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Abstract. Solar energy has become one of the most potential alternative energies in the world. To convert solar energy into electricity,
a photovoltaic (PV) system can be utilized. However, the fluctuation of sunlight intensity throughout the day greatly affects the generated energy
in the PV system. A battery may be beneficial to store the generated energy for later use. A DC-DC converter is commonly exploited to produce
a constant output voltage during the battery charging process. A Zeta converter is a DC-DC converter which can be used to produce output values
above or below the input voltage without changing the polarity. To deal with the inherent non-linearity and time-varying properties of the converter,
in this paper the sliding mode control (SMC) is first analyzed and exploited before being integrated with a proportional-integral (PI) control to
regulate the output voltage of the PV system. Disturbances are given in the form of changes in input voltage, reference voltage, and load. Voltage
deviation and recovery time to reach a steady-state condition of the output voltage after disturbances are investigated and compared to the results
using a proportional-integral-differential (PID) controller. The results show that the proposed control design performs faster than the compared

PID control method.
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1. INTRODUCTION

The concern for energy saving and environmental protection has
resulted in a considerably impressive development of renewable
energy. It is also driven by the consideration of creating sustain-
able development to achieve a sustainable future. Solar energy
is one form of renewable energy source, which is very important
to human beings. Its potential is abundant in many regions of
the world, especially around the equatorial region [1].

Conversion from solar energy into electrical energy can be
realized using a photovoltaic (PV) system [2—4]. The rotation of
the earth, as well as the evolution of sun movement, make the
intensity of solar radiation also vary throughout the day and the
year. The resulted sunlight intensity fluctuation greatly affects
the output voltage of a PV system.

It is generally desired that the voltage generated by the PV
system can be regulated to fulfill the load requirement. One of the
possible PV loads considered in this paper is a battery. During the
charging process of the battery, a constant voltage is considered.
To achieve the constant voltage condition of the input to the
battery, DC-DC converters are common to be utilized [5, 6].

Some requirements dictate the need of using converters with
the capability to operate in both decreasing and increasing modes
with respect to their input value. Some widely known converters
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include Buck-Boost, Cuk, Sepic, and Zeta [7-12]. Buck-Boost
and Cuk converters can be used to produce an output voltage which
is negatively proportional to the input voltage. To get the same
polarity as the input voltage, the problem can be solved by adding
an isolated transformer, but with the increasing size and cost.

Sepic and Zeta converters are preferable if it is desired to get
an output voltage with the same polarity as the input [11-15].
Zeta converter has been shown to outperform Sepic converter
in terms of losses and power factor [16]. Zeta converter also
provides low output ripples which facilitate the output regula-
tion task. The involved uniform output current also enables the
smaller capacitor requirement to enhance the load performance.

The output voltage of the Zeta converter varies following the
variation of the incoming sunlight radiation. Therefore, a con-
troller is needed to provide a constant voltage during the battery
charging process. The control objectives can be assigned to
maintain the stability of the regulated output voltage and to im-
prove the control performance by providing a desired transient
response in a form of minimized overshoot.

Some methods have been reported to deal with nonlinear con-
trol problems [17-22]. Sliding mode control (SMC) is one of
the most popular control techniques in nonlinear control sys-
tems [17-19]. It changes the system dynamics by applying dis-
continuous control signals, thereby forcing the system to slide
along cross-sections of the system normal behavior [19-22]. The
complexity of the feedback design can also be reduced due to
the possibility to decompose the system motion into independent
partial components of lower dimensions [17].
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The SMC is commonly used for high-order systems that are
continuous. In [11], the use of SMC includes robustness as
well as uncertainty issues in its design consideration. It gives
additional advantages of being compared to the other feedback
control techniques. It also offers another advantage in dealing
with parameter variations and disturbances, avoiding having to
use exact mathematical models.

Since the beginning, there has been much research carried out
on SMC utilization in power converters [23,24]. It is suitable to
be implemented on power converters as it produces the control
actions in the form of discontinuous state functions like the
on-and-off operation of the converters. SMC in the DC-DC
converter has two forms, namely single loop SMC and Cascade
SMC [25,26].

The principal control parameter of the SMC is the sliding
surface which is obtained from the system error signal in the
open-loop condition. The involved variables provide a fast tran-
sient response along with the tracking of a specific reference
signal path to achieve the desired dynamic response.

Some techniques have been investigated to improve the per-
formance of the sliding mode control [27]. The addition of a PI
voltage compensator in the outer loop being combined with the
sliding mode current controller in the inner loop is proposed
in [28]. It is compared to the use of a multi-predictive controller
(MPC) on a boost converter. The combination of sliding mode
control and the MPC was also explored in [29] with the pur-
pose to control the output voltage of a boost converter. In [30],
an SMC using PI switching surface for chaotic systems was
developed with the presence of uncertainties and external dis-
turbances. The unknown nonlinear functions were approached
using fuzzy logic systems whereas the Lyapunov stability crite-
rion was applied during the parameter adaptation design as well
as stability evaluation.

There have been many research investigations on the use
of SMC on the various topology of a DC-DC converter, but
only a few are found concerning the Zeta converter [21, 31—
33]. SMC is commonly used for systems having a non-linear
response such as the Zeta converter. Zeta converter offers some
advantages, especially that it can produce higher or lower output
voltage than its respective input and that the output voltage is
of the same polarity as the input [34]. However, in an open-
loop configuration, it experiences a high transient overshoot and
a long time duration before reaching the steady-state condition.

In this paper, the sliding mode control is used to adjust the
Zeta converter output voltage, by considering the variation of
the input voltage as well as the load condition. It is considered
to accelerate the transient response, reduce the overshoot, and
produce a constant voltage on the output side of the Zeta con-
verter. The use of proportional-integral-differential (PID) control
is chosen as comparison [35, 36].

In some previous studies, the PID controller on the Zeta con-
verter was used to produce a good output response in the con-
verter operating area. The voltage response on the Zeta converter
with the PID controller is constant, even though there is a change
in the input voltage as well as in the load. However, when there
is a change in parameters such as input voltage, load size, and
reference voltage outside the converter operating area, the sys-

tem response becomes unstable and the PID controller cannot
improve the response.

The use of PI-SMC to regulate the output voltage on the Zeta
converter is presented in this research. The SMC is designed
to provide the expected output voltage with a fast response and
minimal errors. The results are compared with the performance
of the PID controller on the Zeta converter. In the simulation
tests, changes in input voltage, load, and reference voltage were
evaluated.

The organization of this paper is made as follows. The next
section is used to elaborate on the proposed method, consisting
of the modeling of the Zeta converter and the description of the
PI-SMC design. The following section presents the results of the
study, containing the exploration of the output voltage response
of the Zeta converter with a variation of the input voltage, the ref-
erence voltage, and the load condition, both using the considered
PI-SMC method and the PID method as a comparison.

2. PROPOSED METHOD
The description of the PI-SMC method on the Zeta converter is

started with the steps to model the Zeta converter and is followed
by the elaboration of the PI-SMC method.

2.1. Zeta converter modeling

The Zeta converter considered in this paper uses two capacitors,
two inductors, 1 diode, and 1 MOSFET, as seen in Fig. 1. Ly, Ly,
C1, Gy, R, Vi are subsequently the first inductor, the second in-
ductor, the first capacitor, the second capacitor, the load resistor,
and the input voltage. This converter is categorized as the DC—
DC converter in general, which uses a switching technique to
adjust the output voltage.

S
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L, DX

Fig. 1. Zeta converter circuit

In an ideal condition, the use of two capacitors and two in-
ductors makes the Zeta converter classified as the fourth-order
converter because it produces a 4" order equation [37]. The Zeta
converter resembles a buck-boost converter, but with an output
voltage of the same polarity as the input voltage.

The equivalent circuit of the Zeta converter circuit under the
closed- and opened-switch conditions are shown in Fig. 2 and
Fig. 3, respectively. The application of Kirchhoff voltage law
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|

T
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Fig. 2. Zeta converter circuit in closed-switch condition
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(KVL) and Kirchhoff current law (KCL) to the circuit shown in
Figs. 2 and 3 is used to obtain the circuit equations of the Zeta
converter under closed- and opened-switch conditions. When
the switch is ON, as can be observed in Fig. 2, the input and
output currents of the inductors increase linearly and the current
in the diode is equal to zero.

- L, +

—C,

+ Ci
Vi L D T =

Fig. 3. Zeta converter circuit in opened-switch condition

By using Kirchhoff’s Voltage Law on the circuit of closed-
switch condition in Fig. 2, the sum of voltage along the left-side
loop is stated in equation (1). By stating the voltage across
the inductor L; using its proportionality to the multiplication
of inductance and the change of current through the inductor,
equations (2) and (3) are obtained

Vil —Vy =0, (D
di
Li— =Vi. )
dipy Vs
din_ s 3
7 1 3

Implementing Kirchhoff’s Voltage Law on the right-side loop of
Fig. 2 results in equation (4). Replacing the voltage across the
inductor with its proportionality to the multiplication of induc-
tance and the change of current through the inductor produces
equations (5) and (6). The change of current through the inductor
L, is stated in equation (6)

Vio—Ve1+Vea — Vs =0, €]
di

Llef =Vs+Vc1 — Ve, @)

dip, Vs Va Vo

o Tntn ©

By using Kirchhoff’s Current Law, the current through the ca-
pacitor C; is obtained using equation (7), while the change in
voltage across the capacitor C; is obtained using equations (8)
and (9), by replacing the current through the capacitor with
its proportionality to the multiplication of capacitance and the
change in voltage across the capacitor

ic1 +ipp =0, @)
dV, .

C 701 =—ia, )]
dVer i

dt Ci ©)
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The change in voltage across the capacitor C; is obtained using
equations (10)—(12)

ico — i +igL =0, (10)
dVv, : :
2 =i iR (11)
Voo _i2 Voo (12)
dr C, RiG

The differential equations in (3), (6), (9), and (12) can be pre-
sented in a form of a matrix to make the state-space equation of
the Zeta converter under the ON-switch condition, as given in
equation (13)

rdipg 7 _ _ )
| oo 0] 1
dip 00 — —— |[[z] [k
dt L L i 1
— 1 + |17 1Vl. (13
dvey 0—— 0 0 Vel L| W] a3
1
ddt 02 L b g
Ve2 ~ -
U C R.C, Lo
L 47 | 2 L2

Zeta converter circuit analysis when the switch is opened (in
OFF condition) is based on Fig. 3. As can be observed, the
diode will be forward-biased because the voltage at the anode is
greater than the cathode so that the input and output currents of
the inductors (ir; and iz 1) will decrease linearly.

By using Kirchhoff’s Voltage Law on the circuit of opened-
switch condition, the sum of voltage along the left-side loop of
Fig. 3 is stated in equation (14). By stating the voltage across
the inductor L; using its proportionality to the multiplication
of inductance and the change of current through the inductor,
equations (15) and (16) are obtained. The change of current
through the inductor L; under the OFF-switch condition is stated
in equation (16)

Vii+Ver =0, (14)
dipy
Li—— =-V, 15
Ly c15 (15)
diz Vel
dur_ e 16
dr Ly (16)

Implementing Kirchhoff’s Voltage Law on the right-side loop of
Fig. 3, and then replacing the voltage across the inductor L, with
its proportionality to the multiplication of inductance and the
change of current through the inductor produces equation (17).
The change of current through the inductor L, under OFF-switch
condition is stated in equation (18)

dijn
L,—— = -V, 17
24 2, o))
dirn Vea
S _ e 18
dt Ly (18)

By using Kirchhoff’s Current Law, the current through the ca-
pacitor C; under OFF-switch condition is obtained using equa-
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tion (19), while the change in voltage across the capacitor Cj is
obtained using equations (20) and (21), by replacing the current
through the capacitor with its proportionality to the multiplica-
tion of capacitance and the change in voltage across the capacitor

ict1+ip1 =0, (19)
dV, .
Crg i =0, (20)
dVei ir1
= —= 21
dt Ci D

The change in voltage across the capacitor C, under the OFF-
switch condition is obtained using equations (22)—(24)

ico — i +ipL =0, (22)
dV,
2g i iR =0, (23)
t
dVeo _i2 Voo 24)
dr G R &

The differential equations in (16), (18), (21), and (24) can be
presented in a form of a matrix to make the state-space equa-
tion of the Zeta converter under the OFF-switch condition, as
given in equation (25)

(dinl T o-L ¢ ]
dr L ) 0
; 1 ir
dclii2 000 L i 0
2
= + v,].
dver _i 0 0 0 Vel 0 [ S]
dr C Ve 0
dves 0o L oo !
L dr A L C R,

(25)
State-space averaging is furthermore explored to approximate
the switching converter as a continuous linear system [38—41].

2.2. Design of Pl-sliding mode control

There are two duty-cycle values in sliding mode control, which

are the equivalent control signal (Ueq) and natural control signal

(Uy) as shown in equation (26)
U=Uyq+Uy. (26)

At steady-state conditions, the reference current xj is determined

using the reference voltage according to equation (27)

V2

* _ ref

X1 = .
RV

27)

Determining the sliding surface (S) on the Zeta converter is
carried out by using an error function (e¢), where the reference
used is the current in inductor L; (x;). It is to remember that x;
represents ir|, xp represents iz, x3 represents vcy, and x4 repre-
sents vco. After the inductor reference current (x7) is determined,

the next step is to substitute (x}) into equation (28) to obtain
equation (29)

S:ke+7L/edt, (28)

where A is a constant sliding surface parameter. The symbol e
represents the difference between the current in inductor L in
real time and the reference current in inductor L. The sliding
surface equation is obtained by setting A = 1 as follows

S:k(xl—x’f)—i—/(xl—xf)dt. (29)

The next step is to find the Ugq value by lowering the sliding
surface equation to zero, as given in equations (30) and (31)

d
0=5= (kx| +e),

30

P (30
kX3 —Lle

i e A 1

4 Kot V) Gl

After Ueq is obtained, the next step is to determine the Uy. The
Uy value is determined based on the Lyapunov stability the-
ory [17], as in equation (32)
vV =S5S. (32)
The expected conditions should satisfy the requirement in equa-
tion (33)
S <0. (33)
The first step is to determine the derivative of the sliding surface
(S'), so that the expected error is close to zero. Equation (34) is
the derivative of the S formula in (29)

S = kxi +e. (34)

Substituting further the equation x; into S results in equation (35)

(35)

§ (—kx3 +kX3U+szU+L1€>
— 7 )

By replacing U with (26), the S equation is obtained in equa-
tion (36)

) —kx3 + kx3 (Ueq+Un) +kVy (Ueg+Uy) +Lie

§— . (36)
L

Substituting Ueq in equation (31) into equation (36) to result in

equation (37) and simplifying further to produce equation (38)

to conform the required condition given by equation (33) would

result in equation (39)

kX3 —L1€
k(X3 +Vs)
L

—kxz + (kxz +kVy) ( +UN> +Lie

» 37)
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S: (UNk(x3+VY)> , (38)
Ly
Unk (x3+V5)
<Ll) <0. 39

To fulfill the Lyapunov stability criterion, the Uy scores are
determined as equation (40)

L

Uy= ——
N k(x3+vs)

sign(S). (40)
The required duty-cycle value is obtained through the addition
of Ueq and Uy. The derivation of the duty-cycle equation at
the SMC is given by substitution into equation (26) to obtain

equation (41)

(41)

kxz —Lie ( Ly . )
U= + sign(S) | .
k (x3 + V) k (x3 4 V) en(s)
U is the duty cycle of the output from the SMC which will regu-

late the switching of the MOSFET electronic switch components
on the Zeta converter.

3. RESULTS AND ANALYSIS
The results of the study were obtained based on the proposed
system scheme given in Fig. 4.

: I A
14T 1l J_
C,
L, DX Tcz 2R
U
I
PLI-SMC < < I -tef

Fig. 4. Proposed system

The system was exposed to some disturbances in the form
of changes in input voltage, reference voltage, and load. The
simulation was carried out over a certain time duration and the
disturbance was given at the time of 0.01 sec. The first test was
performed by changing the input voltage while maintaining con-
stant the reference voltage and load. The second test was done by
changing the reference voltage while keeping the input voltage
and load constant. The third test was carried out by changing the
load condition while maintaining the fixed input voltage and ref-
erence voltage. The specification of the considered components
in this study is presented in Table 1.

3.1. The influence of the change in input voltage

The change in input voltage was achieved by using 5 different
values: 6 V, 12 V, 18 V, 30 V, and 36 V. The simulation results
are indicated in Table 2. A comparison of the recovery time (fec)

Bull. Pol. Acad. Sci. Tech. Sci., vol. 70, no. 3, p. €140952, 2022

Table 1
Converter specification
No Symbol Value Parameter

1 Vs 24V Input Voltage
2 Vo 12V Output Voltage
3 f 20000 Hz Switching Frequency
4 R 100 Q Load Resistor
5 Ly 100 uH Inductor 1
6 Ly 50 mH Inductor 2
7 C 47 uF Capacitor 1
8 G 6.8 uF Capacitor 2

Table 2

Control response of the proposed method when the input voltage
is changing

Vo (v o SMC PID

in (V) Veer I RED 2 STV | e ©) [ 1AV] V)
6 0.0605 0.56 - -
12 0.02178 0.49 — —
18 12 100 [0.01471 0.21 - -
30 0.01012 0.15 0.01979 3.08
36 0.02008 0.28 0.03282 5.96

curves obtained using the SMC and PID controllers is shown in

Fig. 5.
14 T T T T T T T T T
12

Output Voltage(V)

2T — PLSMC
PID

0 0.01 002 003 004 005 006 007 008 009 0.1
Time(s)

Fig. 5. Output voltage response when the input voltage

is changed to 6 V

As can be observed in Table 2, in PID controllers when the
input voltage changes to below than initial value, the PID con-
troller is not able to continue simulation because of unstable
conditions. Figure 5 depicts the comparison graph of the re-
sponse for SMC and PID controllers when the input voltage
changes from 24 V to 6 V. It is shown that the system with SMC
reaches the steady state slower than the PID controller in the
beginning. When the input voltage changes the PID controller
has a high overshoot of —3.17 V when compared to SMC that
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has an overshoot of less than 0.6 V. The proposed controller
requires 0.060 s to reach the reference voltage, while at the same
time the PID controller keeps away the steady state.

The severity of the occurring overshoot depends on the dif-
ference between the input voltage during normal conditions and
during disturbances. If during the disturbance the input voltage is
below the input voltage during normal conditions, there will be
a negative overshoot. The greater the difference in input voltage
between normal conditions and during interference, the greater
the overshoot.

The smallest delta error or voltage deviation (A V) occurs
when the input voltage becomes 30 V and the largest delta error
occurs when the input voltage becomes 6 V. Based on these
results, it is shown that a smaller input voltage generates a higher
voltage deviation (A V). However, the voltage deviation (A V)
becomes higher when the input voltage changes to 36 V.

3.2. The influence of the change in reference voltage

The change in reference voltage was achieved by using 5 differ-
ent values: 6 V,9 V, 15V, 18 V, and 21 V, as given in Table 3.
Figure 6 shows a graph of the output response of the SMC and
PID controllers on changing reference voltage to 21 V.

Table 3
Control response of the proposed method when the reference voltage
is changing

Voo e v | R @ SMC PID
i f
" “’ free (8) | JAV[ (V) | tree (5) | JA V] (V)
6 0.0434 0 0.0815| 29.07
9 0.0407 0 — —
24 15 100 |0.0374 0 - —
18 0.0369 0 — —
21 0.0362 0 - —
25
20
s
“5,15
2
=
%1:] F—T
Q PILSMC
——PID
On 0.01 002 003 004 005 006 0.07 0.08 0.09 01

Time(s)

Fig. 6. Output voltage response when the reference voltage
is changed to 21 V

When the reference voltage changes to a greater value than
the reference voltage, the SMC results in a recovery time value

of less than 0.045 s. Based on these results, it can be concluded
that for the greater reference voltage, the recovery time is quite
fast for the proposed controller. Meanwhile, the smaller the ref-
erence voltage, the longer the recovery time. The PID controller
produces an oscillation when the reference voltage changes, and
it is not possible to continue the simulation

3.3. The influence of the change in load resistor

In the last scenario, the loads used are 50 Q, 75 Q, 125 ©, 150 Q,
and 175 Q. The performances of each controller are presented
in Table 4. The small delta error or voltage deviation occurs
when the load becomes 125 Q, which is 1.31 V for the proposed
controller and 1.2 V for the PID controller. The proposed control
results in faster recovery times than the PID controller, as shown
in Fig. 7. It can be seen obviously that the proposed controller is
able to reach the voltage reference more rapidly than the other
method. In the PID method, the response has low settling time
and small oscillation during steady state.

Table 4
Control response of the proposed method when the load resistor
is changing

VIl (V) | Ve (V) | R (Q) SMC PID
ref tree 5) | AV (V)| frec () | [AV] (V)
50 | 0.0088 | 4.175 [0.01987| 3.981
75 10.00814| 1.75 [0.01695| 1.67
24 12 | 125 [0.00957| 131 |0.01617| 1.2
150 [0.01308| 233 [0.02134| 2.14
175 [0.02977| 3.14 | 0.0336 | 2.89
131 1
12571 7
% . /;\\\\’WMAAAAAA .........
I N——
£
z
5'115 b
3
" 7
PEISMC
PID
1051 | | | | T b
0.05 0.055 0.06 0.065 0.07
Time(s)

Fig. 7. Output voltage response when the load resistor
is changed to 75 Q

4. CONCLUSIONS

Based on the results of simulation and analysis in this study, the
following conclusions can be drawn. The PI-SMC method is
determined by sliding surface reference, which can be voltage,
current, and power. Furthermore, the sliding surface equation
is determined to get the duty cycle for the switching on the

Bull. Pol. Acad. Sci. Tech. Sci., vol. 70, no. 3, p. 140952, 2022
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MOSFET. The use of PI-SMC produces a faster time to reach
the steady-state condition of the Zeta converter output voltage
response, being compared to the use of a PID controller. When
there is a change in input voltage, reference voltage, and load,
the use of PI-SMC can reach the steady-state conditions faster
than the use of PID control. In addition, the Zeta converter using
SMC has a faster recovery time during disturbances than that
using the PID controller.
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