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Abstract: A sliding mode controller (SMC) for a photovoltaic (PV)-powered DC to DC buck-
boost converter to supply a constant load voltage is investigated in this paper. The indirect 
method is used to adjust the PV source to its maximum power point by the converter and 
SMC. This study presents SMC without using system dynamics, models, and transfer 
functions as an effective and easily adjusted controller. The PV source and battery loads 
behave differently from linear sources and require a robust controller to accommodate 
various loads and PV conditions. Compared with classical PI/PID and non-sliding nonlinear 
controllers, SMC provides better disturbance rejection, finite-time convergence, and 
independence from exact model parameters. These advantages are essential for PV-powered 
converters, where voltage levels vary continuously. The PV-powered converter and SMC 
system were simulated for these conditions. Also, the setup was implemented using the digital 
signal processor (DSP) TMS320F28335 to verify the proposed idea and simulation results. 
The inductance current variation and the load voltage of the converter were used as control 
variables for the SMC. The system's performance was investigated for different voltage 
variations of the converter, and simulated using different reference voltage values with the 
PV module as a voltage source. Total harmonic distortions (THD) for the converter were 
also investigated. The effects of voltage variations were observed, and the results were 
compared for the stability analyses. For the stability of the whole system, the Lyapunov 
stability analysis was used in this study. The mathematical equations to supply these criteria 
are given with the small signal analysis method. The simulation and experimental results 
overlapped with the theoretical expectation. The performance of the DSP in processing the 
SMC algorithm using the current and voltage feedback signals was observed experimentally. 

Keywords: buck-boost converter; digital signal processing; nonlinear control; PV source; 
sliding mode control 
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1 Introduction 
One of the PV system's main problems is adjusting the system output for a constant 
load or bus voltage [1]. The DC-to-DC converters must be used to adjust the output 
voltage generated by the PV systems [2]. The PV sources and battery loads are 
composed of nonlinear system parts [3]. The automatic control of such a complex 
nonlinear PV battery storage system is not easy for conventional controllers [4]. 
SMC was proposed for stability and implemented as a robust and easy-adjusted 
controller independent of system dynamics. 

Photovoltaic sources have some different properties from other linear power 
sources [5]. Design and implementation are required for modelling the PV model 
as a nonlinear and limited power source [6]. PV array models are used as a source 
in actual PV panels [7]. A PV module model has been designed to obtain the 
necessary power by combining the PV cells used in previous studies [8] [9]. 

This paper offers the designed experimental setup of the buck-boost converter and 
the other feedback control circuits with the DSP controller [10]. The realized buck-
boost converter is controlled using TMS320F28335 coded eZDSP (Manufactured 
by Spectrum Digital Corporation) for the PV-powered experimental setup [11].  
The converter output voltage and inductance current variations are measured and 
processed as SMC variables by the DSP’s analog-to-digital converter (ADC) [12-
13]. The suggested PV-powered converter topology is simulated using SMC in 
MATLAB/Simulink [14]. SMC for switching power supplies is a control system 
that works for a switching hysteresis band [15] [16]. A method known as an indirect 
control method is used for the maximum power point tracking (MPPT) of the PV 
module model. This indirect method is defined using the PV panel datasheet 
characteristics in MPP voltage [17]. Generally, this MPP voltage is selected as a 
converter reference output voltage in basic applications [18]. The authors have 
applied and validated this indirect method for different controllers in their previous 
works instead of traditional MPPT control methods [17] [19]. 

Some traditional methods in the literature are used for the control of converters [20]. 
Although these controllers were previously used as a solution for applications, they 
are not sufficient now to solve the problems of the controllers with nonlinear 
sources and loads [21]. If the converter is a simple voltage converter, it is suitable 
to use a proportional-integral (PI) controller. However, it cannot be sufficient to 
control some nonlinear systems alone without an adaptive controller [22]. 

The main advantage of SMC is that it is suitable for variable structure systems 
control since it does not need to calculate control parameters like the PID controller 
[23]. The SMC is developed for a nonlinear controller's need for switching power 
supplies, such as a DC/DC buck, boost converter [24-27]. Strong dynamic response 
and easy implementation with microcontrollers are some of the advantages of SMC 
[28]. Moreover, the trajectory of the system moves in a defined area. This area is 
defined as a sliding surface for the SMC on the specific state space. The SMC for 
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switching power supplies works in a switching hysteresis band [15]. There are some 
advantages compared to different control methods in the literature [19, 29, 30]. 

For the boost types, DC to DC converter PWM-based SMC are modelled and 
simulated in MATLAB/Simulink software, and the efficiency of SMC and PI 
controllers is compared in a study [31]. The response of a boost-type DC to DC 
converter is analyzed with MATLAB/Simulink software using SMC and a PV 
source, and the transient response of the boost converter output is seen as superior 
to the PI controller [32]. The SMC is proposed in another work to keep and stabilize 
the DC bus voltage constant by controlling the converter. Also, the simulation 
results of PI and PID controllers are compared with the SMC results. The SMC 
decreases the steady-state error of the output voltage, catching the transient response 
better [33]. In another study, the robotic manipulators' trajectory tracking control 
based on the model-free PID-SMC method is presented. This control scheme 
combines the superior properties of the PID controller and SMC [34]. A grid-
connected PV system's automatic voltage regulation has been investigated using a 
Lyapunov-based SMC, in another study. Better and higher efficiency of the offered 
SMC is observed and compared with the PI controller, and details are given in the 
simulations [35]. 

Performance estimation of a low-power SMC buck‑boost converter for different 
control laws has recently been investigated in a study with limited results [36].  
The simulation of the buck-boost converters has been proposed using PI, SM, and 
Fuzzy Logic Control (FLC) in MATLAB/Simulink currently. Also, the SMC theory 
is given in more detail in the referred paper [37]. An efficient solar-hydrogen DC-
DC buck converter system with SMC is proposed for electrolysis load as well [38]. 
An SMC strategy with DC capacitor voltage balancing is proposed and offers 
dynamic performances and excellent steady-state with low THD in another study 
[39]. The stability of three-phase LCL-filtered grid-connected voltage source 
inverters improved by observer-based SMC is used in another paper [40]. The motor 
driver application of SMC is first presented for a converter in a thesis [41]. 

It is possible to find some different applications of SMC in literature, super-twisting 
sliding mode control structures [42], improving value-based reinforcement learning 
with control applications [43], sliding mode control using adaptive fuzzy system 
under constrained input amplitude [44], a piecewise Lyapunov functional is 
established to analyse the exponentially stable of the switched system [45],  another 
paper proposes a quadratic prescribed performance function design [46], at last a 
paper proposes to mix two data-driven algorithms [47]. 

Although numerous studies have focused on SMC for power converters, the 
literature still lacks a unified perspective addressing PV-powered buck–boost 
converters operated under wide disturbances and nonlinearities. Prior research 
mainly investigates classical SMC structures, SMC–PI hybrids, fuzzy-SMC 
strategies, and Lyapunov-based SMC approaches. However, studies that combine 
indirect MPPT operation with a fully DSP-embedded SMC implementation remain 
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limited. Therefore, this work aims to fill this gap by providing a complete 
theoretical, simulation-based, and experimental evaluation of SMC applied to PV-
powered converters under variable irradiation and voltage conditions.  
An experimental system in literature was implemented for the first time in this 
paper, with more details for these conditions, which will be useful for scholars in 
this area. 

The motivation of this study arises from the need for a robust, model-independent, 
and DSP-practical controller capable of maintaining stable output voltage despite 
severe PV fluctuations. This paper offers the designed experimental setup of the 
PV-powered buck-boost DC to DC converter and the other supplementary circuits 
with the DSP controller. The suggested PV-powered converter system is simulated 
in MATLAB/Simulink software using SMC for all inrush and nonlinear conditions 
and THD. The realized buck-boost converter is controlled using TMS320F28335 
coded eZDSP for the PV-powered experimental setup for real-time and fast control. 
The converter output voltage and inductance current variations are measured and 
processed as SMC variables with the designed circuits. The simulation and 
experimental results are compared for different variables to verify and increase the 
reliability of this new idea in power converters. 

2 The Calculation of the Converter Parameters 
The suggested DC-DC buck-boost converter for the nonlinear photovoltaic source 
and constant load’s voltage with the SMC is seen in Fig. 1. To obtain the voltage 
error, the converter output or load voltage (Vo) is compared with the desired voltage 
reference (Vref) value. This voltage of error is applied to the SMC to compare it with 
the inductance current value to assign the duty cycles of switching PWM signals 
[14]. The obtained switching signal drives the converter’s switching MOSFET. All 
these processes are performed with a DSP on the implemented setup. 
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Figure 1 

PV-powered converter circuit with an SMC control block 

The basic buck-boost converter and current flow for the two-state system are shown 
in Fig. 2(a). When the switching signal is high-level, the current flows over the 
MOSFET and the inductance component. When the switching signal is turned off, 
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the inductance current continues to flow over the load, capacitor, and diode 
components. If the inductance value is enough to continuously supply the load and 
not go to zero, it is called continuous conduction mode (CCM) for the converter. 
The efficiency of converters depends on the inductance current value for the 
converter in CCM. The converter’s working mode is determined by the inductance 
value under different load conditions. The converter’s inductance voltage and 
currents are changed by switching the PWM signal for CCM, as seen in Fig. 2(b). 

IS_0N IS_0FF

   
(a)                                                                               (b) 

Figure 2 
Buck-boost converter currents for two-state (a), Inductance voltage, and current variation with PWM 

signal at the CCM (b) 

The suggested converter system is planned for a constant bus voltage value. 
Therefore, a variable PV voltage is transformed into a fixed output voltage by the 
DC-to-DC buck-boost converter for several resistance loads. The converter circuit 
is planned for 200 Watt PV panel power, 37.5 kHz PWM frequency, and less than 
1% voltage regulation at the output. 

The converter setup is investigated for the duty ratio (D) of the switching signal, 
which changes between 0 and 1. The converter works in the buck mode if the D 
value is between 0 and 0.5; otherwise, it works in the boost mode. The maximum 
input power of the converter (Pin) is calculated for the MPP of PV panel as in (1). 

24 8.33 200 P V I Wattin in in= × = × =                                                                                         (1) 

The converter efficiency (n) is accepted at 90% according to the traditional 
converters, and the output power (PO) is calculated as in (2). 

180 
Pon P WattoPin

= ⇒ =                                                                                                            (2) 

The output current (IO) is calculated as in (3) for the converter's expected output 
voltage and power.  

180
7.5 24

PoI I Ao oVo
= = ⇒ =                                                                                                          (3) 
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The output load resistance (R) is calculated as in (4). 

24
3.2  7.5

VoR RIo
= = ⇒ = Ω                                                                                                   (4) 

The minimum value of inductance (L) is found using in (5), which is derived from 
the current ripple of inductance for switching frequency (f) and the D=0.5 [10]. 

2(1 ) 3.2 0.25 10.5 32 2 37.5 10

R DL H
f

µ− ×
= = =

× ×
                                                                                          (5) 

The minimum capacitor (C) value under the 1% output voltage ripple (∆VO) and for 
TS=3 msec switching period is found using (6). 

30.24 0.5 0.03 10 480 
24 3.2

V D TO S C F
V R C CO

µ
−∆ × × ×

= ⇒ = ⇒ =
× ×

                                                                   (6) 

These critical inductance and capacitor values are necessary for simulations and 
experimental parts to use the converter in CCM and for a minimum voltage ripple. 
The closed-circuit state equations obtained from Figure 2(a) are written as a matrix 
form in (8) using the circuit parameters in (7) for the transfer function of the 
converter: 

1

2 2

x iL

dVCx V xC dt

=

⋅

= → =

                                                                                                         (7) 

r (d+1)-r× 1C L 1(d-1) xx1 1L L= +d VL in× x1 1 2 0(d-1) (2d-1)x2 C RC

                           

                                                                            (8) 

The transfer function of the DC to DC converter can be simplified as in (9).  
The details of these calculations can be found in the referred study [19]. 

(1 )(1 )ˆ 21/( ) (1 ) /0
ˆ 2 2( ) (1 ) 12 2(1 ) / (1 ) /

s s
r CV s V d R dLCin

d s d s s

d LC d R L

+ −
−=

−
+ +

− −

                                                                          (9) 

The obtained and calculated values of the converter; Vin = 24 V, rC = 0, rL = 0, C = 
480 µF, L=10.5 µH, and R = 3.2 Ω are written in (9) for the duty ratio (D) of 0.5, 
and the transfer function is found numerically as in (10): 

ˆ 4( ) 24 31.5 100
ˆ 9 2 6( ) 5.4 10 3.28 10 0.25

V s s
d s s s

−− ×
=

− −× + × +
                                                                              (10) 

The Bode diagram of (10) is plotted in MATLAB/Simulink as in Figure 3.  
The phase and magnitude variations with frequency indicate that the system does 
not supply the stability conditions because phase margin is -89.2 deg. and gain 
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margin is -59.6 dB, and an error amplifier is required as a compensator to stabilize 
the system. 

 
Figure 3 

The Bode diagram for the open-loop transfer function of the buck-boost converter 

3 The Sliding Mode Control Theory for Converters 
As the field of SMC applications increases, many researchers have searched for the 
implementation of SMC in electromechanical systems lately [2]. The main areas 
where the SMC method has been applied are overviewed for control details in Table 
1. 

Table 1 
SMC applications overview in electromechanical systems 

Applications SMC Methods Details References 
Motor drivers SMC,  Fuzzy SMC, Continuous SMC [15] [51] [52]  

Robot applications PID+SMC, Optimal SMC, Fuzzy NN [34] [52-57] 
Nuclear, Mechatronic SMC and Fuzzy Adapted SMC [44] [58] [59] 
Aircraft, motor torque  MIMO SMC, Nonlinear position control,    [48] [60] 

AC-DC rectifiers Observed based on SMC [39] [40] [61] [62] 
DC-DC converter 

(Related case study) 
SMC for converters, Robust SMC, DSP-

based SMC, PID, FLC comparison, 
[1-4] [14] [24-33] [36-

38] 
PV Energy and Wind 

applications 
Lyapunov-based SMC, Integral SMC for 
MPPT, PSO-based SMC for P&O MPPT 

[21] [35] [49] [50] [63] 
[64-67] 

Tank system Super twist SMC  [42] 

The SMC controls switching mode power supplies (SMPS), which have nonlinear 
input and output variables extracted from the variable structure controllers.  
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The increasing use of renewable energy sources in the electronics industry and the 
widely varying loads supported only by power converters using a nonlinear 
controller make it compulsory to understand this process. The easy application, 
effective error control, and dynamic response are advantages for high load 
variations proposed by SMC [30]. 

The SMC proposes a solution for variable structure systems, and state variables 
control the converter switches in practice. This controller forces the system 
trajectory to stay in a state space area, which is known as a sliding surface. The state 
equation is given for a single-input and piecewise classified nonlinear system in 
(11), where the control rule is also defined. The equation parameters are the scalar 
control input (u) on the sliding surface, in which s(x, t)=0 is a transient vector, and 
f(x) and g(x) are known as continuous function vectors which are used as output 
voltage and inductance currents of a converter as state variables. 

{ }
.

( , ) ( , ) ,  0,1x f x t g x t u u= + =                                                                                             (11) 

State trajectories that have a dynamic action and slide into a balanced line 
asymptotically for the SMC. Defining the control rule to specify the sliding surface 
for the controller's s(x) is critical in this method. The other important point is that 
state trajectories hold onto the system's switching surface for the power converters. 
The Lyapunov method is selected to design this controller in this study [16]. SMC 
laws are not continuous and can drive trajectories to the SM for an infinite time. 
Lyapunov stability analysis is used in this study for the stability of the system. 

The system acts as an SM when the trajectories arrive at the sliding surface, and the 
origin s=0 may only have asymptotic stability there. The SMC switching 
function (𝜎𝜎) is represented as a distance from a sliding area. If state x is outside of 
this sliding surface, the switching function has σ(x)≠0, else a state is on this sliding 
surface, the switching function has σ(x)=0. Depending on the sign of this distance, 
the SMC switches from one state to another. So, the SMC is always forced in the 
direction of the sliding mode where σ(x)=0 [41] [48]. 

The state trajectory (s) is expected to move in the defined surface for optimum 
SMC, probably with an unlimited switching frequency [49]. However, switching 
frequency is limited to a calculated value in virtual systems. This switching 
frequency makes some oscillations called fluctuations on a switching surface [19]. 
The system trajectory and sliding surface are shown in Figure 4. 

The system trajectory stays on the sliding surface under the SMC, and it is described 
in Equations (12) and (13), as shown in Fig. 4 [2]. The switching function is defined 
as in Equation (12), where c is a plus design coefficient, and the centerline in Fig. 
4 represents the set of points for the equation [41]. 

𝑠𝑠(𝑥𝑥, 𝑥̇𝑥) = 𝑐𝑐𝑐𝑐 + 𝑥𝑥 ̇ → 𝑠̇𝑠(𝑥𝑥, 𝑥̇𝑥) = 0 → 𝑥̇𝑥(𝑡𝑡) = −𝑐𝑐𝑐𝑐(𝑡𝑡)                                                         (12) 
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Figure 4 
System trajectory moves towards the sliding surface for SMC [19] 

( , )
1

n dxds s is x t s x G x
dt x dti i

⋅ ⋅ ⋅∂
= = =∇ =∑

∂=
                                                                                       (13) 

G is a 1-by-n matrix, and the elements of this matrix are derived from the sliding 
surface. Equation (14) is obtained using (11) and (13). Instead of control input (u), 
use equivalent control input (ueq) in (14), which defines the system variation on the 
sliding surface. 

( , ) ( , ) 0G x Gf x t Gg x t ueq
⋅
= + =                                                                                 (14) 

1(  )  ( , )u G g G f x teq
−=−                                                                                            (15) 

Equation (15) was substituted into (11) and obtained (16): 

 
. 1( , ) ( , )(  ) ( , )x f x t g x t G g f x t−= −                                                                                       (16) 

Equation (17) is a state equation and defines the system movements for SMC, where 
ueq is an equivalent vector, and G is an m by n matrix. 

. 1( , )(  ) ( , )x I g x t G g G f x t− = −                                                                                           (17) 

From Equation (12), the control law in (18) is selected: 

𝑢𝑢 = {0  𝑓𝑓𝑓𝑓𝑓𝑓 𝜎𝜎(𝑥𝑥) > 0 1 𝑓𝑓𝑓𝑓𝑓𝑓 𝜎𝜎(𝑥𝑥) < 0 }                                                                          (18) 

The state equations are written as below in (19), which involves the output error 
and its derivative [2, 3, 50]: 

𝑥̇𝑥 =  Ax +Bu+ D                                                                                                             (19) 

Equation (20) can be written using (12): 

𝜎̇𝜎(𝑥𝑥) = 𝐶𝐶𝑇𝑇𝑥̇𝑥 = 0                                                                                                                                 (20) 
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Where CT= [c1, 1] is the vector of the sliding surface coefficient. It corresponds to 
G in (13). The coefficient c2 is set to one. Equations (19) and (20) are combined and 
written as in (21): 

𝜎̇𝜎(𝑥𝑥) = 𝐶𝐶𝑇𝑇𝐴𝐴𝐴𝐴 + 𝐶𝐶𝑇𝑇𝐵𝐵𝐵𝐵 + 𝐶𝐶𝑇𝑇𝐷𝐷                                                                                                    (21) 

For the control law in (18), (21) is written as in (22): 

𝜎̇𝜎(𝑥𝑥) = �
𝐶𝐶𝑇𝑇𝐴𝐴𝐴𝐴 + 𝐶𝐶𝑇𝑇𝐵𝐵𝑢𝑢+ + 𝐶𝐶𝑇𝑇𝐷𝐷 < 0 𝑓𝑓𝑓𝑓𝑓𝑓 𝜎𝜎(𝑥𝑥) > 0
 

 
 𝐶𝐶

𝑇𝑇𝐴𝐴𝐴𝐴 + 𝐶𝐶𝑇𝑇𝐵𝐵𝑢𝑢− + 𝐶𝐶𝑇𝑇𝐷𝐷 > 0 𝑓𝑓𝑓𝑓𝑓𝑓 𝜎𝜎(𝑥𝑥) < 0
�                                                       (22)  

Locating the obtained matrixes (A, B, D) from the state (19) into (22) obtained the 
two-line Equations to define a sliding surface region. In these surfaces, the 
c1>1/RLC or c1<1/RLC, and the k value in Figure 5 is k=c1.RLC and after the 
simulation results, the k value is obtained as 1 for the best result [2, 38, 41]. In 
practice, the Lyapunov function coefficients were selected by considering converter 
response time, ripple constraints, and DSP sampling limitations. A higher c₁ 
improves convergence speed but increases switching activity; therefore, c₁=1/RLC 
was found to provide an optimum trade-off between robustness and efficiency  

Another property of SMC is that the system response is obtained without system 
parameters. Therefore, SMC is appropriate for DC-to-DC converters. The speed of 
the current variation for converter practices is faster than the speed of the output 
voltage variation. This property is applied to the control method by using an internal 
nonlinear inductance current control loop and an external nonlinear voltage control 
loop for the output. These two control loops create the SMC. Therefore, the standard 
linear voltage controller is used as an outer loop for the output voltage value control. 
A hysteresis mode controller is used for the nonlinear inductance current variation 
controller as an inner loop. The SMC principle for the converter's general structure 
is seen in Figure 5 and simulated with a MATLAB/Simulink model, and performed 
with a microcontroller experimentally. 

DC-DC Converter

PI 
Control

              
       Inductance  Current

Input Voltage   

 Voltage Ref.

       Inverse Output Voltage 

+

_

Sliding Mode Controller

  Current Ref.+_

Error AmplifierHysteresis 
Comparator

Drive Signal 

   K

  
Figure 5 

The basic principle of the SMC for the DC to DC converter [3, 38] 

The computational complexity of the proposed SMC algorithm is low, as it 
primarily consists of sign-based switching logic and linear operations for the sliding 
surface evaluation. Unlike model-based controllers, the method does not require 
online parameter estimation or matrix inversion. The DSP TMS320F28335 
executes the algorithm within a single switching cycle (37.5 kHz), indicating that 
the computational burden is negligible for real-time implementation. 
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4 The PV-powered Buck-Boost Converter Model 
The converter model is developed visually in MATLAB/Simulink software with 
SMC in this section, and basically, the converter model is represented in Figure 6. 
The output voltage is compared with the reference voltage, and a voltage signal 
error is obtained in the first feedback. The reference current signal is provided by 
an integrator when the error value of the voltage signal is applied to a linear voltage 
controller in the second feedback. The switching MOSFET is driven by the PWM 
signal, where currents are applied to a hysteresis relay controller [2, 15, 21].  
The SMC algorithm, seen in Figures 5 and 6, is described in Equation (23). The K1 
and K2 control parameters are used to fine-adjust switching signals obtained using 
this study's trial-and-error method.  

{ }  ( - ( )) , 0,1  2 1Switching Signal K I K V V u uL ref O= − =∫                                                 (23) 

The Lyapunov function is selected such that the sliding surface ensures negative 
definiteness of its derivative. This guarantees global reachability of the sliding 
manifold and asymptotic convergence once the trajectories reach s=0. The derived 
inequalities explicitly show the conditions on the controller gains (K₁, K₂), which 
ensure stability under both buck and boost operating modes. The sliding mode 
existence domain corresponds to the region in which the reachability condition s·ŝ 
< 0 holds. For the proposed converter, this domain is bounded by the designed 
hysteresis band on the inductor current, ensuring that trajectories remain within ±ΔI 
around the sliding surface. 

The basic equation of a PV cell depends on the PV parameters given in (24):          

                                                                                                                            (24) 

Practical PV systems operate under severe irradiation and temperature variations; 
therefore, the proposed robust control method in Figure 6, which can guarantee 
stable output voltage without complex tuning, is highly desirable. 

 

 

 

 

 
 

Figure 6 
Simulation model of PV-sourced and SMC added buck-boost converter 
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model is described as a PV module and given for all parameters in (25). The PV 
and SMC parameters in (23-25) are described in Table 1.                                                                                   

                                                                                                                            (25)                        

 

The PV module has been described in (25) and simulated in MATLAB/Simulink 
previously. Therefore, all the parameters and derivation steps of the equation have 
been found in previous studies [8] [17]. The MATLAB/Simulink model of a PV 
module derived from (25) is represented in Figure 7 (a). The I-V curve of the PV 
module for 200 W MPP is represented in Figure 7 (b). The I-V curve shows that the 
PV module generates variable voltages between 0 V and 30 V, depending on the 
current supplied by the PV module.  The MPP voltage and current are given in 
Figure 7 (b). The P-V curve of the simulated PV module for 200 W MPP is 
illustrated in Figure 7 (c). The MPP voltage is about 24 V, and this is also equal to 
our converter's output voltage, as in the indirect method [17]. The simulation 
parameters of the buck-boost converter and PV module are given in Table 2.  

 
(a) 

 
          (b)                                                            (c) 

Figure 7 
(a) The PV module MATLAB/Simulink model, (b) Simulation result of I-V curve and MPP, 

(c) the P-V curve and MPP 
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Table 2  
All the simulation parameters and values 

Simulation Parameters Simulation Values 
Variation of PV input voltage 0 - 30 V 

PV Maximum Power 200 W 
Two reference output voltages 7 V(Buck ) 14 V(Boost) 
Converter switching frequency 37.5 kHz 

Converter inductance value 10 µH 
Converter capacitance value 5 mF 

Output load resistance 3.2 Ω 
Boltzmann constant (k) 1.38x10-23 J/K 

Electron charge (q) 1.6x10-19 C 
Reference temperature (T) for panel (273+25) K 

Short circuit current temp. constant (Kı) 3 mA/ºC 
Diode current (Io) 50 µA 

Short circuit current (Isc) 3.92 A 
Series cell number of PV module (Ns) 50 

Parallel cells number of PV module (Np) 150 
Series internal resistance (Rs) 0.0277 Ω 

Variable temperature (Tx) 25 ºC 
The light absorption (Sx=G) 1 kW/m² 

Ideality factor (a=n) 1.2 
SMC proportional gains K1=10, K2=1 

5 Simulation Results 
The DC to DC buck-boost converter simulation results with SMC for different 
references and 12 V input voltage are illustrated in Figure 8(a). The response of the 
unit step for several references and how they change with time is represented in the 
simulation results. The transient response is mainly dependent on the converter 
circuit's output resistance and capacitor value, which is calculated depending on the 
switching frequency. Performance specifications are steady-state voltage ripple 
<1%, overshoot <10%, settling time <30ms, and robustness to ±50% PV voltage 
variation. This result shows that the converter's output voltage moves from a 
nonlinear trajectory to the sliding surface limited by the SMC of this surface. 

This converter control system aims to fix the variable input voltage around the 
reference output voltage to be a constant load voltage. The PV voltage is compared 
with the load voltage as seen in Figure 8(b). The converter is adjusted to 
approximately 11 V input PV voltage, and it works in boost mode for the first 
second and buck mode for the last second. The PV source voltage is reduced or 
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enlarged for different reference voltages. These reference voltages are 14 V for 
boost mode and 7 V for buck mode, mentioning that the charge voltage of 12 V and 
6 V are for the nominal voltage of batteries. For one reference (24 V) and a variable 
PV source (14 V and 28 V), the simulation result is shown in Figure 8(c).  
The inductance voltage value and current variation with PWM for boost mode are 
shown in Figure 8(d). The reference voltage is held on with SMC for every 
condition, with less ripple. The simulation results show that the SMC theory is 
compared with the simulation results expected for the designed model.  

 
(a)                                                           (b) 

  
(c)                                                                             (d) 

Figure 8 
Simulation result of output voltage for two different references (7 V and 14 V) with SMC, (a) For a 
DC source, (b) For a PV source, (c) For one reference and variable PV source (14 V and 28 V), (d) 

Inductance voltage and current variation with PWM signal for boost mode 

6 Experimental Setup and Results 
The experimental setup of the converter is designed appropriately for the simulation 
model. Also, voltage and current measurement circuits have been performed using 
a voltage transducer (LV 25-P) and a current transducer (LTS 25-N) for the 
experimental setup. Measurement results are sent to the ADC input of the DSP for 
processing the data. The used voltage and current measurement LEM transducers 
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are given in datasheets in more detail [12] [13]. The SMC algorithm is intended to 
be shown in Figure 5 in the code composer software of DSP, and the obtained 
switching signal from the PWM outputs of DSP drives the MOSFET. 

The required converter circuit and peripheral circuits are experimentally designed. 
The required voltage value for the switching signal amplitude is increased by the 
MOSFET driver circuit. Also, the converter’s output voltage is limited between 0 
and 3.3 V so as not to damage the DSP [11]. The voltage of the measuring and 
control circuits is supplied by the auxiliary batteries to ensure the uninterrupted 
operation of the control system.  Some circuits, such as voltage dividers, filters and 
amplifiers, have been designed for this purpose and implemented. The high-
frequency switching circuits directly affect measurement signal sensitivity. This 
experimental setup is seen in detail in Figure 9 (a, b). 

VO

 _

 +

      +

     _

 V PV
(0-30V)

M
D

CLSwitching 
Signal

+

V

-

L

L

Voltage SensorCurrent Sensor

Measurement
Circuit 

Measurement
Circuit

Driver Circuit

RC 
Filter

RC 
Filter

I

IL     (0-3.3V)  VoCPU and 
Control 

Software

12 Bit
ADC

12 Bit
ADC

Code 
Composer 

Studio 

Computer

DSP( TMS200028335)

Microcontroller

RPV  
Module

Auxiliary 
Battery

-12V +12V

Buck-Boost Converter

PV Energy 
Input

DC-DC Buck-Boost 
Converter

Auxiliary 
Batteries

Loads
Current and Voltage 

Displays

Measurement
Circuits DSP

TMS200028335

Code Composer Studio 
and Computer

2x100W PV 
Panels on Roof

 
(a)                                                                         (b) 

Figure 9 
The block diagram of the experimental setup (a), an image from the setup (b) 

The PV source is adjusted to 15 V for buck mode or 30 V for boost mode to work 
the converter. The experimental result of the output voltage with the input step 
voltage for the converter buck mode is given in Figure 10(a). The converter’s 30 V 
input voltage in buck mode is decreased to a constant 24 V inverse output voltage. 
The output response of SMC with input step voltage variation is given for boost 
mode in Figure 10(b). The converter’s 15 V input voltage is increased to a constant 
24 V output voltage in boost mode. The converter output voltage tracks the required 
reference voltage after a few big ripples (10-15 V) in a trajectory and oscillates with 
a slight fluctuation (0-1 V) on the sliding surface. However, the output voltage of 
the converter has a long response time, and some small ripples hold the desired 
voltage reference correctly in two states. The fluctuations at a steady state for the 
dynamic system are compatible with the simulation results in Fig. 8. The minor 
differences that occurred depend on a virtual system measurement error, noise, 
system response, and the absence of simulation results. While a high overshoot and 
low ripples are seen in buck mode, slight overshoot and high fluctuations are seen 
in boost mode, depending on inductance current and output voltage. 
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(a)                                                              (b) 

Figure 10 
Change of input (CH2 a, b) and output voltage (CH1 a, b) for Buck (a) and Boost (b) mode 

Experimental results are observed with a Tektronix corporation trademark 
oscilloscope, and a 1 MHz current probe (Pintek corporation trademarks) is seen in 
Figures 11-13. The DC input and output voltage and inductance current values are 
illustrated in Figure 11 (a). The converter outputs track the 24 V reference voltage 
for the 15 V DC input voltage. Also, the inductance current is illustrated in Figure 
11 (a) and has some ripples depending on the controller. These ripples arise from 
the change in the duty ratio. The input and output voltages and the inductance 
current value changes depending on the duty ratio are presented in Figure 11 (b). 
The duty ratio of the switching signal changes depending on the variation of the 
inductance current. Also, it is observed that in Figures 11 and 12, the ripples on PV 
voltage depend on the switching signals and are eliminated on the converter output 
voltage depending on the LC components of the converter. 

The PV source and output voltage value, and inductance current variations with 
PWM signals are illustrated in Figure 12 (a) for the boost mode of the converter. 
The converter outputs track the 24 V reference voltage for the 20 V DC input 
voltage, and the output voltage oscillates on a sliding surface. Also, the inductance 
current is illustrated in Fig. 12(a) and has some ripples depending on the controller. 
The inductance value is measured with a current probe for the 50 mV/A turn ratio. 
The PV source and output voltage value, and inductance current value change 
depending on the duty ratio of the switching signal, as presented in Figure 12 (b). 

   
(a)                                                               (b) 

Figure 11 
Change of the input voltage (CH1 a, b), the output voltage (CH3 a, b), inductance current for 50 mV/A 

turn ratio (CH2 a, b), and switching signal (CH4 b) for the boost mode of the converter 
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(a)                                                                     (b) 

Figure 12 
Change of the PV input voltage (CH2 a, b), the output voltage (CH3 a, b), inductance current for  
50 mV/A turn ratio (CH4 a, b), and switching signal (CH1 b) for the boost mode of the converter 

The PV source and output voltage value, and inductance current variations with 
PWM signals are illustrated in Figure 13(a) for a buck mode of the converter.  
The designed converter outputs follow the 24 V reference voltage for 40 V DC input 
voltage, and the output voltage oscillates on a sliding surface. Also, the inductance 
current is illustrated in Figure 13(a) and has some ripples depending on the 
controller. The inductance value is measured with the current probe for a 50 mV/A 
turn ratio. The PV and output voltage and inductance current changes, depending 
on the switching signal duty ratio, are presented in Figure 13(b). These results show 
that the designed buck-boost converter works for different input voltages depending 
on load resistance and the connection of PV panels. 

  
(a)                                                                   (b) 

Figure 13 
Change of the PV input voltage (CH2 a, b), the output voltage (CH3 a, b), inductance current for  
50 mV/A turn ratio (CH4 a, b), and switching signal (CH1 b) for the buck mode of the converter 

The total harmonic distortion (THD) for the converter is an important parameter. 
The THD values of input and output signals are calculated for the first 20 harmonics 
in MATLAB/Simulink, as shown in Figure 14. THD values for PV input values are 
calculated at 273.06% for the first 20 harmonics, and some of them are given in the 
figure as shown in Figure 14(a). THD values for converter output are calculated as 
69.96% for the first 20 harmonics, and some of them are given in Figure 14(b). For 
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the designed converter system using the SMC controller, the THD value nearly 
decreases by 25% of the input value. 

 
(a)                                                                          (b) 

Figure 14 
(a) THD graphics of the converter input     (b) THD graphics of the converter output for SMC 

Conclusions 

In this work, the implementation of SMC for a PV-powered DC to DC buck-boost 
converter is introduced, in detail. The general design steps of the buck-boost 
converter experimental setup and application of an SMC algorithm are also given. 
The buck-boost DC to DC converter circuit simulation has been performed for 
SMC. Also, using SMC, an experimental study for the buck-boost converter has 
been carried out with DSP (TMS200028335). Although the buck-boost converter 
represents a simple nonlinear plant, it incorporates switching nonlinearities and PV-
dependent inputs, making it an appropriate benchmark for SMC evaluation.  
The obtained simulation and experimental results are compared, to observe the 
system responses. The converter output voltage follows the desired reference 
voltage and has an acceptable overshoot and ripples for the stability of the SMC. 
Also, it is seen that the THD value nearly decreases by 25% of the input value.  
The correlation between theoretical SMC behavior, MATLAB simulation results, 
and DSP-based experimental outcomes confirms the practical validity of the 
proposed controller.  

The results show that the SMC is appropriate for using power electronic control 
applications of nonlinear photovoltaic systems as a strong control method. Thus, 
this study is believed to fill a gap in the literature and is a useful guide for 
researchers of power electronic converters and motor drivers. 

The effects of different control methods and the effect of their combination on the 
system performance will be investigated as a further study. Also, the system can be 
investigated for different PV parameters and other storage loads. 
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