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SEPIC Converter Based Maximum Power Point Tracking of a
Photovoltaic System Using State-Space Feedback Controller

Ahmad Moghassem', Nader J avadifar®”

Abstract — In this paper, an intelligent control system using state-space feedback controller designed to track the
maximum power radiation direction of the sun for a photovoltaic system in a varying direction environment will be
studied. In fact, the study focuses on the ability of using the state space feedback controller to control the power
oscillation around the optimal point such that the power dissipation is minimized. Furthermore, the control system
based on the instantaneous power tracking and with respect to the nonlinear photovoltaic cell makes feasible to access
the maximum possible electric power using tiny changes in the Single Ended Primary Inductor Converter (SEPIC).
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1. Introduction

Nowadays, closing to the end of the fossil fuel ages and
increasing concerns about negative effects of them on the
environments, have caused to boost up usage of the renewal
energies significantly. Total installed capacities of renewal
energies, in general and electricity, in specific, have
experienced a notable growth through the years 2008 to
2018. In this period, capacity of the photovoltaic (PV)
energy resources installed has a mean annually growth of
60%, which is the fastest growth among all the energy
resources. One of the attractive features of PV systems is
their capability to be implemented in small scales. Using
the electric power production in local points near the end
customers, the transmission power loss can be brought to
Zero.

The efficiency of the PV systems, technically, is
dependent upon the sun radiation onto the solar cells,
quality and type of the PV cells, the temperature of the cells,
connections between cell modules, adaptive impedance
between modules, DC/DC converters and types of adopted
converters [1].

During the last years, there have been numerous
tracking methods for the maximum power direction [2],
typically more than 30 ones [3-10]. These methods differ
from each other based on the complexity of sensors
requirements, speed of tracking, cost, practical efforts and
capability to track the maximum local powers [2]. On the
other hand, some methods such as fuzzy systems and neural
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networks have shown to possess more accuracy and speed,
although they come at the cost of more complexities. The
fuzzy systems based methods are highly dependent on the
user experience in designing the fuzzy rules, while neural
networks need unique as well as repetitive trainings [11-12].
The enhanced tuning method has been considered as one of
the best Maximum Power Point Tracking (MPPT) [13-14]
in most of the solar systems due to their simple set-up, high
accuracy and speed, great reliability and capability to work
in variable atmospheric environments. The common
approaches of MPPT are usually comprised of two
individual control loops; the first of which includes MPPT
that produces an error signal which becomes zero when
power is at its maximum point. The aim of the second loop
is taking the error signal close to zero [5]. The PI
controllers are widely acceptable in linear control systems
due to their simplicity of set-up and design, and low
maintenance costs. These system runs in two modes:
voltage and current. Nevertheless, since the solar arrays are
intrinsically nonlinear and the environment in which
systems must to operate is unpredictable, MPPT becomes a
nonlinear problem in solar systems renewal energy and thus,
the PI controllers does not give rise to acceptable results
[15].

2. Problem Formulation

The block diagram of the solar electric power
generation has been shown in Fig. 1 and the schematic
diagram of the MPPT in Fig. 2, where the MPPT is made
up of three sections: the photovoltaic cells, the SEPIC
converter and power consumer load. In the followings, each
of these sections will be modeled.
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Fig. 1: The block diagram of the solar electric power
generation system
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Fig. 2: The schematic diagram of the MPPT and the
corresponding controller

2.1. Equivalent Electrical Circuit of the
Solar Cell

The photovoltaic (PV) cells are made up of P-N bonds
fabricated on layers of semiconductors. Therefore, a solar
cell while in the state of generating electric power and
connected to an electrical load, can be modeled electrically
as in Fig. 3, i.e., an electrical circuit comprising a current
source paralleled with a diode. In practice, when the model
includes necessary connections of PV, a serial resistance Rs
and a paralleled one Ry, are added to the circuit. These
resistors are to represent the power loss of the cell. The
power loss are caused by factors such as reflection of the
sun beam from the cell surface, absorbing photons without
creation of any electrons, the free holes and recombination
of the electrons with free holes [15-16].
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Fig. 3: The equivalent electrical circuit of a solar cell
The electrical source representing the power generated
by the solar cell can be shown as:
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Bap (1)
in which, Iy is the current generated by the sun
radiations, Iy, the inverse saturation or the leakage current
of the diode, q, the electric charge of an electron
(1.60217646e-19 C), K, the Boltzmann constant
(1.3806503¢-23 J/K), T, the temperature of the P-N bond in
Kelvin degree and n, the ideal diode constant.

The electrical efficiency of the PV, during the practical
operation, is decreased by the internal resistances including
connections as well as the leakage currents on either side of
the section. These parasite resistances, as shown in Fig. 3,
can be modeled using serial and parallel resistor (R and
Ryp). In an ideal cell, Ry, is infinite, showing absence of any
leakage route for current, and R is zero, representing lack
of any element for voltage drop before the load. As it can be
seen in Fig. 4, when Ry, decreases, value of VOC drops;
while in a similar fashion increasing R, decreases the Igc.
Altogether, decreasing either the parallel resistor or
increasing the serial one will be resulted in reduction of
efficiency [13-14].
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Fig. 4: Effect of variation of resistors on the current
characteristics. (a) R, increase , (b) Ry, decrease
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2.2. Modeling SEPIC Convertor

There are a variety of DC-DC boost up converters
options to increase the lower voltage to higher values;
however, the available designs suffer from the high enough
efficiency. Among these converters, one is SEPIC, which is
illustrated in Fig. 5. SEPIC operates in two modes as
follows.
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Fig. 5: SEPIC converter circuit
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When the switch is on, L1 inductor will be charged and
L2 receive its energy through the capacitor C1. During this
time, C2 is used to supply the output load and no power is
transmitted from the input. Fig. 6 shows SEPIC while

operating in this mode.
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Fig. 6: First mode of SEPIC operation
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e Second Operation Mode
In this case, the switch is off and both inductors supply
C2 simultaneously. The inductor L1 would charge the
capacitor C1 during this time interval. Fig. 7 demonstrates
the circuit operation in the second mode.

Fig. 7: Second mode of SEPIC operation

In order to derive the state space model of SEPIC such
that it represents the two operation modes, the conditions of
the Table 1must be taken into account.

Table.1: Different operation modes of SEPIC

State 1 Switch on Diode off

State 2 Switch off Diode on

Following the above conditions, then the state space
model of SEPIC will be derives as:

= AX +EBU
(2)
where
A=A D+ AD,
E = El'Dl + BZDE
Dl + Dz = 1
(3)
and the matrices A and B are defined as:
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Then, the permanent voltage gain is obtained using the
relationship :

X =—AT1EU
228 (6)
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If we consider D;=D, and V=V, and r<<R, the
relationship between the voltage of solar cells array and that
of the load will be as in equation (8):

Vs D

=u-n)
®)
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3. The Proposed Method

As we mentioned, the purpose of the study is tracking
the maximum power point when the any increase decrease
of the load connected to the solar cell would result in
increased ad decreased power consumption, too. In fact,
variation of the load causes change in the slope of the
linearized resistor, and thus, the optimal operating point.
This problem can be overcome using the SEPIV converter
and LQR control for handling the on-state in a switching
period (D). Of course, the switching period (D) changes as
the time or state of the cell changes in a way such that the
optimal operation point is achieved and maximum power is
delivered to the load.

The PV system is optimal gives the maximum
efficiency when in any occasion, the generated power of the
solar panel is maximized, i.e. it operates at the MPP point.
Using changes in switching period duration, the
characteristic load from the solar cell viewpoint will
changes from zero to infinity. The characteristic curve of
the solar cell output power versus D variations are depicted
in Fig. 8 and 9.
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Fig. 8: Variations of the output power of the solar cell
versus variation of D

Z5

IiA
i

incressing I:Ilul.}l' Tycie

i .

15 20 25 30
W)

Fig. 9: Characteristic curves of the solar cell and that of
the load versus the variation of D

One the suitable methods to track the maximum power
point, is the squared voltage which is, in comparison of
taking feedback of the current, both lower costly and
simpler. The current sensors, due to their large ripple in
various environments need tuning as well as controlling
circuits, which make them more difficult to be accessible.
In power maximization based on the squared load voltage,
the adopted power electronic converter will be considered
as a variable resistor in PV cells, their power would be a
function of squared voltage and variable load resistor, and
both are functions of the duty cycle of this converter. In
fact, in this method, relationship of generated power of the
PV source would be Pg=kVA , in which:

1

o= —

©)

In this paper, in order to access the maximum power of
the PV cell, the state space feedback controllers are
employed. These controller, against the classical controllers
are considered as modern controllers. In modern control,
for the system under study, the state equations will be used
for the analysis of stability, controllability and observability,
without transferring the system equations into the frequency
domain; in this case, the state feedback is used for the
purpose of the system control. Among the advantage of this
method are simplicity of the analysis and implementation,
and most importantly, optimization capability of a cost
function (or the objective function) even in the presence of
system control.

4. LQR Controller Design

The optimal control of the LQR state feedback is
defined as follows:
Consider a LTI system with given initial conditions,

£=Ax+ Bu
(10)

Then we are interested in designing the control of the
state feedback u=-kx such that it minimizes the following
function,

J= T[ITQJ:+ u” Rl
0

(11)

In (11), the matrices Q and R are symmetric and

furthermore, we have R>0 and Q>0. Then the closed loop
equation and optimality function of the system would be,
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t=(A- BE)x
J= Txr(z)(Qx+ BT RE)x()d:

12)
For this problem to have any solution, first, controller
needs to be able to stabilize the system. Therefore, the
instable modes should be able to be stabilized or more
generally, system should be controllable.

5. Simulation Results

In order to simulate the PV source, we have used a real
typical standard ones as given in [17]. The constant
parameters of the SEPIC converter and that of solar cell are
given in Tables 2 and 3, respectively.

Table 2: Constant parameters of the SEPIC converter

Parameter quantity
R, 0.05

R, 0.05

L, 5000e-6
L, 5000e-6
C 5000e-6
C, 5000e-6
C 100e-6
R 20

Table 3: Constant parameters of the solar cell

Parameter Quantity
Max Power 200
Voltage of Max Power 26.3
Current of Max Power 7.61
Open circuit Voltage 32.9
Short circuit current 8.21

The first parameter to analyze are inductors L1 and L2
in the SEPIC converter. As it can be observed in Figs. 10
and 11, the currents i; and i, have reached the steady state
values and track their references.
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Fig. 10: The instantaneous current of the L1 in SEPIC

converter
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Fig. 11: The instantaneous current of L2 in SEPIC
converter

The other parameters to be studied are voltages number
one and two in the SEPIC converter. From the Figs. 12 and
13, the voltages V; and V, have gotten the steady state
quickly and follow their references values, respectively.
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Fig. 12: The instantaneous voltage of C1 in SEPIC
converter
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Fig. 13: The instantaneous voltage of C2 in SEPIC
converter

Figs. 14 and 15 illustrates variations of output voltage
and current of the PV cell and parameters of LQR controller
with respect to time. Again, operating are followed by the
SEPIC converter and LQR controller exactly and their
steady state and final values have been reached within a
fraction of time.
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Fig. 14: The variations of voltage and current of PV
source versus time
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Fig. 16: The variation curve of the PV source’s output

power
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Fig. 17: The variation curve of duty cycles of switching
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Fig. 18: The variation of PV’s output power versus the
output voltage
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Fig. 19: The variation of the output current versus the
output voltage of PV cell

6. Conclusions

Because of the high cost of Photovoltaic (PV) systems
and their low efficiencies, these systems must operate at
their optimal utilization points. Since these conditions
depend on the specific load, the load variations implies
usage of a control system that is able to identifies the
optimal power points and accordingly follow them. In order
to place the solar panels such that the maximum power is
generated, there are problems such as nonlinearity of the
characteristic curve of the solar cells and also the variability
of this curve against the sun radiation and changes in output
loads. In this paper, we have shown that these challenges
can be overcome using LQR controllers and SEPIC
converters.
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