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Background and Objectives: The increasing requirement of different voltage
and power levels in various power electronics applications, especially based
on renewable energy, is escalating the growth of the different DC-DC
converter topologies. Besides single-input single-output (SISO), multi-input
multi-output (MIMO) type topologies become famous. So, in this paper, a
Single-Ended Primary Inductance Converter (SEPIC), Cuk and Canonical
Switch Cell (CSC) based single-input multi-output (SIMO) boost converter is
proposed with a maximum power point tracking (MPPT) controller.

Methods: The Design of the three different DC-DC converter-based SIMO
topology has been developed and thereafter the operation of the proposed
converter is verified with Solar Photovoltaic (SPV), connected as an input to
the converter. To extract maximum power from the SPV and MPPT controller
is also developed. Finally, the converter's transfer function is developed using
small-signal analysis and the system's stability is analyzed with and without
compensation.

Results: A MATLAB simulation has been done to verify the theoretical
analysis. Successful extraction of the maximum power from the SPV panel
(65W, Vmpp 18.2V, Impp = 3.55A) with Particle Swarm Optimization (PSO) is
verified. SEPIC and Cuk-based DC-DC converter can successfully operate in
boost mode with a gain of 2.66. A significant reduction in the Cuk converter
capacitor voltage ripple is also established.

Conclusion: So, this paper represents an SPV-fed SIMO boost converter
based on SEPIC Cuk CSC topology. In addition to that, a PSO-based MPPT
controller is also introduced for maximum power extraction. Verification of
the theoretical analysis with simulation results is also described.

©2022 JECEL All rights reserved.

Introduction

The power characteristics of the renewable energy
source are nonlinear because of the dependency on

To meet the growing power demand without any
environmental issues, renewable energy sources are the
most eligible option in the recent era. Continuous
decrement of the Solar Photo Voltaic (SPV) cost makes
itself more valuable for future research and
implementation [1]. Besides that, the SPV system has the
advantages of the absence of rotating parts, minimum
maintenance, and almost zero environmental loss [2].

Doi: 10.22061/JECEI.2022.8379.509

solar irradiance, ambient temperature. The typical P-V
and V-I characteristics of any solar photo-voltaic cell are
shown in Fig. 1. There exists one operating point where
they generate maximum power. To take full advantage
of available energy resource and achieve maximum
utilization efficiency, maximum power point tracking
(MPPT) control techniques that extract maximum power
from the renewable source is essential.
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Fig. 1: Typical P-V and V-I characteristics of SPV cell [3].

Several researchers prescribed different MPPT
methods for extracting maximum power [3]-[6]. Based
on the involvement of several control variables, types of
control strategies, nature of the available circuitry, and
cost of applications are the main factors to select the
MPPT algorithm. The PSO-based MPPT control method is
one of the most effective techniques which can
accurately track the maximum power point under
variable ambient conditions. A swarm intelligence-based
algorithm PSO is used to operate by finding the global
optimal solution [7], [8]. The primary reason behind the
popularity of this algorithm is the presence of very few
numbers adjustable parameters.

The evolution of developing DC-DC converter has
been constant over the past year. The requirement of
different voltage and power levels across the power
electronics devices in different applications enhances the
growth of the development of the DC-DC converter. So
not only the single quadrant converter, multi-level [9]-
[11] and multi quadrant converter [12] has become
famous day by day for their new control strategy and
topologies, which cause the efficiency improvement and
the reduction of size. In this paper [9], the advantage
and disadvantages of several types of multi-output
converter were described. It has been observed that the
efficiency of the system is reduced if multiple active
switches are used with high-frequency switching. Single
input multiple output (SIMO) converter is one of the
well-known multi-port converters used for such
applications. i.e. Hybrid/ Electric Vehicles (EHV),
microelectronics, lighting, telecommunication, channel
multiplexing, and digital communication [13], [14], etc.
This topology consists of a single inductor, responsible
for controlling the current and voltage of different
output ports. So, sometimes this topology is named
“Single Inductor Multiple Output” (SIMO). Increased
efficiency with reduced cost can be achieved in the SIMO
converter as less number component is used.

In this paper, a SEPIC Cuk CSC combination converter-
based SIMO converter, connected with an SPV, is
proposed. A single switch is shared by all of these
converters which provides simplification in control. A
Particle Swarm Optimization (PSO) based MPPT control

is implemented to extract maximum power from the
SPV. In the proposed converter SEPIC converter provide
positive voltage output. Besides this Cuk and CSC
converter produced a negative output voltage. A
simulation model is developed in MATLAB/Simulink
software and the verification of PSO -MPPT based SIMO
converter output is verified. So, implementation of the
MPPT, simultaneous regulated bipolar voltage
generation and minimum switching loss are the major
advantages of the proposed converter.

The rest of the paper is organized as follows: the next
section is named as a proposed converter which explains
the construction of the proposed topology. The next
section is named as an operational principle where the
operation of the PSO-based MPPT controller and the
different DC-DC converter is explained. In the next
section, named as a design consideration, the selection
of the inductor and capacitor is discussed. After that, the
stability analysis and the effect of the controller in the
proposed system are discussed. In the next section
details of the simulation results are discussed along with
the comparison of the proposed topology with other
SIMO converters. Finally, the last section contains the
conclusion of the proposed study.

Proposed Topology

In [15], [16], basic topologies of the non-isolated
converter are introduced for solar PV application.
Besides the conventional topologies, a combination of
these converters can sometimes be found advantageous
in many applications as given in [17]-[20].

A comparative study of different MPPT techniques for
a basic converter with their performance analysis is also
described in [4]. PSO-based MPPT algorithm is preferred
over conventional techniques like perturb and observe
(P and O) and incremental conductance (IC). In this
paper, a SEPIC-Cuk-CSC combinational SIMO converter is
proposed in Fig. 2, where a PSO-based MPPT technique
is applied to extract maximum solar PV power.
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Fig. 2: Proposed SEPIC-Cuk-CSC Converter.
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Operating Principal
A. PSO —-MPPT Algorithm

Particle Swarm Optimization (PSO) is a population-
based intelligence optimization technique, inspired by
the foraging behaviour of a flock of birds and fish
schooling in search of food. In PSO algorithm individual
birds are referred to as individual flying particle that has
their fitness value. Each particle’s movement, in terms of
direction and distance, ncy as calculated by the objective
function and the velocity of the individual particle.
Exchange of information between the particles
happened based on their search process. P, and G

are the best position of the individual particle and the
best position of all the particle, comparing all the P,

est best

est 7
respectively. All the swarm updates their direction and
velocity to move towards the best position. So,
convergence can be achieved [21]-[23]. The standard
PSO algorithm can be represented by

X; (K))*C,1, (G X (K)) (1)

Vv, (k+1):WVi (k) +C1r ( best

Pbest = Xik (2)
( |k)>f( bestl) (3)
X (k+2) = x (k) +V, (k +2) (4)

where, i =1,2.....N . v, and X; are the velocity and the
position of the particle i , the number of iteration
denoted by k, w represents the inertia weight. r, and r,
are the uniformly distributed random variable within [0
and 1]. Cognitive and social coefficients are denoted by
c,andc,.PR,, and G, represent the individual best
position of the it" particle and the swarm best position of
all the particle. If (5) is satisfied then the value of the

Pyt €an be updated by (6).
f(xlk)> f( bestl) (5)
Prest = Xic (6)

where, f represents the objective function that should

be maximized.

In Fig. 3, PSO-based MPPT topology is described. As
given in the flowchart at the beginning particle swarm
position and fitness value evaluation function are defined
as the duty cycle and the generated output power
respectively. A random initialization, within a uniform
distribution, is made for the position and the velocity of
each particle.

After that the fitness value of the particle is calculated,
it is updated compared with the previous value.

P and G, of each particle are also updated against

the previous values. Thereafter particle velocities and
positions are updated accordingly.

besf
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Fig. 3: PSO-based MPPT algorithm flowchart.

With the new values v, and X,, the convergence

criteria are checked, which are either optimal solution
localization or reaching the maximum number of
iterations. Depending upon the weather condition and
the load value, the fitness function becomes variable. So,
the PSO must be reinitialized to search for a new MPP as
the output of the PV module changes.

B. Single Input Multiple Output (SIMO Converter)

In this section, an interesting combination of SEPIC
Cuk CSC combination converter topology is introduced.
The ability to produce both positive and negative voltage
simultaneously makes this converter topology suitable
for renewable energy-based dc bipolar network
applications. As given in Fig. 2 the CSC converter and Cuk
converter produce a negative voltage whereas the SEPIC
converter produces a positive voltage at the load output
terminal.

C. SEPIC Converter

The Single-Ended Primary Inductance Converter or
SEPIC converter is a modification of a non-isolated DC-
DC converter. Some of the features, which makes this
converter suitable for the PV application, are given by
[24], [25] non-inverted output, the input inductor
provides a low input ripple and noise, multiple inductors
can be a couple in the same core, galvanic isolation can
be easily obtained by replacing one of the inductors by a
high-frequency transformer. The conventional SEPIC
converter is shown in Fig. 4 where Vg is termed as an
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input dc voltage source. A MOSFET can be used as switch
S, which is having a duty cycle of D.

Fig. 4: SEPIC Converter topology.

In continuous conduction mode, the SEPIC converter
operates in two different modes shown in Fig. 5a and
Fig. 5b. In mode (a) when the switch S is turned on
(duration is given by 0<t< DT , Where T represents
the time period of the gate pulse), both the inductor
current (I, and 1, ) is increasing because of charging
and no energy is transferred to the load as D became
reversed biased. In mode (b), when the switch S is
turned off (duration given by DT <t<T), the D
becomes forward biased and the energy is transferred to
the load as both the inductor (I, andl,) are now

discharging.
Li 1, ¢ icy D
Ve
Vo
(a)
L C Iy D
D
+ -
Vi +VU + _I_ $ +
>
L2 VL2 CO R]j'vo
Vg - -
(b)

Fig. 5: Operation of SEPIC converter. (a) When S is turned on.
(b) When S is turned off.

The volt-second balance across the inductor
L, and L, given by
V,DT+ (V,- Vg, -V -V, )(1-D)T =0 (7)
VDT + (— V, —VD)(l— D)T=O (8)

where Vprepresents the voltage drop across the diode.
The output of the SEPIC converter is represented as
V.= DV, ©)
° (1-D)
The value L,,C, and L, of the SEPIC converter can be
calculated by [26]

L=-—" (10)

L,=—2 (11)

V,D

=_ Yo 12
'R AV, (12)

D. Cuk Converter

Cuk converter is a cascaded combination of the basic
boost converter and buck converter with a coupling
capacitor as described in [27]. The basic structure of the
Cuk converter is given in Fig. 6. Energy is transferred
from the input side to the output side through the
coupling capacitor.

Ll Cl Ly
=
+ - - + -
Vi ‘K+ Ve, V- |
S D C, Ry Vo
Vg
Fig. 6: Basic Cuk Converter Circuit.
C, Ly
= M
VCl - + VLZ _icz_ 10
Cz__RL Vo
(a)
C] iCl iL2 L2
- +V,, = :
L2 ICZ <t10

’VO

(b)

Fig. 7: Operation of Cuk Converter, (a) when S is turned on. (b)
when S is turned off.

The features of the Cuk converter are stated as input
and output current is continuous, low switching losses
and higher efficiency, have low noise generation and low
electromagnetic interference. As it is a combination of
buck-boost dc-dc converter, it can able to deliver output
voltage both greater and less than the input voltage. The
operation of the Cuk converter can be divided into two
modes (a) and (b) as shown in Fig. 7a and Fig. 7b
respectively.

Mode (a) begins when the switch S is turned on
(duration is given by 0<t < DT ). At this mode current
through the inductor L, increase as it is getting charged

by the input voltage. On the other side C, is discharging
through the output capacitor C, and the inductor L, by
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making diode D reverse biased. On the other mode (b)
begins when switch S is turned off (duration is given by
DT <t<T). In this mode diode, D became short-
circuited which help the capacitor C, to get charged by
the supplied voltage, and the inductor L, transfer the
energy to the load by getting discharged. So, the
coupling capacitor C,is transferring the energy from
source to load by charging and discharging. The load
voltage became negative as in both the mode the
current flowing through the load is opposite in direction.
Applying volt-second balance across the inductor L,

V,DT + (V, -V )(1-D)T=0 (13)
vV "
(1-D)

Applying volt-second balance across the inductor L,
(VO+ VCI)DT+VO (1 - D)T=O (15)
Vo=- s (16)

(1-0)

Equation (16) represents the output of the Cuk
converter. Applying the power balance, the value of the
current 1, given as

D* V,
Ile—z—g (17)
(L-D) R
Voltage ripple across the capacitor C, is calculated as
D2VgT

AV, =———— 18
“ R.C,(1-D) 18
E. Canonical Switch Cell (CSC) Converter

CSC converter is a modification of a buck-boost
converter with having fewer no of devices as shown in
Fig. 8. The operation of the converter is divided into two
different modes (a) and (b). At mode (a), as the switch S
is turned on, the input inductor L, is getting charged
from the source Vg. Simultaneously the capacitor C,
discharges its stored energy to L,through the switch S,
as the diode became reversed bias.

L

Fig. 8: CSC converter circuit.

Mode (b) begins when the switch S became turned
off. Then the diode becomes forward biased and then

the input inductor L, discharges its energy to the output
capacitorC,. Besides that, the capacitor C,is also

getting charged by the input voltage through diode D, as
shown in Fig. 9a and Fig. 9b.

Fig. 9: Operation of CSC converter. (a) When S is turned on. (b)
when S is turned off.

The expression of the capacitor C,andC, are

calculated as [28]

V.D
129— (19)
AV R £
|
= to (20)
20, AV,

where R, represent the equivalent DC load resistance,

o, represent the angular frequency of the line voltage.

Designing Consideration
A. Design of the inductor (L1)

The inductor (L1) is one of the primary components of
this SIMO converter as the amount of energy transfer to
the different output terminals is controlled by the
energy stored in the inductor during the switch turned
on time. The value of the inductor can be calculated
from (10). It has been observed that the value of the
inductor is depending on the duty cycle (D), the
magnitude of the ripple current, and the input voltage.
Considering the input voltage as a constant value, the
variation of the inductance for the variation of the ripple
current value (15% to 20%) and duty cycle (25% to 75%)
is shown in Fig. 10.

Value of ithe Inductor (L1)

Ripple Current Value in Amps

Inductance vahe in H
m0-0.001 m0.001-0.002 m0.002-0.003

Fig. 10: Variation of the inductance (L) depending on the duty
cycle and the ripple current values (in amps).

A variation of inductance value from 0.5mH to 2.7mH
can be observed in Fig. 9. Besides that, as the panel
output voltage is also changed depending on the
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ambient condition, the variation of the inductance value,
with an assumption of constant ripple current and the
variable duty cycle is plotted in Fig. 11.
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Value of Inductor (L1} in H
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=
0 0.45 o)
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lfedes. g
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"tATERg3y
Panel output Voltage in Volt NN
Value of the Inductance in H
m0-0.0005 m0.0005-0.001 mO0.001-0.0015 m0.0015-0.002 m0.002-0.0025

Fig. 11: Variation of the inductance (L1) depending on the duty
cycle and input voltage (in volt).

From Fig. 9 and Fig. 10, a value of 2.1mH is chosen as
the value of the inductor L: after assuming the value of
the ripple current is around 20%.

B. Design of the capacitor (C1)

Similarly, the value of the capacitor (C1) can also be
calculated from (18).

0.00014

0.00012

0.0001
0.00008
0.00006
0.00004

Capacitance Value in F

0.73
0.69
085
0.61

~
R
=]

= 053

w
(=]

Duty Cycle (D

Voltage Ripple in Volt

Capacitance Value in F
Il 0-0.00002 1 0.00002-0.00004 ©0.00004-0.00006 [10.00006-0.00008
m 0.00008-0.0001 m0.0001-0.00012 m0.00012-0.00014 m 0.00014-0.00015
Fig. 12: Variation of the capacitance (C1) depending on the duty
cycle and ripple voltage values (in volt).

Initially considering the value of the load resistance
80Q), the variation in the capacitance value depending on
duty cycle (from 25% to 75%) and voltage ripple (.4V to
.9V) is shown in Fig. 12.

0.00025
0.0002
0.00015

0.0001
0.00005

59

Capacitance value in F

i 20
QD

041
037
0.33
0.29

Duty Cycle (D)

Load Resistance

0.25

| 0-0.00005
©10.00015-0.0002

= 0.00005-0.0001
m 0.0002-0.00025

= 0.0001-0.00015

Fig. 13: Variation of the capacitance (C;) depending on the duty
cycle and Load resistance values (in ohm).

Besides, considering a constant ripple voltage of .4V,
the variation of the capacitance value depending on the
duty cycle (25% to 75%) and the load resistance (50 to
100) ohm is shown in Fig 13. So, after analyzing both Fig.
12 and Fig. 13, a capacitance value of 220uF is chosen as
capacitance.

Stability Analysis and effect of Controller

As the SIMO converter is fed from the SPV supply, the
primary purpose of the controller is to maintain a
maximum power extraction from the SPV throughout
the operation. Fig. 14 shows the block diagram of the
proposed converter control system.

+
v [ ST\
Vv

PWM Gate Pulse

PSO-MPPT
Controller
Viy' 1
+ Di| PWM
IVC Generator

Fig. 14: Overall block diagram of total system.

A feed-forward controller consisting of an MPPT
controller and an Input Voltage Controller (IVC) has been
considered a total control system. After taking inputs
(Vev and Ipv) from the SPV panel, the MPPT controller

develop a reference voltage V;V with the help of the

PSO algorithm. Then an error signal is generated after
comparing the reference signal with the SPV output
voltage. Thereafter this error signal is given as an input
to the IVC and The signal D1 is developed. An equivalent
10kHz PWM signal is generated by the PWM generator
by taking the Di1as an input.

The transfer function of the proposed converter is
calculated with the help of small-signal modelling. After
replacing the different component value the transfer
function of the proposed converter is given by,
-6.845s° — 2.252e*s? — 4.33e®s ~1.07e"™

s®+ 281.6s°+4361s +1.277¢e*

The position of the poles and zeros, as shown in Fig.
15, depicts that the stability of the system is marginal.
The stability is further enhanced by shifting the position

of the pole away from the imaginary axes by inserting a
PID controller.

TF(s) =

(21)
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Fig. 16: Bode plot of the system with and without controller.

Similarly, improvement of the gain margin and the
reduction in the gain cross-over frequency (GCF) is also
achieved as shown in Fig. 16. Reduction of GCF defines a
significant reduction of the system noise.

Further, the improvement of the stability of the
compensated system can be observed from the nyquist
plot as shown in Fig. 17. The reduction in the
encirclement of the point (-1+j0) is observed after
insertion of the controller.

Nyquist Diagram

1000

500

-500

Imaginary Axis

-1000

-1500

Without Compensation | |
With Compensation

-0 -70 60 -50 40 -30 -20 -10 0 10
Real Axis

Fig. 17: Nyquist plot of the system with and without controller.

Simulation Results

To verify the PSO-MPPT based SEPIC-Cuk-CSC
combinational converter characteristics, a simulation is
performed in MATLAB as shown in Fig 13 the details of

J. Electr. Comput. Eng. Innovations, 10(2): 437-446, 2022

the SPV panel and the SIMO converter component
specification, which is used in this simulation, is given in
the Table 1.

Fig.18a shows the PWM gate pulse of 10 kHz
developed by the PSO-MPPT. The SPV panel output
voltage and the SPV panel extracted power are shown in
Fig. 18b and Fig. 18c respectively. A swing of SPV voltage
around the 18.2V (Vmpp) can be observed, which signifies
a satisfactory execution of PSO-based MPPT.

Table 1: Component specification

Name Rating
Input Panel Power 65W
Solar PV Open circuit Voltage (Vo) 22V
Panel The voltage at MPP (Vingp) 18.2v
Short Circuit Current (lsc) 5.5A
Current at MPP (Impp) 3.55A
Reactance Inductor Ly 2.1mH
Inductor L, and L3 1.35mH
Capacitor C; 220pF
Capacitor C, 470uF
Resistance R1-R3 80Q
Switching Frequency 10kHz
D.SISIE D‘SB:IS 0.8814 0.8815 0.8816 0.8817

(a)

i
0.8817

0.8811 0.8812 0.8813 0.8814 0.8815 0.8816
(b)
70 H T
” W
60 :
i L i L | L |
0.8811 0.8812 0.3813 0.8814 0.8815 0.8816 0.8817

(c)
Fig. 18: (a) PWM output of the PSO-MPPT controller. (b) SPV
panel output voltage (c) Solar PV panel output Power.

In Fig. 19b and Fig. 19d, the charging current of the
inductor L, and the discharging current of the inductor

L, are observed during the switch turn-on time. Besides
that, the charging and the discharging of the capacitor
C, are also shown in Fig. 19c.

Similarly,
capacitor C, along with the inductor

the charging and discharging of the
L, of the SEPIC

converter is shown in Fig. 20. It has been observed, in
Fig. 20d, that a ripple of 0.5A is present in the inductor
current. Different characteristics of the CSC converter
are shown in Fig. 21. Where Fig. 21a and Fig. 21b
represented the PWM gate pulse and the current
characteristics of the inductor L, .
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Fig. 19: Cuk converter output (a) PWM Gate pulse of switch S.
(b) L1 inductor current. (c)The voltage across capacitor C1. (d)
L2 inductor current.

Charging and discharging of the capacitor C, is
verified in Fig. 21d. The voltage across the capacitor C,,

almost remains constant as it is shown in Fig. 21c.
Continuous Mode of Conduction (CCM) operation is
observed in the all of the converter.

09669 0.967 09671 08672 09673 08674 09675 09676 09677
(a)
35
? > A \ A A \ A 1
> 1\ \!| b i "“ - Al Y LY . Pl
3.45p- N N7 - - < v 7 N7
3.4 | | ) . i | " N
09669 0967 09671 09672 09673 08674 09675 09676 09677
(b)
. T T r T T T T
-23.45 : ' ! I ! I ! [
“235 = — 4 : —
-2355 1 } +—
238 1 1 I I I I 1 —
09669 0967 09671 08672 09673 09674 09675 09676 09677
(c)
I I~
71.05 1 1 1 1 o~ A
o 2 |- f o A e T e
B e 2 R e e ARy 4 _— _— —
7095 | . i | \ | | I
09669 0.967 09671 08672 08673 09674 09675 09676 09677
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Fig. 21: CSC converter output. (a) PWM Gate pulse of switch S.
(b) L1 inductor current. (c)The voltage across capacitor Cos. (d)
The voltage across capacitor Cs.
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(d)
Fig. 20: SEPIC converter output (a) PWM Gate pulse of switch S.
(b) L1 inductor current. (c) The voltage across capacitor C2. (d)
L3 inductor current.

Three different voltage output with proper polarity is
shown in Fig. 22. Where SEPIC and Cuk converter
produces almost 48V and -48V with a gain of 2.6.
Besides, the CSC converter is developing a voltage of
around -18V.

A comparative analysis of the propose SIMO
converter with some other SIMO converter is shown in
Table 2.
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(c)

Fig. 22: Multiple output voltage of SIMO converter. (a) CSC
converter output voltage. (b) SEPIC converter output voltage
(c) Cuk Converter output voltage.

In [29], the no of active and passive component used
is much higher than other topologies. Besides that, the
topology, proposed in [14], experienced a high switching
loss as hard switching technique is used. MPPT control
implementation is also not proposed in this topology.
Though MPPT control was implemented in [30], but only
two unipolar DC voltage is generated from this
converter. So, comparing the proposed topology with
the other proposed converter, the advantages can be
summarized as (a) Implementation of MPPT, (b)
Simultaneous generation of both positive and negative
regulated voltage. (c) Minimum switching loss.
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Table 2: Comparison with other SIMO topologies

Converter [30] [29] [14] Proposed
reference Topology
Use of MPPT Yes No No Yes

No of Output 2 2 3 3
Output voltage Only Only Only  Both Positive
polarity positive positive Positive and Negative
Total No of 7 21 9 13
Component

Inductor 1 1 1 3
Capacitor 2 8 3 6
Diode 2 7 0 3
Active Switch 2 2 5 1

Switching Loss Medium Medium High Low

Conclusion

This paper presents a design of the SEPIC-Cuk-CSC
combination converter used for renewable energy
applications. A PSO-based MPPT method is applied to
extract maximum power. According to the simulation
results, it is observed that the PSO method is successfully
able to track the MPP in all the conditions. Reduction of
design cost and loss is achieved by reducing the
component requirement for developing multiple output
voltage levels.
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Abbreviations

SISO Single Input Single Output
SIMO Single Input Multiple Output
MIMO Multiple input multiple Output
PSO Particle Swarm Optimization.

MPPT Maximum Power Point Tracking
Poest Best position of the individual
Particle
Gest Best position among all the particles
v, The velocity of the particle
X; Position of the particle
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