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This study presents the modeling and simulation of a Buck-Boost converter designed for
photovoltaic applications. The converter is controlled by a sliding mode control (SMC)
technique, which has several advantages when utilized in DC-DC power converters. The
design was simulated using MATLAB R2023a. To obtain more realistic results, the study
used local solar irradiation during the summer months as the radiation incident on solar
panels. The battery maintains voltage stability even during periods without solar irradiation.
The results emphasized the advantages of the control method for producing a stable, long-
lasting output voltage despite fluctuations in solar irradiation and uncertainty in system
parameter values. Additionally, the control method reduces the tracking error to zero and
speeds up the connection to the reference voltage. This work employs a second-order
sliding-mode control strategy, specifically the super-twisting algorithm, to mitigate the
chattering phenomenon commonly associated with first-order sliding mode. The
effectiveness of the second-order sliding mode control (SOSMC) was confirmed by Fast
Fourier Transform (FFT) analysis, which revealed a 75% reduction in total harmonic

distortion (THD).
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1. Introduction

Using fossil fuels, such as coal, natural gas, and oil,
significantly contributes to atmospheric pollution and
environmental  degradation worldwide. Global energy
investments are increasingly shifting towards sustainable
energy sources, with renewable energy pivotal in producing
clean energy [1], [2]. Photovoltaic power is a renewable energy
source that has gained popularity due to the rapid growth of
power electronics technology [3]-[5]. Solar power is widely
used globally due to its clean, noiseless nature. The unique
characteristics of photovoltaic technology make it the ultimate
example of a highly sought-after renewable energy source [6].

Regrettably, photovoltaic systems face two primary obstacles:
their conversion efficiency is subpar, and the electricity
generated by solar panels fluctuates significantly with weather
conditions. Moreover, the produced power out of any PV
(photovoltaic) system depends on various elements, including
solar energy, air temperature, and the properties of the
connected load, as a result of the nonlinear behavior of their
power-voltage (P-V) and current-voltage (I-V) characteristics.
To optimize solar cell utilization, it is essential to use MPPT
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(maximum power point tracking). Integrating such trackers can
reduce the cost of electricity generated by solar panels [7].

Performance metrics, including precision, dynamic behavior,
and intricacy, can be used to assess different approaches to
achieving optimal power extraction. Nevertheless, it is
frequently more advantageous to classify MPPT algorithms into
four distinct types: conventional, intelligent, optimization, and
hybrid [8].

Among the MPPT command options, Perturb & Observe
(P&Q) is notable for its widespread use. This is due to its
uncomplicated structure and the diminished number of
parameters. The main idea is to alter the duty ratio D in either
an upward or downward direction, create disturbances, and then
assess the impact on the PV panel’s output power. It is essential
to highlight that the disturbance AV is kept at a minimum to
avoid excessive swings in power [9].

According to the prevailing academic literature, converters in
the direct current (DC) field are often regarded as the crucial
element within all hybrid renewable energy systems. DC-DC
converters regulate a specific output voltage, which may be
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affected by intermittent conditions and imperfections in circuit
components and switches [10].

Control engineers face significant challenges in controlling DC-
DC converters. Many industries use linear controllers, such as
P1 or PID controllers, to control converters due to their cost-
effectiveness and simplicity. However, these controllers must
improve their flexibility when faced with parameter changes,
such as major fluctuations in load or input voltage. The control
strategy for DC-DC converters must account for the fact that
they are nonlinear systems that experience changes in load and
input voltage. They must also ensure stability under all
operating conditions. Therefore, researchers have focused on
robust and flexible nonlinear controllers to optimize the
performance of DC-DC converters. Sliding mode controllers
(SMCs) are widely recognized for their stable performance and
flexible control [11].

Tong et al. [12] propose the use of a slide-mode controller to
enhance the performance of a DC-DC boost converter for PV
applications. The system has two control loops: a current loop
for calculating the duty cycle of the frequency switch, and an
input-voltage loop guided by the MPPT algorithm to determine
the inductor current. The results show reduced steady-state
error, settling time, and overshoot compared to slide-mode plus
proportional integration (SMPI) controllers.

Walid et al. [13] propose a third-order sliding modulus control
(TOSMC) scheme to determine the MPP of a PV system under
various weather conditions. The components of the system are
a DC-DC boost converter, a PV panel, a load, and an MPPT
technique. Simulations performed in MATLAB demonstrate
reduced steady-state error and improved overall efficiency.

Kayisli [14] investigates the use of solar energy as a sustainable
energy option, with a specific emphasis on MPPT control via
sliding-mode control. Chattering issues are mitigated by
designing a super-twisting sliding mode controller (STSMC)
with a type-2 fuzzy set.

Kaplan and Bodur [15] introduce a transformer-less DC-DC
power boost converter that employs a switched-capacitor
architecture and a sliding-mode controller to increase the output
voltage of PV panels for grid applications. The investigation
involves a mathematical and practical examination of voltage
and currents, utilizing a 300 W installed hardware.

RakhtAla et al. [16] introduce a new SMC for a DC-DC
converter to regulate the output voltage. MATLAB/Simulink
simulations were conducted to evaluate the controller with
different DC-DC converters. The controller can provide
stability and robustness under uncertainty, load variations, and
changes in input voltage.

Inomoto et al. [17] present a novel approach to optimize the
controllers of boost converters in PV systems. The Genetic
Algorithm (GA) is utilized to optimize SMC and SMPIC
(Sliding Mode Plus  Proportional-Integrative).  The
experimental results are assessed using hardware, providing
evidence of reduced overshoot and settling time.

Alam et al. [18] provide a novel hybrid controller for DC-DC
boost converters that integrates a backstepping controller and a

nonsingular fast terminal sliding mode controller (NFTSMC).
The controller's resilience and efficacy are verified under a
variety of input voltage, reference voltage, and power demand
fluctuations.

The article by Waghmare and Chaturvedi [19] details the
methodology for controlling high-order sliding mode (HOSM)
in SPV-isolated flyback converters. This approach surpasses
traditional PI control techniques in the face of uncertainty.
Furthermore, it introduces a unique method for preventing
chattering in flyback converters by employing STSMC.

This study aims to design and evaluate a robust Buck-Boost
converter controlled by first- and second-order sliding mode
control (SMC and SOSMC) for PV systems under fluctuating
solar irradiance in Baghdad. The proposed work introduces a
new design that differs from previous works. The design
incorporates a DC-to-DC Boost converter, with its switch signal
controlled by an MPPT to track the MPP when solar irradiance
fluctuates. The Boost converter charges a battery, with
bidirectional control managing its energizing and depleting the
charge. The purpose of the battery is to maintain a steady
voltage regardless of weather, charging when solar irradiance is
available and discharging when it's not. The battery connects to
a Buck-Boost converter, controlled by SMC, to provide a
consistent output voltage that is resilient to system parameter
changes and solar irradiation fluctuations. To address SMC's
chatter issue, second-order sliding mode control (SOSMC),
specifically the super-twisting algorithm (STSMC), was
employed. The effectiveness of the proposed design was tested
through MATLAB simulations, using local solar irradiation
data from Baghdad during the summer to achieve more realistic
results.

2. Method of the Research

The methodology of this study involves four main stages. First,
a mathematical model of the Buck—Boost DC-DC converter
was derived using state-space representation, defining the
relationships among current, voltage, and control variables.
Second, two control strategies—first-order Sliding Mode
Control (SMC) and Second-Order Sliding Mode Control
(SOSMC) based on the super-twisting algorithm—uwere
designed to enhance system robustness and mitigate chattering.
Third, the proposed control schemes were implemented and
simulated in MATLAB/Simulink (R2023a) using locally
measured solar irradiation data from Baghdad during summer
to ensure realistic environmental conditions. Finally, the
system's dynamic response, voltage tracking performance, and
harmonic distortion were analyzed and compared under varying
solar irradiance and load resistance.

2.1. Buck-boost DC-DC converter paradigm

A Buck-Boost converter controls an output voltage that can be
set to be greater or less than the input voltage. The polarity of
the output voltage is distinct from that of the input voltage. The
converter topology is depicted in Fig. 1 [16].
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Figure 1. Buck-Boost converter circuit model.

The state-space form of the converter is derived by applying the
fundamental laws governing the system's operation. The circuit
is modified to derive the state equations incorporating the
converter's control input (u). The control input u represents the
switch position.

When the switch (T) is on for a time (DT): u=1

2L = X poost (1)
W TR @
When the switch (T) is off for a time (1-D) T: u=0

=i ®3)

The converter state equations can be obtained by combining
these two sets of equations with the control input u.

. 1-u u

X1 = sz + vaoost (%)
. 1-u 1

Xp = = X1 T %2 (6)
Where:

T = Ideal IGBT switch
DT = The duration during which the switch is closed
T(1-D) The duration during which the switch is open

To derive a state-space model of the form x* = Ax(t) + Bu(t),
the dynamics of the system can be mathematically expressed as:

X1:1L y Xop = VU

1

. u
X1 = zxz + Z(Vboost —X3) @)

. 1 1 u
x2=—2x1—gx2 +;x1 (8)

2.2. Sliding mode control (SMC)

This study focuses on a robust control strategy that drives the
system’s trajectory toward a predefined surface, where a
switching rule regulates the system's behavior. The aim is to
develop a switching law and sliding surface to effectively
achieve the specified control objectives, encompassing
stability, precise tracking, and rejection of disturbances [12].

2.2.1. First-order sliding mode control
o Sliding surface

The sliding function in a standard sliding mode control
approach is determined by the error, its derivative, or its second
derivative, and can be extended. The objective is to incorporate
all variables into the sliding line, set them to zero, and rely only
on the error and a designated coefficient, without depending on
the system's parameters [20].

S = (xz - vref) + B(xl - ILref) (9)
Where:

vyer = The reference voltage defines the desired value of the
converter's output voltage.

I rer = The reference current specifies the desired value of the
inductor current in the converter.

B The sliding coefficient is adjusted to attain the required
performance.

e Parameter uncertainty in the model of the Buck-Boost
converter

1 1
Z —_ Lnom + AL (10)
1 1
7= . + 4y (1)
1 1
= - + A, (12)
Where
1 1 1

, are the nominal values

Cnom

'
Lnom Rnom

A;, Ag, and A, are bounded disturbances
¢ Determination of control signal (U)

The overall control structure, denoted as u, comprises two
distinct components: a nonlinear element and an equivalent
control element.

A nonlinear element aids in bringing all of the variables from
their initial states toward the target surface and keeps them close
to the desired trajectory.

An equivalent control element: It reduces the time delay during
the reaching phase; it may occasionally introduce complexity to
the control input.

(13)
(14)

U=Ugg + Uy

$ =X, + Bx;

Where:

u, Nonlinear element

u., Equivalent control element

(15) is obtained by substituting (7) and (8) into (14) and
equating the derivative of S with zero.
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1 1 u 1 u
Mmoottt B Xt Z(vboost —X2)
=0 (15)
By solving (15), the value of u,, was obtained.
1 x, + L X Bx
1 D2 T T A2
Ueq = 1C BRC L (16)
Exl + Z (vboost - xz)
U, = —Ug sgn(s(x)) an
1 s>0
sgn(s(x))={0 s=0 (18)
-1 s<0

e Stability analysis

The control approach aims to compel the system states to
converge onto the designated surface from any beginning
condition and maintain them there. This requirement is satisfied
by the Lyapunov function, a mathematical tool used to analyze
the stability of a dynamical system. The Lyapunov function (V)
is defined as follows:
V=152

2

(19)

To guarantee the stability of the controller and the convergence
of the state trajectory to the designated surface, the proposed
switching control law must satisfy the Lyapunov stability
condition, i.e., the time derivative of the Lyapunov function V
must remain strictly negative [20]. In other words, the following
inequality needs to be met:

V=ss§s<0 (20)
. 1
s=—-A.x, —|4g + R A+ AcAg | xp + Acxqup
CnOm nom
+ B[4, x,
+ AL(Vboost - xZ)un] (21)
[Acx1 + (LAR + RLAC +4r4c — BAL) xz]
Up > Cnom nom
BAL(Vpoost — x2) + Acxy
(22)
e Determination of I,..f
— Uref ((Yref _
ILT TR (Vboost 1) (23)

2.2.2. Second-Order Sliding Mode Control

This type of variable-structure control offers several
advantages, including reduced-order compensated dynamics,
finite-time convergence, and robustness. This method uses
high-frequency switching to drive the variables to zero.
However, there are cases where such switching is impractical,
and continuous control becomes necessary. To address this
issue, a continuous control technique known as "super twisting"
ensures finite-time convergence. The sliding surface and
equivalent control element are chosen to be the same as in first-
order SMC. The calculation of second-order sliding mode
control involves computing an additional derivative of the
sliding surface. The representation of the controlled system can
be stated as:

s=¢(x,t) +y(x, tHu (24)

By replacing (7) and (8) with their respective values in (21) and
subsequently rearranging the equations

. 1 B 1 1 1

§= =22+ Chone =)+ [F -] [ — o+

u 1 x u B 1 1

;xz] + [;TZ + 7 Whoost = X2) — z(—;h — X2t

1 1 B .

Lxgu) |+ [y + 2 Wpoose — 22| (25)
Uy = Uy, +Uup, (26)
U,, = —Msgn(s) 27)
up, = —Als|® sgn(s) (28)
u, = —Als|%® sgn(s) — MJ sgn(s) dt (29)

Where: 1, M Positive design constants. The necessary
conditions for guaranteeing finite-time convergence of the
system to the sliding manifold are as follows:

P <P<Y (30)
L,<y<Iy (31)
Y
M > - (32)
2 Wi (M + )
2 TR0 =) &

The super-twisting control remains continuous due to the
continuity of both u,, and the term u,,. The term sgn(s) of
high-frequency switching is concealed within the integral.

3. Simulation and Results

To verify the theoretical analysis presented in this paper,
MATLAB R2023a software is employed to simulate the
proposed design. The overall design is depicted in Fig. 2; in this
model, a PV array comprising 22 panels in parallel and 17 in
series is used to generate 100 kilowatts of power. Details about
the panels are in Table 1.
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Figure 2. Buck-boost converter circuit model.

Table 1. PV array parameters.

One of the subsystems is the boost converter, which is
controlled using MPPT. Specifically, the P&O is employed to

- _Data|1 v 3:261'\[;6' track the MPP of the solar panel, accounting for changes in solar
o;;]en C'FC“'F voltage ( %C) 2 Volt irradiation. Fig. 3 provides a visual of this subsystem. The study
short circuit current (Ish) 9.44 Amper utilizes local solar irradiation data from the city of Baghdad
voltage at MPP (Vmpp) 30.9 Volt during the summer months.
current at MPP (Impp) 8.81 Amper
Vpenal 17(panels) * 30.9 =525.3 V
Ipanel 22(panels) * 8.81 =193.8 A
Ppanel 525.3*193.8 =101.8 KW
| 2oj—p_f—O
_ | MPPT+
HT00
Panel+ 1
o -
’[ w
il ‘ MPPT-
L= : <&
Panel-

Figure 3. Overall boost converter subsystem.

Furthermore, an MPP controller is used to increase the array
voltage, which is necessary to charge the battery. Table 2
provides more information about the battery. A 1000 V voltage
level is achieved by connecting the battery to a Buck-Boost
converter controlled using two different techniques.

Table 2. Battery parameters.

Data Value

Rated capacity 100 Ah
Initial state of charge 100 %
Battery response time 30 sec
Nominal voltage 500 V

Fig. 4 depicts this subsystem. Table 3 provides more details on
the converter parameters. Fig. 5 illustrates the MATLAB

representations of equations 9, 10, 13, 14, and 19. Fig. 6 shows
the modeling of Equation 26. Constants used in second-order
SMC M=20, 4 = 0.01.

Table 3. Parameters of boost & Buck-Boost converters.

MPPT MODEL SMC MODEL
on boost on Buck-Boost
converter converter

Capacitance 10 mF 1mF
Inductance 33 mH 400 mH
Input voltage 525.3V 651V

B - 1000
Switching i AKHZ

frequency (Fsw)
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Figure 4. A subsystem of a Buck-Boost converter.
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Figure 5. Block diagram of first-order sliding mode control.

A———x1 4
IL —»X2 ten S kA%J—rf
1 Lambda
R $u_eq
HX2 oo

f H—' ’_: »DC PWM

YD
u
PWM Generator

|

Figure 6. Block diagram illustrating the second-order sliding mode control.

Fig. 7 depicts the Buck—Boost converter output voltage utilizing
first-order sliding mode control. The graph uses green to depict
the fluctuating local solar irradiance throughout the day. The
irradiation begins at 0 W/m2 and increases gradually to 370.5
W/m2 by 7:00 am. By 12:00 pm, it reaches 938.5 W/m2 and
remains constant thereafter. The irradiance drops to 781.8
W/m2 at 2:00 pm and further reduces to 435 W/m2 at 4:00 pm.

The reduction persists until 7:00 pm, after which the irradiation
remains at zero for the remainder of the day. The red color in
the figure represents the Buck—Boost converter output voltage,
while the blue color represents the reference voltage.

Fluctuations in irradiation levels can have a major impact on the
panel voltage, leading to a drastic drop. Despite the fluctuations,
the control unit demonstrated a rapid and reliable response. The
presence of the battery ensures a stable output voltage. It
operates in a charging state when solar irradiation is available.
When solar irradiation is absent, the solar panels do not produce
power, and the battery discharges to provide the converter with
input voltage.
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Figure 7. Buck-Boost converter output voltage under local
irradiation (first-order).

Fig. 8 and 9 depict the converter's output voltage as the resistive
load changes, along with the corresponding sliding coefficient,
which achieves the required controller performance.

output voltage of SMC (R=80)

1000 F
< 800 _‘_
°t
(o)}
£ 600
[<]
>
3 400
5
O 200
0
0 5 10 15 20
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Figure 8. Buck-Boost converter output voltage at R= 80-ohm,
B = 240.
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Figure 9. Buck-Boost converter output voltage at R = 105-
ohm, B = 2010.

Fig. 10 shows the Buck-Boost converter output voltage while
implementing second-order sliding mode control.

output voltage of SMC

1000 [
S 800f Second _li m
2 order SMC
K 600 F— Vref 1 1
S Solar Irradiation
::;’. 400 F ' - + -
S
O 200
0
0 5 10 15 20

Time (sec)

Figure 10. Buck-Boost converter output voltage under local
irradiation (second-order).

To demonstrate the efficacy of the suggested SOSMC control
mechanism in mitigating chatter. The converter's output voltage
signal was examined using a fast Fourier transform (FFT) with
first- and second-order SMC techniques. The results
demonstrated that SOSMC effectively reduced total harmonic
distortion (THD%) from 0.04% to 0.01%. This reflects a
decrease in noise impact and an improvement in energy
conversion efficiency. Fig. 11 and 12 display the FFT analysis
results for the output voltage signals of the first- and second-
order SMC implementations, respectively.

<107 DC = 996.8 , THD= 0.04%
T

=

o

Mag (% of DC)
~

e

5

||.I|I|ll\--l-- TN A . vl nl ||| ||.llllll-lllll-.l.l-l..u.l
0 2 8 10 14 16 18 2

4 6
Harmonic order

Figure 11. FFT analysis of first-order SMC output voltage.

109 DC =996.1, THD= 0.01%
T T T

Mag (% of BC)

Figure 12. FFT analysis of second-order SMC output voltage.

The results of the solar panels are shown in Fig. 13, which
displays the voltage, current, and output power. As mentioned
before, the panels' output is highly influenced by fluctuations in
solar radiation. Every sudden change in irradiation causes a
significant drop in values, which is referred to as the transient
state. The figure below (right) shows the output voltage of a
boost converter, which is the voltage required to charge the
battery.
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Figure 13. The results of solar panels.

Lastly, Fig. 14 presents the battery results, including voltage,
current, and state of charge (SOC). The battery discharges
during the 0-7 sec period when solar irradiation is absent and
charges during periods of solar irradiation.

Vbattery SOC%
650 " 100 T
L " S 99,98
E = 8 99.96
T 500 f :
> 450 ; 0 10 20
- Time (seconds)
Ibattery
<
E 500
= 0
©
Q
— -500
0 10 20

Time (seconds)

Figure 14. The results of the battery.

4. Conclusions

A control strategy for the Buck-Boost converter was developed,
incorporating both first- and second-order variable-structure
techniques. The results demonstrated that this approach
effectively achieved the required reference voltage quickly and
reduced the tracking error to zero. The study also highlighted
the advantages of the control method in maintaining the
stability of the output voltage relative to the reference voltage,
even when solar radiation, input voltage, and system parameter
uncertainties vary. Additionally, the study discussed the
significance of the slip coefficient in attaining the desired
performance through the application of variable load resistance.
To address SMC's chatter issue, SOSMC was employed,
specifically the STSMC. The second-order SMC design
reduced chattering, as evidenced by a 75 percent decrease in
total harmonic distortion.

One of the main challenges the authors face is the need to use a
trial-and-error approach to determine the gain values for the
proposed control methods. This method is computationally
intensive and does not ensure optimal gains. In future work, the
researchers recommend using modern optimization techniques

such as fuzzy logic, particle swarm optimization, and others.
These techniques reduce the time and effort required for the task
and ensure the best possible gains.
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