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ABSTRACT

This experimental study deals with the investigation of chaos
during the regulation of output voltage of solar photovoltaic
module. The Cuk converter is used as an interface between solar
PV module and load, since the Cuk converter is the good choice
for the maximum power point tracking (MPPT) circuits. The
input voltage of the converter is controlled in order to regulate
the operating point of the solar PV module. This paper proposes
to design PID controller to obtain the input voltage of the
converter is chaotic free and regulated one. The PID controller
improves the transient response on the input voltage of the
converter, avoids oscillation, overshoot, making easier the
functioning of MPPT methods and ensures period -1 operation.
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1.INTRODUCTION

Solar energy which is free and abundant in most parts of the
world has proven to be a challenging source of energy in many
developing and developed countries. Solar PV power systems
can be operated as a standalone, hybrid or grid connected
systems. The solar PV cell has a nonlinear V-1 and P-V
characteristics [1-2], which depend on the irradiance, operating
temperature and load condition of the cell. The output voltage of
the solar PV module consist non linearity including quasi-
periodicity and chaos due to its non linear characteristics. The
solar power system is designed to operate the solar PV module at
maximum power point using DC-DC converter.

The DC-DC converter is connected between a solar panel and a
load or battery bus, is a pulse width modulated (PWM) dc/dc
Cuk converter[3-6] or their derived circuits is used to extract
maximum power from solar PV panel. Hence, by adjusting the
nominal duty cycle of the main switch of Cuk converter, the
input resistance can be made equal to the equivalent output
resistance of the solar PV panel and ensures the maximum power
transfer. To enhance the conversion efficiency, and to improve
the transient response, the ZVS- PWM Active Clamp Cuk
converter is analyzed and designed in [7] without input voltage
regulation. The PV array operating point can be adjusted by
regulating the voltage or current at the terminals of the module.
The voltage control is preferred because the voltage at the MPP
is approximately constant. The PV current, on the other hand,
changes greatly when the solar irradiation varies. Input voltage
regulation for PV powered buck converter is proposed in [8-9]
using Pl compensator. Also this work proposes three types of
control strategies and closed loop stability were investigated. The
controllers were optimized to operate at the nominal MPP of the
PV device.
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DC-DC converters exhibit different non-linear phenomena
including bifurcations, quasi-periodicity and chaos under both
voltage mode and current mode control schemes [10-12]. Due to
the non linear dynamics in the power electronic circuits, their
operation is characterized by the cyclic switching of circuit
topologies, which gives rise to a variety of chaotic behavior [10-
12]. Hence all the power dc-dc converters used for solar PV
power system is designed to operate period -1 operation in
which all the waveforms repeat at the same rate as the driving
clock. This paper discussed above control problem which is
shown in Fig.1. The PV array feeds the DC-DC Cuk converter.
The Cuk converter serves as an interface between the PV array
and the load.
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Fig .1: Input-regulated converter interfaces the PV array
with the load

A feedback controller with a proportional, integral and derivative
(PID) controller for regulating the converter voltage is preferred.
Besides reducing losses and stress due to the bandwidth-limited
regulation of the duty cycle, the presence of PID controller
improves the transient response on the input voltage of the Cuk
converter and avoids oscillation and overshoot, making easier the
functioning of MPPT methods.

This paper proposes to design PID controller to regulate the
input voltage of solar PV powered Cuk converter and to operate
in only one type of periodic operation, commonly known
as“period-1 operation” in which all the waveforms repeat at the
same rate as the driving clock under all possible disturbances.

2. LINEARIZATION OF SOLAR —-L1235-
37W PV MODULE AT MPP

A solar cell is a kind of p-n junction semiconductor device and
converts light energy into electrical energy. The output
characteristics of the solar PV module depend on the irradiance
and the operating temperature of the cell. Solar PV module of
L1235-37Wp has non linear V-1 charecteristics which is shown
in Fig. 2.The equation of the V-1 characteristics is [1,2]
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lov. short circuit current; 1,- diode saturation current,
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V= Ns K T/qis the thermal voltage with Ns cells connected in
series, R; is the equivalent series resistance, R, is the equivalent
shunt resistance and a is the ideality constant. The table | shows
the parameters of L1235-37Wp solar PV module.
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Fig.2: Non linear V-1 characteristics of L1235-37Wp solar
module

Table 1. Specification of L1235-37W solar PV module

Fig.2.a:L1235-37W solar panel under test
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Fig.3: Linear equivalent circuit valid at the linearization
Point
The linear equivalent circuit of Fig.3 is valid at the linearization
point (V, 1) and is a good approximation of the solar PV module
for the computer simulation [2]. The dynamic behavior of the
solar PV powered Cuk converter system depends strongly on the

point of operation of the module.

3.DESIGN OF POWER CIRCUIT

Cuk converter provides an output voltage which is less than or
greater than the input voltage. It works based on the capacitor
energy transfer. It has low switching losses and highest efficiency
among all non-isolated DC-DC converters. It exhibits non
pulsating input current characteristic due to the inductor in the
input stage. Also Cuk converter is capable of sweeping the V-I
curve of solar PV module in CCM from open circuit voltage to
short circuit current condition and hence Cuk converter is a
suitable converter to be employed in designing the MPPT
circuits. Cuk converter which used as the power stage interface
between PV module and the load. Cuk converter has two modes
of operation. First mode of operation is when the switch
(MOSFET) is closed (ON) and it is conducting as a short circuit.
In this mode, the current through inductor L1 rises. At the same
time, the voltage of capacitor C1 reverse biases diode D and
turns it off. The capacitor (C,) releases its stored energy to the
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load [6].
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Fig.4.a. Cuk converter used as the solar PV power stage
interface

Maximum power at MPP (P ax) 3TW
Short circuit current(l) 2.5A
Voltage at MPP(V,,) 16.4
Current at MPP(l,,) 2.25
Thevenin’s equivalent voltage (Veq) 34.6V
Equivalent resistance(Req) 7.289Q
Open circuit voltage (Vo) 21V
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Fig.6:Cuk converter with (a) switch ON and (b) switch OFF
On the second operating mode when the switch(S) is open
(OFF), diode (D) is forward biased and conducting energy to the
output. Capacitor C1 is charging from input supply and the
energy stored in the inductor L2 is transferred to the load. The
diode D and switch (S) provide a synchronous switching action.

The relation between input and output currents and
voltage are given by

W =2 )
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The table.2 shows the components used in simulation and
hardware setup for the power circuit.
Table 2. Specification of Cuk converter

Input inductor L1 500e-6 H
Filter inductor L2 500e-6H
Capacitor C1 220e-6F
Filter capacitor C2 220e-6F

Resistive load R 20

Switching frequency 25kHz
Switch : MOSFET IRF840
Optocoupler MCT2E
Diode MURA450

The input voltage regulation of the converter is carried out using
PID controller. The solar PV powered Cuk converter system
consists of a solar PV module, Cuk converter and gate drive,
control of switch(S) is carried out using the control circuit. The
control task involves the measuring the solar PV module output
voltage and it has been compared with reference voltage using
opamp based comparator. Based on the error from the
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Ts = 5.1=-007 5.
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comparator, the PID controller is designed in such a way that
PWM gate pulse is generated using 555 IC to control the
switching of MOSFET. This process will ensure the converter
input voltage regulation. During the implementation and
selection of resistance, capacitance values for P, Pl, PID
controllers, the solar PV module output voltage ripple is
analyzed experimentally.

4. SIMULATION RESULT

The diagram of the input regulated closed loop system designed
in Matlab/Simulink is presented in Fig.7 that include linearised
model of solar PV array which consists of voltage source in
series with the equivalent panel resistance, Cuk converter, PID
controller. To test the system operation, condition of changing
irradiation is modeled in which indent to change the solar panel
resistance. Initially the solar panel resistance is kept as 7.289Q
which corresponds to irradiation of 1000 W/m~2. At t=0.5 sec,
the panel resistance is reduced by 50% which corresponds to
500W/m”2. The PID controller is designed in such a way that,
converter input voltage regulation of 16.4V is achieved for both
the conditions.

Scope
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Fig.7: Diagram of the closed loop system for input voltage regulation of solar PV powered Cuk converter
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5.EXPERIMENTAL SETUP

The block diagram of the experimental setup is shown in fig.9.
It consists of a power circuit and a control circuit. The power

time (sac)

Fig.8: Input voltage regulation due to the change in irradiation level

circuit consists of inductors L1 and L2 made of ferrite core, and
capacitors C1 and C2 are of plain polyester. Power MOSFETS
IRF840 is used as active switch S. The converter is assumed to
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operate in continuous conduction mode. The control circuit
consists of the following blocks: voltage divider, V¢ generation,
difference amplifier, inverting amplifier, and a Schmitt trigger. A
reference voltage is generated and fed to noninverting input of
the difference amplifier.
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Fig.9:Block diagram of the experimental setup
Voltage measurement is required at the point where the solar PV
module output is connected to the input of Cuk converter. The
voltage at this point is the operating voltage of the PV module.
The voltage from the divider circuit is given to the inverting
input of the difference amplifier LM358. This input voltage is
regulated irrespective of the temperature and irradiation change.
During the regulation of input voltage of Cuk converter using P,
Pl, PID controllers, the input voltage ripple of the Cuk converter
is analyzed experimentally. It is found that, there is a chaotic
non-literality is present in the input voltage when P, PI
controllers are used to regulate the input voltage. Period -1
operation is ensured when PID controller is used to regulate the
input voltage of the converter.

Fig.10: Photography of an experimental setup.

The input voltage solar PV powered Cuk converter is measured
without controller which is shown in Fig.11.The converter
unregulated input voltage takes 30ms to reach steady state value
of 15.6V. But the converter regulated input voltage is built up in
8 ms as shown in Fig .12 when PID controller is used.
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Fig.11: Converter unregulated input voltage without

controllers
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Fig.12: Converter regulated input voltage with PID controller

5.1. Experimental analysis of solar PV
powered Cuk converter Input voltage
regulation using P-controller

The input voltage of the solar PV module fed Cuk converter is
regulated using P-controller. The feedback resistance =10kQ2,
input resistance =1kQ are selected. The regulated Cuk converter
input voltage ripple is experimentally analyzed. The fundamental
Period 1- waveform has been found with V,,=5.68V. The solar
powered Cuk converter system has stable periodic behavior. The
input voltage of the period-1 operation is shown in fig 11.1.
When the reference is 5.2V, the system has unstable periodic
behavior. The input voltage of the period -2 operation is shown
in fig 11.2. Varying V¢ further, the system input voltage has
unstable aperiodic behavior. Chaotic waveform is observed for
the V,=4.8V as shown in fig. 11.3
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Fig.11.1: Experimental Period-1 waveform in the input
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Fig .11.2.Experimental Period -2 waveform when V,=5.2V
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Fig.11.3: Experimental chaos waveform when V¢ =4.8V

5.2. Experimental analysis of solar PV
powered Cuk converter input voltage
regulation with PI controller

The input voltage of the solar PV module fed Cuk converter
is regulated using PI-controller. The feedback resistance =10k<2,
input resistance =1kQ are selected for P- controller and feedback
capacitor = 0.1uF, R; =1kQ are selected for I-controller. The
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input voltage of the Cuk converter is regulated and its ripple is  regulation of Cuk converter with PID controller is shown in

experimentally analyzed. The PI controller improves the transient  fig.15
response of the input voltage. The time taken to reach the PROPORTIONAL
regulated input voltage is 10ms. The fundamental period -1 RFI 5 RPZ g
waveform shown in fig 12.1 has been found with V,=5.68V.
But the converter reference voltage is decreased as V= 4.8V,
chaotic unstable behavior is observed as shown fig.12.2. The |
input gate pulse to switch(S) corresponds unstable chaotic mode
is shown in fig.12.3
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Fig.12.1. Experimental stable Period-1 waveform when L o
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Fig .12.2.Experimental unstable chaotic waveform when
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Fig.12.3.Gate pulse to switch — during the chaos mode
of operation with PI controller

5.3. Experimental analysis of solar PV
powered Cuk converter input voltage
regulation with PID controller

The input voltage of the solar PV module fed Cuk converter
is regulated using PID-controller which is shown in Fig.13. The
feedback resistance =10kQ, input resistance =1kQ are selected
for P- controller and feedback capacitor =0.1uF, input resistance
Ri =1kQ are selected for I-controller. Input series resistance
R=22Q input capacitor Cy4 = 0.1uF, feedback resistance
Rs=10kQ are selected for D controller. The input voltage is
regulated and the ripple is experimentally analyzed for the supply
disturbances. The V¢ is varied from 4.00V to 5.76 V and
observed that, the converter is always operated in period -1
stable region for all the parameter variations which is given in fig
14. Also the PID controller improves the transient response of
the input voltage of the Cuk converter. The time taken for the
input voltage of the converter to reach the regulated voltage
value is 10milli sec. The gate pulse corresponds to input voltage

_Fig.13: Diagram ofﬁthe PID controller_
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Fig .14: Experimental period -1 waveform for 3V< Vg <
5.76V
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Fig.15: Gate pulse to switch(S) — during the Period -1 mode of
operation with PID controller
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6. CONCLUSION

The control approaches developed in this paper is intended for
the control of the input voltage of the Cuk converter. The input
voltage of the converter is controlled in order to control the solar
PV module output voltage. This paper proposed to design P,PI
,PID controllers to regulate the input voltage of Cuk converter
and concluded that to operate the PV powered Cuk converter
at chaos free “period-1 operation” in which all the waveforms
repeat at the same rate as the driving clock,PID controller is the
good choice for the parameter variations.
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