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ABSTRACT
A single-phase grid coupled PV system with a switched Z-source boost converter is analysed on
the basis of closed-loop control using a novel hybrid algorithm. As PV results in low-voltageDC, it
is vital to step up this low-voltage DC and so a suitable DC-DC converter is needed. A switched Z-
source boost converter is utilized for the step-up process as this converter usesminimumpassive
components, thereby reducing the cost with improved power density. Control of the converter
is carried out by a closed loop control using a PI controller tuned with a novel genetic-based
chicken swarm (GBCS) algorithmwhich combines themerits of both genetic and chicken swarm
able to dealwith complex problems, simplewith fast convergence. The output of the converter is
then given to the grid through a single-phase VSI in which DC–AC conversion takes place. While
connecting PV to the grid, another factor to be taken care of is grid synchronization which is
accomplished by a PI controller inwhich the actual and reference power are analogized. The pro-
posed control scheme is simulated in a MATLAB environment and the outcomes are observed.
The grid current THD of 1.6% and reactive power compensation is accomplished.
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1. Introduction

Nowadays, there is an urge to overcome the increasing
deterioration of the environmental conditions and so
the countries in the world are forced towards renew-
able energy resources [1]. Among the renewable energy
source and electrical grid network, the interconnec-
tions are performed with the distributed generation,
where the important tasks are performed by the power
electronics [23]. Generally, photovoltaic (PV) systems
are classified into standalone and grid-connected types,
in which most of the PV solar power systems are con-
nected to the grid [4]. Every country uses a different
system type and different characteristics of grid; how-
ever, most of the PV inverter systems are coupled with
low-voltage (LV) or medium-voltage (MV) [5]. The
code certifications of LV and MV are the major issues
in PV inverter systems, also the dynamic power from
the PV array is supplied towards the grid because the
PV system uses a current control scheme [6]. Gener-
ally, the power plants are coupled with the LV or MV,
this contributes the grid stability and also the power
plant generation is achieved by current control which
contains a few weak points during execution [7]. The
variation of grid frequency is considered by controlling
the active power and because of high penetration, the
grid instability is prevented. If the variation of grid volt-
age is greater than 10%, then it causes voltage sag and if
it is less than 10%, it causes voltage swell [8]. To achieve
these issues, grid-oriented PV inverter systems should

supply power in active power throughmaximumpower
tracking and also through reactive power grid for code
certifications [9].

The converters used in PV are Boost, SEPIC, LUO
and Z-source converters, among this the most com-
monly used converter is the boost converter [10] which
steps up the input voltage by utilizing the level of load. It
stores energy in the inductor and supplies it to the load,
this is a distinct capacity; however; the output voltage
is maintained steadily with a large amount of capacitor
values and causes large voltage stress [11]. The issues
in the boost converter are addressed by utilizing the
buck-boost converter [12], which controls the voltage
for the variance in both irradiance and temperature.
This converter results in discontinuous current output
and requires large filter sizes and complex sensing cir-
cuits. The issues in these boost converters are achieved
by the SEPIC converter [13], which performs both the
buck and boost operations and the input required for
this converter is in the form of radiation. This con-
verter is not used in low-varying applications, so the
LUO converter is utilized. The PV output voltage is
boosted by the design of the LUO converter [14] and
the implementation of this converter is expensive and
its efficiency is low. The issues in this converter are rec-
tified by the Z-source converter [15] which is coupled
among the main circuit and power sources and per-
forms both buck and boost operations. In [16], a multi-
input single output (MISO) converter is utilized, which
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combines different distribution generation sources to
achieve higher output voltage. Because of the natural
conditions, the supply of the converter is stopped, to
overcome these issues, a module-integrated converter
(MIC) is used. This MIC converter [17] recycles the
stored energy from the inductance and achieves maxi-
mum step-up output voltage and this converter requires
only PV as a power source. In [18], a medium volt-
age distribution network converter (MVDC) is utilized
because it contains a wide range of input voltage and it
also needs high output voltage to achieve the MVDC
requirements. In this developed paper, a switched Z-
source boost converter is utilized to overcome these
issues.

Themaximum power point (MPP) is extracted from
PV by using maximum power point tracking (MPPT).
The MPPT [19] is used to obtain fast and accurate
tracking and the system oscillation occurs due to dif-
ferent environmental conditions. However, the above-
mentioned method for MPPT is accurate, but it creates
some oscillation, to neglect these issues closed-loop
control is employed with the PI controller. If the PI
controller is used individually, then the settling time is
increased and also the peak overshoot problems occur.
To eliminate these issues, the PI controller is tuned
using various algorithms such as fuzzy, PSO and genetic
algorithms. Initially, the fuzzy algorithm [20] is utilized,
based on the current operating condition of the con-
trol system. Tha PI controller is tuned by the fuzzy
and it is unable to provide machine learning capabil-
ity. To eliminate these issues, a hybrid algorithm named

genetic-based chicken search algorithm is utilized in
this work.

2. Proposed control scheme

The proposed control scheme for grid-connected PV
with a switched Z-source boost converter using a
genetic-based-chicken swarmalgorithm is illustrated in
Figure 1. PV modules usually result in low-voltage DC
and it is necessary to boost this voltage. Hence a suitable
converter is required for boosting the PV voltage.

A switched Z-source boost converter is utilized in
this work which is constructed by adding a switch and
a diode to the conventional Z-source converter. This
converter steps up the attained PV voltage and the con-
verter must be controlled. So, a closed-loop control is
implemented with a PI controller and tuning of the
controller is accomplished by a hybrid algorithm. A
genetic-based chicken swarm algorithm is utilized for
attaining the optimal parameters for the controller. In
the GBCS algorithm, the population is initialized fol-
lowed by the evaluation of fitness value and then the
population is categorized into two.UsingGA, one of the
subpopulations is updatedwhile the other is updated by
the CS algorithm. Both solutions are combined for the
next generation to achieve optimal solutions. Thus, the
required pulses for the converter are generated with the
aid of a PWM generator and the PI controller is tuned
with the GBCS algorithm. For all the grid-connected
PV systems, grid synchronization is a vital part and this
is achieved by a PI controller in which the actual and

Figure 1. Proposed control scheme.
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reference values of power are analogized and accord-
ingly, pulses are generated for the single-phase VSI.

Switched Z-source DC-DC converter

A switched Z-source DC-DC converter (SZSC) is FS in
Figure 2. Compared to the traditional circuit, the pro-
posed circuit has one more switch (S2) and diode (D3).
The boost factor of SZSC is enhanced, which is given
by the relation 1

(1−4D)
(0 < D < 0.25). The relationship

between the boost factor and duty cycle is shown in
Figure 2, to further illustrate the boost ability of the
proposed converter. It is clear from this relationship
that the proposed converter shows a higher boost abil-
ity than all other Z-source converters in a comparable
frame. The proposed converter’s highest operating duty
cycle is D < 0.25.

Figure 2. Duty cycle vs boost factor.

This converter operates in both continuous current
mode (CCM) and discontinuous currentmode (DCM).
In a complete cycle, every mode has various circuit
states. Figure 3 represents the circuit diagram of speci-
fications of reference directions.

Operation of SZSC

The circuits for various modes are represented in
Figure 3. Mode 1 has states 1 and 2, Mode 2 has states
1, 2 and 3 and Mode 3 has states 1, 2, 3 and 4. For
easy analysis presumed all the components of power as
ideal, free-wheeling diodes for switches S1 and S2 are
neglected, inductances L1 = L2 and capacitances C1 =
C2.

Mode 1 in CCM

Mode 1 has State 1 and 2 and
State 1[t0, t1]: When the switches S1 and S2 are con-

currently ON, and diodes D1,D2 and D3 are OFF,
so current through these diodes is iD1 = iD2 = iD3 =
0. C1,C2 and C3 capacitors are discharged, whereas
L1 and L2 inductors store energy, and the stored energy
in the C3 capacitor is moved to the load.

As shown in Figure 4 the capacitorC1 and the induc-
tor L1 currents are equal from the current loop which
is namediC1 = iL1 , the capacitor C2 and the inductor
L2 currents are equal from the current loop which is
named iC2 = iL2 and switches S1 and S2 have equal cur-
rents which is named iS1 = iS2 . The state 1 equations are
expressed as

{iS1 = iL1 + iL2 iC3 = iS1 + io (1)

Figure 3. Circuit diagram of specifications of reference directions.
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{vL1 = vC1 + vC3vL2 = vC2 + vC3 (2)

State 2[t1, t2]: When the switches S1 and S2 are con-
currently OFF, current through these switches is iS1 =
iS2 = 0 and diodes D1,D2 and D3 are ON. The VPV
panel voltage and the L2 inductor discharge the energy
to the C1 capacitor, the VPV panel voltage and the L1
inductor discharge the energy to the C2 capacitor and
the VPV panel voltage and the L1 and L2 inductors dis-
charge the energy to theC3 capacitor as well as the load.
The circuit diagram for the current loop in state 2 is
shown in Figure 5.

Apply KCL in Figure 4

{iD1 = iL1 − iC1 iD2 = iL1 + iC2 iD3 = io − iC3 (3)

Applying KVL in Figure 5

{vC1 = VPV − vL2vC2 = VPV

+ vL1vC3 = VPV − vL1 − vL2 (4)

The symmetry of the Z-source network is attained
on both sides

{iL1 = iL2vL1 = vL2 iC1 = iC2vC1 = vC2 (5)

Figure 4. Circuit diagram for current loop in state 1.

Figure 5. Circuit diagram for current loop in state 2.
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Mode 2 in CCM

Mode 2 has states 1, 2 and 3.
State 1[t0, t1] and State 2[t1, t2]: Mode 2 operation is

exactly like the two states of mode 1 and in mode 2 at
the end of state 2 the operation is different, here the C3
capacitor is discharged to deliver the load along with
the panel voltage which is linked to the series of VPV
and the L1 and L2 inductors.

State 3[t2, t3]: The switches S1 and S2 and OFF and
diodes D1,D2 and D3 areON in this state, state 3 volt-
age relation is equal to state 2, whereas the relation of
current is different. The circuit diagram for the current
loop in state 3 is shown in Figure 6. Apply KCL in this
circuit and the current equation is written as

{iD1 = iL1 − iC1 iL1 = iL2 iD2 = iL1
+ iC2 iC1 = iC2 iC3 = io − iD3 (6)

Mode 3 in CCM

Mode 3 has states 1, 2, 3 and 4.
State 1[t0, t1], State 2[t1, t2] and State 3[t2, t3]: Mode

3 operation is exactly like the three states of mode 2 and
inmode 3 at the end of state 3 the operation is different,
the current flows via the L1and L2 inductors reach zero
and move into the DCM of SZSC. The current flows
through inductors L1 and L2, capacitors C1,C2 and C3,
diodes D1,D2 and D3 and switches S1and S2 are
written as

{iL1 = iL2 = iC1 = iC2 = 0iS1 = iS2
= iD1 = iD2 = iD2 = 0iC3 = io (7)

State 4[t3, t4]: Switches S1 and S2 are in OFF and the
diodes D1,D2and D3 are OFF. The voltages remain
unchanged over capacitors C1 and C2. The circuit
diagram for the current loop in state 4 is shown in
Figure 7.

3. Closed-loop control with a PI controller
using a genetic-based chicken swarm (GBCS)
algorithm

The control of the switched boost Z-source converter is
achieved by a closed-loop control with a PI controller.
The PI controller considerably reduces the steady-state
error of the system and proper tuning of the controller
is essential. Various algorithms are available for tun-
ing the controller, but the classical procedures result
in more settling time with peak overshoot problems.
So intelligent-based algorithms are introduced even
though these algorithms converge faster, they require
more data so optimization algorithms are preferred. In
this work, a novel hybrid algorithm is introduced based
on the Genetic algorithm (GA) and chicken swarm
(CS) algorithm which includes the advantage of both
algorithms. The GBCS algorithm is simple with faster
convergence which can solve complex problems. A PI
controller with proportional gain Kp and integral gain
Ki is represented as

C(s) = Kp + Ki

s
(8)

The controller parametersKp andKi decide the optimal
working of the system and so these parameters are to
be optimized. The optimal values forKp andKi(Kp = 1
and Ki = 0.1)are chosen such that they minimize the

Figure 6. Circuit diagram for current loop in state 3.
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Figure 7. Circuit diagram for current loop in state 4.

error and this is based on the objective function. Mean-
square-error (MSE) is expressed mathematically as

MSE = 1
t

τ

∫
0
(e(t))2 (9)

The fitness value is thus computed as

F = 1
MSE

(10)

The above expression implies that optimal parameters
are attained by smaller values of MSE.

One of the global search algorithms that mimic nat-
ural selection is the genetic algorithm which is simple
and results in optimal solutions. The basic operators
of GA are reproduction, cross-over and mutation. The
steps involved in GA are as follows:

1. Generate initial population with max. generation
limit.

2. Start with the initial population
3. Evaluate the fitness and perform GA operators.
4. Check if the optimal solution is attained. If not, go

to the next step
5. If the maximum number of iterations is reached,

increase the number of iterations by one and then
GA operators are executed, go to step 3

Chicken swarm (CS) optimization

This algorithm is one of the bio-inspired algorithms
which mimic the behaviour of a chicken swarm and
the lead of the swarm is the rooster followed by hens

and chicks. The chicken that has the highest strength
is termed a rooster and that with minimum strength
is termed a chick. The biological behaviour of chicken
to go behind the mother in search of food is the key
aspect of this algorithm. Initialization and updating are
the two steps in the CS algorithm. During the initial-
ization, the population size and number of roosters,
hens and chicks are defined and then the fitness value
is evaluated. Each and every member of the group dif-
fers, depending on their food-searching capability and
based on the fitness value, the food-searching capabil-
ity of the rooster differs. The formula for updating the
rooster’s position is given as

xt+1
i,j = xti,j × (1 + randn(0, σ 2)) (11)

If fi ≤ fk, then σ 2 = 1, or else σ 2 = exp
(

(fk − fi)
|fi| + ε

)

(12)

where the Gaussian distribution function is denoted by
randn(0, σ 2) with standard deviation σ 2 and maen 0,
fitness value corresponding to x is f , k refers to the
rooster’s index and zero division error is avoided by
introducing a constant σ .

The roosters are followed by hens in search of food
and the expression for updating the hen’s position is
given as

xt+1
i,j = xti,j + S1 × rand × (xtr1,j − xti,j)

+ S2 × rand(xtr2,j − xti,j) (13)
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S1 = exp
(

fi − fr1
abs(fi) + ε

)
and S2 = exp(fr2 − fi)

(14)

where r1, r2ε[1,N] such that both are not equal, rand is
chosen between 0 and 1.

Usually, chicks follow their mothers and the mathe-
matical formulation for updating the chick’s position is
given as

xt+1
i,j = xti,j + FL × (xtm,j − xti,j) (15)

where the position of the ith mother is denoted by xti,j,
FL is selected between 0 and 1.

Figure 8. Flowchart for the GBCS algorithm.
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GBCS algorithm. This novel hybrid algorithm
includes the advantages of both the genetic algorithm
and chicken swarm algorithm, such as simplicity,
robustness, convergence and the capability of solv-
ing complex problems. The flow chart for the hybrid
algorithm is illustrated in Figure 8. Initially, the pop-
ulation is generated randomly and the fitness value is
evaluated for every solution. After the computation of
fitness value, the population is categorized into two sub-
populations among which one is updated based on the
genetic algorithm and the other is updated based on
the chicken swarm algorithm. The new solution gen-
erated by each operation is combined in the next gen-
eration from which the optimum values for Kp and Ki
is attained.

Grid synchronization

To synchronize with the grid, the frequency and phase
angle are to be the same. So far, the Phase-locked loop
(PLL) is designed to produce a sinusoidal function. The
control circuit for grid synchronization is illustrated in
Figure 9.

TheDC reference current is generated by controlling
the DC-link voltage controller, also the load and active
current are produced by controlling the PQ controller
so the active power which is needed for the grid is cal-
culated. The inverter reference current is obtained by
multiplying the load current and required grid current
with sinωt and this reference is used to control reac-
tive power and THD. Through the PI current controller

Figure 9. Control circuit for grid synchronization.

Figure 10. Block diagram of GBCS-based Closed-loop Control.



AUTOMATIKA 683

Figure 11. Simulink diagram of PV with MPPT based on the P&O algorithm.

that has the reference current and the actual output cur-
rent of the inverter as the inputs, the PWM inverter
determines the PWM switching pattern (Figures 10
and 11).

4. Results and discussions

The solar array output voltage is fed to a switched
Z-source boost converter. In this study, MPPT based
on the P&O algorithm is used to maximize power
from a PV module. It demonstrates that under rapidly
changing irradiance and temperature circumstances,
the P&O algorithm offers an effective and reliable
maximum power tracking performance. Due to tem-
perature variation, PV panel output link voltage does
not maintain a constant value and ripples also occur.
The GBCS algorithm-based proportional-integral con-
troller for the proposed converter optimizes the PI con-
troller parameters, thereby retaining the link voltage
which reduces ripples and settling time. This voltage
is given to the 1Φ grid through 1Φ VSI that converts
DC to AC which is controlled by the PI controller. The
design of the complete system is validated using MAT-
LAB software and then the designed result is checked
with hardware implementation. The solar panel speci-
fications are represented in Table 1. The power rating of
2000W is used.

The specifications for the converter are represented
in Table 2. The output voltage of the converter is opti-
mized by the GBCS-PI controller (Table 3).

Simulation results

The simulation results for the photo voltaic integrated
grid scheme are accomplished in time scale using

Table 1. Specifications for a solar panel.

Components Ŗatings/specifications

No. of panel 20
Total no. of series cells 36
Cell area 125mm× 31.25mm
Open circuited voltage 21.4 V
Operating voltage 16.8 V
Short circuited current 6.2 A
Operating current 5.8 A
Temperature range −40 to+85°C
Maximum voltage 1000 V DC

Table 2. Specifications for the converter.

Components Şymbols Ŗating

Input voltage vin 0–120 V
Input current ii 20 A (Max)
Capacitor C1,C2 25 uF
Inductor L1,L2 5mH
Output load current 10 Amps
Operating frequency f 10 KHZ
Output power P0 1500W
Switches IRF540
Diodes MUR1560
Driver circuit TLP 250

Table 3. Comparison of conventional PI and GBCS PI con-
trollers.

PI controller ĢBCS PI controller

Settling Time is 0.25 s Settling Time is 0.15 s
Currents ripples are high Current ripples are reduced
THD is 4.3% in Simulink Platform THD is 1.6% in Simulink Platform
THD is 4.9% in Prototype results THD is 2.4% in Prototype results

Simulink that measures the performance of the con-
verter for a given system. The complete model is
obtained from sim-power system toolbox. The PV
panel voltage and input current waveform are shown in
Figure 12(a,b). From Figure 12(a), it is noted that the
PV panel maintains a constant voltage of 80V which is
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Figure 12. (a) PV panel voltage waveform (b) Input current waveform.

Figure 13. (a) Output DC voltage waveform using the PI controller (b) Converter output voltage waveform using the GBCS-PI
controller.

given to the converter as input. Figure 12(b) indicates
PVCurrent which obtainsmaximumvalue initially and
maintains a constant value of 48A after 0.1 s.

The output DC voltage waveform using the PI con-
troller is depicted in Figure 13(a). From this wave-
form, it is noted that the voltage does not maintain
constant and oscillations also occur. The converter out-
put voltage waveform using the GBCS-PI controller is
depicted in Figure 13(b). The voltage output waveforms
of the switched Z source Boost converter are shown in
Figure 13(b). It shows that evenwith some early fluctua-
tions, the converter takes 0.15 s to reach its 270Voutput
voltage. However, the fluctuations are limited using the
GBCS-PI Controller.

In Figure 14, the output current is dynamic up to
0.05 s, after which a steady value of 5A is attained.

In Figure 15, the THD waveform is displayed. The
THD value of the Z Source Converter is 4.58% which
is reduced using the GBCS-PI Controller. The PWM
pulses to the converter switches S1 and S2 are depicted
in Figure 16(a,b). The carrier signal given to the PWM
generator generates pulses. These pulses operate the
switches S1 and S2 that are shown in both waveforms.

The grid voltage and current waveform are shown
in Figure 17(a,b). This waveform shows that grid volt-
age and current are maintained sinusoidal. The har-
monics in the inverter current are equal and oppo-
site to that of the load current. The sinusoidal nature
of grid current waveform is retained at the funda-
mental frequency with non-linear load and provides
a constant and dependable power supply by remain-
ing steady and free from oscillations. This stabil-
ity keeps the electrical grid from being disrupted
and is essential for the effective operation of linked
devices.

The real and reactive power waveform is shown
in Figure 18(a,b). The real power waveforminitially
decreases and then it attains a maximum power of
1500W after the settling time of 0.04 s it will main-
tain as constant which is a requirement for the grid.
The reactive power waveform initially, it shoots and
then decreases. The phase mismatch between the volt-
age and the current causes oscillations in the reactive
power waveform at first, which then settles to a con-
stant. Consequently, the suggested system attained the
best possible power flow.
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Figure 14. Converter output current waveform.

Figure 15. Harmonic analysis of converter output current.

The grid current THD with PI and GBCS-PI is
shown in Figure 19(a,b). The behaviour of PI and
GBCS-PI controllers is measured by evaluating the grid
current THD using a power analyser. It is noted that
Grid current THD for the conventional PI controller
is 4.3% and the grid current THD for the GBCS-PI
controller is 1.6%.

Hardware results

FPGA Spartan 6E is used to develop the proposed con-
verter system prototype is shown in Figure 20. The con-
troller linked with the DC-DC converter uses DC link
voltage as a feedback signal. This maintains the con-
verter output in as steady state. The potential divider
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Figure 16. (a,b) PWM pulses to the converter switches S1 and S2.

Figure 17. (a,b) Grid voltage and current waveform.

Figure 18. (a,b) Real and reactive power waveform.
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Figure 19. (a,b) Grid current THD with PI and the GBCS-PI controller.

Figure 20. Hardware setup.

Figure 21. (a,b) Input DC voltage and current waveform.
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Figure 22. (a) Converter output voltage waveform for the GBCS-PI controller. (b) Output DC waveform.

Figure 23. (a,b) Waveform for PWM pulses S1 and S2.

and the Hall Effect sensor are used to measure real
power at the grid. The signals are performed by signal
conditioners and then fed to themicrocontroller’s input
point. Using an inbuilt ADC unit, the signals are digi-
tized. The input DC voltage and current waveform are
shown in Figure 21. The PV panel output voltage and
currentwaveformare shown.Thiswaveform shows that
the variations occur in voltage and current due to tem-
perature changes on the PV array. This is given to the
input of the converter.

The converter’s output voltage waveform for the
GBCS-PI controller is depicted in Figure 22(a). When
compared to this waveform with the conventional PI
controller, it reduces ripples, reduces maximum peak
overshoot, decreases settling time andmaintains a con-
stant voltage of 270V DC.

The converter output DC waveform is depicted in
Figure 22(b). This waveform shows the output current
from the converter.

Figure 24. Grid voltage and current waveform.

The PWMpulses to the converter switches S1 and S2
are depicted in Figure 23(a,b). The carrier signal given
to the PWM generator generates pulses.
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Figure 25. (a,b) THD with GBCS-PI and the PI controller.

Figure 26. Comparison of GBCS-PI and the PI controller.

The grid voltage and current waveform are shown in
Figure 24. The PI controller output is combined with
a sine wave reference that is extracted from the power
grid and given to the reference power signal.

The THD for GBCS-PI and the PI controller is
shown in Figure 25(a,b). It is observed that THD with
GBCS-PI obtained is 2.4% and THD with the PI con-
troller obtained is 4.9%. On comparing both THDwith
GBCS-PI and PI, the GBCS-PI gives better perfor-
mance (Figure 26).

5. Conclusion

A genetic-based chicken swarm algorithm for PV tied
grid with a switched Z-source converter is analysed in
this work. The low-voltage output from PV is boosted
with the aid of a switched Z-source boost converter
with the added advantage of less cost with enriched

power quality. The converter is being controlled by a
PI controller tuned with genetic-based chicken swarm
algorithm which is simpler and more accurate. This
converter’s output is then fed to the grid through a
single-phase VSI and grid synchronization is accom-
plished with a PI controller in which the actual and
reference power are compared and accordingly, pulses
are generated for the proper control of the inverter.
Thus, the proposed control scheme is verified through
simulation in MATLAB and the results are attained.
The system’s drawback is that grid integration of PV
is accomplished with single-phase VSI and switching
losses need to be considered. Future research can focus
on the converter’s bidirectional functioning in grid-
connected PV systems and three-phase VSI for grid
integration with the consideration of switching losses.
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