZS-CMI.

4 Simulation Results

In this section performance based on without shading PV panels and with
shading PV panels are shown in two different patterns, which are shown
in Figure 8. Further results are shown by implementing traditional P & O
method and GWO method.

4.1 Simulation Investigation at Various PV Panel Irradiations

Figure 9(a) shows the power rating of 1000 W were voltage is 140 V and
8.5 A. In Figure 9(b) V-I characteristics is shown. As per datasheet, each PV
panel is designed for 250 W and four 250 W panels are connected in parallel
as shown in Figure 8(a).
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Figure 8 (a) PV panel without PSC, (b) PV panel with PSC-Pattern 1, (c) PV panel with
PSC- Pattern 2.

(a)                                         (b)             

Figure 9 (a) PV characteristics of PV panel without PSC, (b) VI characteristics of PV panel
without PSC.

The PV characteristics with 2 panels irradiation of 500 W/m2 and the
remaining 2 panels are configured with 1000 W/m2 irradiation as shown
in Figure 8(b). Figure 10(a) represents PV characteristics and Figure 10(b)
represents VI characteristics, where it has one local peak and one global peak.
For the PSC which is shown in Figure 8(c), has three peaks, where two are
local peaks and one is global peak as shown in Figures 11(a) and 11(b). The
three irradiations are 1000 W/m2, 700 W/m2, and 500 W/m2.
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(a)                                                                     (b) 
Figure 10 (a) PV characteristics of PV panel with PSC (Pattern 1), (b) VI characteristics of
PV panel with PSC (Pattern 1).

 
 
 
 
 
 

                         
 

                              (a)                                                                    (b)  
Figure 11 (a) PV characteristics of PV panel with PSC (Pattern 3), (b) VI characteristics of
PV panel with PSC (Pattern 3).

Figures 12 and 13 shows the output power of P & O and GWO for without
PSC. The output power has more distortions in the P & O technique due to
the selection in maximum power. In GWO, the output power is very smooth
where it chooses the maximum power with ease.

The output power of P & O and GWO under PSC for two peaks are shown
in Figures 14 and 15 shadings are created as per Figure 8(b). In selecting the
local peak and global peak for P & O, where the operation depends upon the
before perturbation and the present perturbation of the duty cycle.

The output power for P & O and GWO under PSC for three peaks
are shown in Figures 16 and 17, shadings are created as per Figure 8(c).
In selecting the local peak and the global peak for P & O, it is critical
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Figure 12 Simulation output power of P & O without PSC.

Figure 13 Simulation output power of GWO without PSC.

Figure 14 Simulation output power of P&O with PSC (Pattern 1).

Figure 15 Simulation output power of GWO with PSC (Pattern 1).
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Figure 16 Simulation output power of P&O with PSC (Pattern 2).

Figure 17 Simulation output power of GWO with PSC (Pattern 2).

Table 2 Parameter values of the SCL qZS-CMI
S.No Parameter Value
1 Inductors (L1 to L3) 560 µH
2 Capacitors (C1 to C8) 470 µF
3 Coupled Inductor (1:2:2) 330 µH

where the operation depends upon the before perturbation and the present
perturbation of the duty cycle. For three various irradiations, the output power
may increase or decrease compared to two peaks. In GWO the output power
is maximum, where it can operate under the given maximum iterations.
Simulation parameters are tabulated in Table 2.

The efficiency is calculated by using (22). Figure 18 shows the simulation
comparison graph for P & O and GWO without PSC and PSC. The graph
represents maximum power attained without PSC and with PSC. GWO has
higher efficiency and smooth output compared to P & O.

5 Experimental Results

The experimental verification is performed for 1 Kw by building a bench
set up. In Figure 19 the experimental setup of SCL qZS-CMI with a PV
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Figure 18 Simulation output power comparison without PSC and with PSC for P & O and
GWO by implementing to SCL qZS-CMI.

Figure 19 Photograph of the experimental test bench of the SCL qZS-CMI with the PV
system.

system is shown. The parameters chosen for the proposed SCL qZS-CMI
are the same that have been implemented in simulation. The proposed system
is built with TLP-350 optocoupler driver circuit. TheTLP-350 driver circuit is
used for driving the pulses to the switches through connecting My-RIO pins.
The power supply for driver circuit is given by using transformer 230/18V
and it is stepped down to DC 15V which is enough for TLP-350.
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(a)          (b) 
Figure 20 Experimental output voltage and output current of PV panel by using P&O (a)
Output voltage (b) Output current.

(a)                                                            (b) 

Figure 21 Experimental output voltage and output current of PV panel by using GWO (a)
Output voltage (b) Output current.

The experimental setup of the PV panel output voltage and the output
current of P & O have been shown in Figure 20. Figure 20(a) represents
the output voltage of 140 V and the output current of 6.64 A is shown in
Figure 20(b). Figure 21 shows the output voltage and the output current of
GWO. The output voltage is 140 V and 6.95 A. In the comparison of P & O
and GWO, GWO has smooth output compared to P & O.

Different conditions were considered for experimental verification in a
PV system for P & O and GWO. In Figure 22(a) the output power of
SCL qZS-CMI with P&O technique is shown under uniform irradiation
condition and Figure 22(b) is the output power of SCL qZS-CMI with GWO.
In Figures 23(a) and (b), Figures 24(a) and (b) different partial conditions are
considered.

In Figure 25 the output power for P & O and GWO is represented with
PSC and without PSC. Clearly the graph defines GWO achieves maximum
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Figure 25 Experimental output power comparison without PSC and with PSC for P & O
and GWO by implementing to SCL qZS-CMI.

 
(a)                                             (b)  

Figure 26 Experimental THD of P & O, (a) Output voltage THD of P& O (b) Output current
THD of P&O.

power with high efficiency compare to P & O under various conditions
considerd for experimental verification.

Figures 26 and 27 shows the experimental THD of P & O and GWO for
output voltage and output current. The output voltage THD of P&O is found
to be 12.1%, where the output voltage THD of GWO is 9.0%. In comparison
with THD of output current, the output current THD of P & O is 9.6% and
the output current THD of GWO is 7.8%. The THD is high for P&O while
comparing to GWO. The reasons for high THD in P&O are due to distortions
present in output power, where it can track only the previous perturbation
and the present perturbation, whereas in GWO various iteration cycles can be
tracked instantly for obtaining smooth output.
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(a)                                              (b) 
Figure 27 Experimental THD of GWO, (a) Output voltage THD of GWO (b) Output current
THD of GWO.
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Conclusion

This work has discussed a comparative analysis by implementing P & O and
GWO to the proposed SCL qZS-CMI topology. An experimental set up of
seven-level SCL qZS-CMI is built. P & O and GWO algorithm results are
analysed by utilizing four PV modules, which are configured under standard
conditions. In addition, analysis is determined for PSC as well. The computer
simulation is carried out for P & O and GWO technique for comparison.
The whole setup is analysed based on maximum power tracking and THD.
Simulation and experimental results are found to be similar. The analysis has
proved that GWO has a better performance over P & O under both uniform
and PSC of PV systems for the proposed PV fed SCL qZS-CMI topology.
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