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 DC-DC converters operate as semiconductor power devices in which 

transformers such as buck converters often cause nonlinear characteristics to 

the converter, while the output voltage of the converter affected by dynamic 

input voltage and load change. This paper presents a sliding mode control 

strategy using a fuzzy observer to provide a sustainable response and high 

performance for buck converters affected by uncertainties such as input 

voltage and resistance load. The control strategy includes two feedback 

loops in which an external control loop forces the output voltage to track the 

set voltage, and the output of the external control loop is adapted as a sliding 

surface to control the current through the inductor to track the set current, 

called the internal control loop. Design analysis, control law and Lyapunov 

stability of the control strategy are illustrated. The simulation is developed 

on the MATLAB-Simulink platform, the results are re-evaluated 

experimentally based on the self-built prototype of DC-DC buck converter. 

The simulated and experimental results have showed that the output voltage 

and current of the buck converter have tracked the set points from low to 

high values despite sudden changes in load as well as in input voltage in the 

presence of noise. The compatibility index normalized root mean square 

error of the measured voltage and current using the proposed algorithm is 

[96.34%±1.02%, 95.09%±3.04%] higher than that using the proportional 

integral (PI) algorithm which is [95.94% ± 3.01%, 85.72% ± 3.95%] in the 

presence of varying parameters. 
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1. INTRODUCTION 

Voltage control and current control are two commonly used methods to control DC-DC converters [1], 

[2]. Voltage control has a significant ability to reject noise yet has slow time-response while, as a trade-off, 

current control is a fast transient response method yet more complicated than the voltage control. Classical 

proportional integral (PI) controllers using carrier wave and hysteretic controllers are most commonly utilized for 

DC-DC converters [3], [4]. Classical controllers are simply implemented but affected by the influences of 

uncertain parameters existing in the converter, thus, are not very effective in achieving the desired performance 

[5], [6]. The controllers of a DC-DC converter have to take into account nonlinearities and parameter variations 

of the converter in order to guarantee global stability and provide fast time-response under all conditions [7], [8]. 

In order to improve the control performance of the classical controllers, artificial neural networks 

(ANN) is trained using approximation dynamic programming (ADP) to allow optimal control with the inputs of 

error signals and integrals of the error signals [9], [10]. Optimization algorithms such as particle swarm 

https://creativecommons.org/licenses/by-sa/4.0/
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optimization (PSO) are utilized to select PI parameters and to address the wind-up issue of the buck converter 

control [11], [12]. In order to generate the desired voltage with high robustness to load disturbances, a 

parametric function approximator is proposed to provide optimal switching for the converter [13]. A nonlinear 

control technique derived from the concept of variable structure control called sliding mode control (SMC) 

which has the advantages of simple implementation, robust stability and fast time-response [14]. SMC is 

adopted for DC-DC buck converter to provide a stable constant output voltage that counteracts the effect of 

uncertainties such as input voltage and resistance load [15]. The chattering phenomena are unexpected 

oscillations of finite amplitude and frequency due to the presence of un-modeled dynamics or discrete-time 

implementation [16]. In order to improve the performance of SMC, equivalent control and boundary layer 

approach control are proposed to reduce noise yet cannot reduce chattering phenomena due to their finite 

number of output values. The approach of boundary layer asymptote encountered in reaching the sliding mode 

due to replacing the discontinuous function sign(.) with the continuous saturation function Sat(.) [17]-[20]. 

A fuzzy set is a mathematical soft-computing model constructed by heuristic information from 

human reasoning process that provides an efficient methodology for implementing a human’s heuristic 

knowledge about how to observe, identify, and control a system [21], [22]. The fuzzy controller commonly 

operated as a supervisor, a gain scheduling, an adaptive regulator, or a robust stability term [23]-[25]. 

Analytical methods are not amenable to nonlinear, time-varying, or unknown infinite-dimensional systems 

which are able to be handled using fuzzy controllers [26]-[30]. In this paper, a new fuzzy-based sliding mode 

control strategy (FSMCS) for the DC-DC buck converter is proposed to reduce the effects of chattering 

phenomena and uncertainties. The combination of the sliding mode control (SMC) and fuzzy logic provides a 

significant solution as a supervisor to tune the sliding mode output. In FSMCS, the fuzzy system is utilized to 

estimate the upper limits of noise and uncertainties to reduce the chattering behavior. The advantage of 

FSMCS is that the control law is not directly extracted from the mathematical model of the controlled system 

[31]-[34]. The model of buck converters affected by uncertainties such as input voltage and load resistance is 

shown. The sliding control law and the fuzzy observer are designed to provide a sustainable response and high 

performance for the buck converters. The FSMCS is composed of external and internal control loops. The 

external control loop is to force the output voltage to track the set voltage when the output of the external 

control loop is adapted as a sliding surface to control the current through the inductor to obtain the set current. 

A fuzzy supervisor is proposed for the sliding surface to generate PWM pulses that have efficient duty cycles 

for the buck converter's switch to provide a stable, constant output voltage. Stability analysis of the control 

system is proved using Lyapunov theory. The proposed strategy was evaluated on both simulated and 

experimental platforms using MATLAB Simulink and 320F28379 DSP Card. The simulated and experimental 

results have shown that the output voltage and current of the buck converter have tracked the set points from 

low to high values despite sudden changes in load as well as in input voltage in the presence of noise. 

The remainder of this paper is organized as follows: i) Firstly, a mathematical model for DC–DC 

converter is presented, and the design of the FSMCS control law is drawn; ii) Subsequently, we discuss how 

the fuzzy is designed and the controlled system is stable; and iii) Finally, simulations and experiments are 

implemented to validate the feasibility of the proposed FSMCS. 
 

 

2. FUZZY-BASED SLIDING MODE CONTROL STRATEGY (FSMCS) FOR THE DC-DC BUCK 

CONVERTER 

In this section, the solid DC-DC buck converter model is presented to produce the control law 

principle. The proposed fuzzy-based sliding mode control strategy includes two feedback loops in which an 

external control loop forces the output voltage to track the set voltage, and the output of the external control 

loop is adapted as a sliding surface to control the current through the inductor to track the set current. Design 

analysis, control law, and Lyapunov stability of the control strategy are illustrated. 
 

2.1.  DC-DC buck converter model 

Figure 1 shows a traditional DC-DC buck converter schematic in which the output voltage of the 

converter 𝑉𝑂 is lower than the input supply voltage 𝑉𝐼𝑛. This is achieved by periodically opening and closing 

the switching element in the power switching circuit. When the switch is in the ON position, the circuit is 

connected to the input source 𝑉𝐼𝑛 creates an output voltage 𝑉𝑂 across the load resistor. If the switch is turned 

to the OFF position, the voltage across the capacitor will discharge through the load. The switch position 

controls the output voltage 𝑉𝑂 which can be maintained at a desired level below the input supply voltage 𝑉𝐼𝑛. 

The Buck converter can be described by the following differential equations: 
 

{

𝑑𝐼𝐿(𝑡)

𝑑𝑡
=

𝑉𝐼𝑛

𝐿
𝑢(𝑡) −

𝑉𝑂(𝑡)

𝐿
𝑑𝑉𝑂(𝑡)

𝑑𝑡
=

𝐼𝐿(𝑡)

𝐶
−

𝑉𝑂(𝑡)

𝑅𝐿𝐶

 (1) 
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where 𝑢(𝑡) is the discontinuous control input, 𝐼𝐿(𝑡) is the current passing through the inductor 𝐿, the control 

objective is such that the voltage on the load 𝑉𝑂(𝑡) follows the setting voltage 𝑉𝑂
∗ in the presence of the 

uncertainties in the resistance load 𝑅𝐿 and input voltage 𝑉𝐼𝑛. 

The (1) can be converted into state space form as (2). 
 

[

𝑑𝑥1(𝑡)

𝑑𝑡
𝑑𝑥2(𝑡)

𝑑𝑡

] = [
0 1

−
1

𝐿𝐶

1

𝑅𝐿𝐶

] [
𝑥1(𝑡)
𝑥2(𝑡)

] + [
0

−
𝑉𝐼𝑛

𝑅𝐿𝐶

] 𝑢(𝑡) + [
0

𝑉0
∗(𝑡)

𝐿𝐶

] (2) 

 

The control input and state space variables are given as (3), (4), and (5). 
 

𝑢(𝑡) = {
1,   𝑤ℎ𝑖𝑙𝑒 𝑆 = 𝑂𝑛
0,  𝑤ℎ𝑖𝑙𝑒 𝑆 = 𝑂𝑓𝑓

 (3) 

 

𝑥1(𝑡) = 𝑉𝑂
∗(𝑡) − 𝑉𝑂(𝑡) (4) 

 

𝑥2(𝑡) =
𝑑𝑥1(𝑡)

𝑑𝑡
=

𝑑𝑉𝑂
∗(𝑡)

𝑑𝑡
−

𝑑𝑉𝑂(𝑡)

𝑑𝑡
 (5) 

 

 

 
 

Figure 1. DC-DC buck converter 
 
 

2.2.  FSMCS design 

A new fuzzy-based sliding mode control strategy including two feedback loops is proposed in which 

an external control loop to force the output voltage to track the set voltage, and the output of the external 

control loop is adapted as a sliding surface to control the current through the inductor to track the set current, 

called the internal control loop, as depicted in Figure 2. The control law 𝑢(𝑡) will change the duty cycle, in 

which the outer loop controller given by (6) forces the voltage on the load 𝑉𝑂(𝑡) tracks to the setting voltage 

𝑉𝑂
∗(𝑡). On the other hand, the inner loop controller yields the input load current 𝐼𝐿(𝑡) that tracks the current 

setting 𝐼𝐿
∗(𝑡) to reduce consumption for the converter. 

 

𝐼𝐿
∗(𝑡) = 𝐾𝑃 (

𝑑𝑉0
∗(𝑡)

𝑑𝑡
−

𝑑𝑉0(𝑡)

𝑑𝑡
) + 𝐾𝐼 ∫ (

𝑑𝑉0
∗(𝑡)

𝑑𝑡
−

𝑑𝑉0(𝑡)

𝑑𝑡
) 𝑑𝑡 (6) 

 
 

 
 

Figure 2. Diagram of the proposed FSMCS for a buck converter 
 

 

The pulse width modulation (PWM) obtained by comparing the control law 𝑢(𝑡) with the triangular 

carrier wave 𝑉𝐶(𝑡). The duty cycle coefficient N  is calculated as (7), defining the switching frequency as 

shown in (8). 
 

𝑁 =
𝑇𝑂𝑛

𝑇
 (7) 
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𝑓𝑠𝑤 =
1

𝑇
=

1

𝑇𝑂𝑛+𝑇𝑂𝑓𝑓
 (8) 

 

2.3. SMC design 

Considering an autonom system with input signal 𝑢(𝑡) = [𝑢1(𝑡), 𝑢2(𝑡), . . . , 𝑢𝑚(𝑡)], uncertainty and 

noise components 𝑑(𝑡, 𝑥(𝑡), 𝑢(𝑡)) is described by a state space form as (9): 
 

𝑑𝑥(𝑡)

𝑑𝑡
= 𝑓(𝑡, 𝑥(𝑡), 𝑢(𝑡), 𝑑), (9) 

 

where 𝑥 ∈ 𝑅𝑛 is the state vector, 𝑓(. ) ∈ 𝑅𝑛  is the vector of continuous functions and 𝑢 ∈ 𝑅𝑚 is the control 

input vector. A smooth curved surface called a sliding surface is described as (10). 
 

𝑠(𝑥) = 𝑐1𝑒(𝑡) = 𝑐1(𝐼𝐿
∗ − 𝐼𝐿), 𝑐1 > 0 (10) 

 

The function of the sliding control is to determine the control law 𝑢(𝑡) to bring the system (9) towards the 

sliding surface (10) and to retain it on the surface, that is, so that the state vector 𝐼𝐿(𝑡) tracks to a desired 

trajectory 𝐼𝐿
∗(𝑡) given by (6). 

The derivative of the sliding surface according to the classical proportionality law is (11). 
 

𝑑𝑠

𝑑𝑡
= −𝜂 𝑠𝑔𝑛( 𝑠), 𝜂 > 0 (11) 

 

The sign function 𝑠𝑔𝑛( . ) has the formula given in (12). 
 

𝑠𝑔𝑛( 𝑠) = {
−1,  if 𝑠 < 0
0,  if 𝑠 = 0
1,  if 𝑠 > 0

 (12) 

 

A positive function is chosen as (13): 
 

𝐿 =
1

2
𝑠𝑇𝑠 (13) 

 

to ensure that the state trajectory approaches and slides on the sliding surface, the stability condition (14) has 

to be satisfied as (14). 
 

𝑑𝐿

𝑑𝑡
= 𝑠𝑇𝑠

•
≤ 0 (14) 

 

After substituting (11) into (14), the Lyapunov stability is obtained: 
 

𝑑𝐿

𝑑𝑡
= −𝜂𝑠 𝑠𝑔𝑛( 𝑠) = −𝜂|𝑠| ≤ 0 (15) 

 

where   is a positive constant that ensures the system's trajectory approaches the sliding surface in a finite 

time. This is also a sufficient condition for the control signal to bring the system's state trajectory 𝑥(𝑡) back 

to the sliding surface. 

Substituting (6), (10) into (14), the stability condition for the DC-DC buck converter is obtained 

such that the following inequality holds: 
 

𝑉𝑂(𝑡) ≤ 𝑉𝐼𝑛 (16) 
 

therefore, for a DC-DC buck converter, the output voltage must be less than the supply voltage to assure a 

sliding control implementation. 

 

2.4.  Fuzzy observer design 

In reality, the ideal sign function defined by (12) does not exist, instead the following function is 

significantly utilized: 

 

𝑠𝑔𝑛( 𝑠) = {
−1,  if 𝑠 < −𝜀

𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠 𝑠𝑡𝑎𝑡𝑒,  if |𝑠| ≤ 𝜀
1,  if 𝑠 > 𝜀

 (17) 
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This choice causes the chattering phenomena in the system, where the function must change sign with 

extremely high frequency to keep 𝑥(𝑡) on the sliding surface𝑠(𝑥) = 0. 

The sliding mode control principle is shown in Figure 3, where 𝑠(𝑥) = 0 represents the sliding 

surface and 𝑥1(𝑡), 𝑥2(𝑡) are the voltage (or current) error and its derivative, respectively. The sliding line 

divides the phase plane into two regions who’s each one is identified by a switching state. When the 

trajectory reaches the system's equilibrium point, the system is stable [25]. 

If the delay range around the sliding line is zero then the system is operated with ideal sliding mode 

control as shown in Figure 3(a). However, in practical terms this ideal control is not achievable. Therefore, 

the actual sliding mode control operation is that the non-ideal delay range has a finite switching frequency as 

shown in Figure 3(b). To minimize the chattering behavior and increase the performance of the sliding mode 

controller, a fuzzy observer is proposed to adjust the delay range of the sliding surface as desired in which 

function 𝑓 = 𝜂 𝑠𝑔𝑛( 𝑠) will be approximated by the fuzzy system called 𝑓.  
 

 

(a) 

 

(b) 

 
 

Figure 3. Phase plot for sliding mode control: (a) ideal SM control and (b) actual SM control 
 

 

Fuzzy logic is a theory of fuzzy sets based on a linguistic description rather than a mathematical 

model of a system. This logic provides an efficient tool to apply heuristic knowledge of an experienced 

operator or an expert to control the system with non-model problems. In the proposed fuzzy-based sliding 

mode control strategy, the fuzzy plays a role as a supervisor to tune the duty cycle coefficient N based on the 

observation of the sliding mode output. 

The input signals of the proposed fuzzy-based regulator are the outputs of the outer loop controller: 

 

𝑥 = [𝑒(𝑡)
𝑑𝑒(𝑡)

𝑑𝑡
]

𝑇

 (18) 

 

where 𝑒(𝑡) = 𝐼𝐿
∗(𝑡) − 𝐼𝐿(𝑡) is the current error between the desired current 𝐼𝐿

∗(𝑡) and the measured current 

𝐼𝐿(𝑡). The inputs 𝑥 = [𝑒(𝑡)
𝑑𝑒(𝑡)

𝑑𝑡
] are normalized within [−1 1 ] by scaling factors 𝐾𝐸 ,  𝐾𝐷𝐸 , respectively. 

𝐾𝐸  is chosen as 𝑚𝑖𝑛{1/|𝑒𝑚𝑎𝑥|||𝑒𝑚𝑖𝑛||||} and 𝐾𝐷𝐸 is set equal to 𝑚𝑖𝑛{1/|𝑑𝑒𝑚𝑎𝑥|||𝑑𝑒𝑚𝑖𝑛||||}. A scaling 

factor 𝐾𝑁 is also added for fuzzy output to obtain an actual duty cycle. 

 

𝜇𝑁𝑀(𝑥)=e
−(

𝑥+
𝜋
6

𝜋
24

)

2

; 𝜇𝑁𝑆(𝑥)=e
−(

𝑥+
𝜋

12
𝜋

24

)

2

;  

𝜇𝑍𝑂(𝑥)=e
−(

𝑥

𝜋/24
)

2

; 𝜇𝑃𝑆(𝑥)=e
−(

𝑥−𝜋/12

𝜋/24
)

2

; 𝜇𝑃𝑀(𝑥)=e
−(

𝑥−𝜋/6

𝜋/24
)

2

   (19) 

 

The designed fuzzy system consists of a fuzzification stage, a rule-based inference mechanism and a 

defuzzification stage [26]. Five Gaussian membership functions are defined {negative medium (NM), 

negative small (NS), zero (ZO), positive small (PS), positive medium (PM)} for each input variable while 

five Gaussian membership functions are similarly defined for the output variable. The (19) expresses the 

parameterized Gaussian membership function for the fuzzy design. 

The fuzzy rule base is inferred based on linguistic values of the input variables, as described in  

Table 1. The rules are identified based on the following functional characteristics and analyses for the 

converter control performance: 

˗ In cases where the converter output is significantly deviated from the set point value, the duty cycle 𝑁 

must be large to bring the output to the set point quickly. 

˗ If the converter output trends gradually toward the set point value, the duty cycle 𝑁 changes should be 

insignificant compared to its current value. 
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˗ In cases where the converter output is toward the set point value with high velocity, the duty cycle N  

should not be changed to avoid the overshoot phenomenon. 

˗ If the converter output reaches the set point value stably, duty cycle 𝑁 should not be changed. 

˗ In cases the converter output is higher than the set point, the change sign of 𝑁 has to be negative and vice versa. 

The center of gravity method was utilized for defuzzification as mentioned in (20), where S = {y Є Y|μR(y) > 

0} is the specified domain of the fuzzy set μR(y). 
 

𝑦𝑂 =
∫ 𝑦𝜇𝑅(𝑦)𝑑𝑦𝑆

∫ 𝜇𝑅(𝑦)𝑑𝑦𝑆

  (20) 

 

The characteristic surface of fuzzy model shown in Figure 4 demonstrates the effects of 𝑒(𝑡) and 

𝑑𝑒(𝑡)/𝑑𝑡 on the output of the fuzzy system. The output increases rapidly when 𝑒(𝑡) increases from −1 to +1. In 

cases where 𝑑𝑒(𝑡)/𝑑𝑡 increases from −1 to +1, the output is correspondingly reduced. Therefore, the error 𝑒(𝑡) 

and its derivate 𝑑𝑒(𝑡)/𝑑𝑡 will affect the control performance for the converter over the entire operating range. 
 

 

Table 1. Fuzzy rule base for FSMCS 
de | e NM NS ZO PS PM 

NM NM NM NM NS ZO 

NS NM NM NS ZO PS 
ZO NM NS ZO PS PM 

PS NS ZO PS PM PM 

PM ZO PS PM PM PM 

 

 

 
 

Figure 4. Surface view of the designed fuzzy system 
 

 

3. EVALUATION OF THE PROPOSED ALGORITHM IN SIMULATION AND EXPERIMENT 

In this work, a preliminary evaluation of the combined fuzzy-sliding approach has been performed 

on both simulated and real systems. The simulated models have been re-evaluated on our custom-built real-

time system. Simulations and experiments were performed on MATLAB/Simulink with sampling time, the 

converter parameters are given in Table 2. 
 

 

Table 2. Simulated and experimental parameters of the converter 
Parameters Values Parameters Values 

𝑉𝐼𝑛 90 (V) 𝐾𝑃 , 𝐾𝐼 0.5, 20 

𝑉𝑂
∗ 50 (V) 𝐷𝑚ax 10 (V) 

𝐿,  𝐶, 𝑅𝐿 100 (μH), 680 (μF), 10 (Ω) 𝑇𝑆𝑇𝑆 10 (μs) 

𝑓𝐶 10 (KHz)   

 

 

3.1.  Simulation results 

Figure 2 also shows the corresponding Simulink diagram of the DC-DC buck converter control 

using FSMCS with the sampling time 𝑇𝑆 = 10 𝜇𝑠. The control goal is to implement the sliding mode control 

algorithm with a fuzzy observer that identifies the changes in the function 𝑓 = 𝜂 𝑠𝑔𝑛( 𝑠) to reduce the 

chattering behavior and to improve the robustness of the controller in the cases of load change and high 

dynamic performance (e.g., rising response-time and overshoot, limited output harmonic, and so on). The 
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control strategy is demonstrated in the presence of input voltage changes and random distribution noise 𝑑(𝑡). 

The performance of the DC-DC buck converter control is validated under four different conditions, which are 

instantaneous change at the initial condition, change in the supply voltage 𝑉𝐼𝑛, change in RL loads, and 

unpredictable changes in uncertainties of the converter circuit. 

The simulation results present the control response of the output voltage and current through the 

inductor L for both the FSMCS control and PI control cases when the quantities 𝑉𝑂
∗, 𝑉𝐼𝑛, and 𝑅𝐿change 

suddenly. In all simulated and experimental results, the black line is the DC power supply 𝑉𝐼𝑛, the dashed red 

lines are the set values 𝑉𝑂
∗, 𝐼𝐿

∗ and the solid blue lines are the measured values 𝑉𝑂, 𝐼𝐿 . To quantitatively 

compare between the classical PI control and the proposed FSMCS, the performance index normalized root 

mean square error (NRMSE), is defined as (21). The NRMSE represents the degree of compatibility between 

the setting signal 𝑦∗ and the measured signal 𝑦 in which mean(y) is the average value of 𝑦. 

 

𝑁𝑅𝑀𝑆𝐸 = 100 (1 −
‖𝑦∗−𝑦‖

‖𝑦∗−𝑚𝑒𝑎𝑛(𝑦∗)‖
)  (21) 

 

Figure 5(a) presents the control response using FSMCS in case the voltage 𝑉𝐼𝑛 = 90 𝑉 shows that 

the measured voltage 𝑉𝑂 and the measured current 𝐼𝐿  ensure tracking performance to the set values 𝑉𝑂
∗ and 𝐼𝐿

∗ 

with various levels. Because the average value of current through the capacitor C is zero, the highest value of 

current 𝐼𝐿 =
𝑉𝑂

𝑅𝐿
= 5 𝐴. However, as seen in Figure 5(b), the current 𝐼𝐿  is instantaneously overshoots at the 

initial condition with PI control. Moreover, the compatibility level of the measured voltage 𝑉𝑂 and current 𝐼𝐿  

using the FSMCS algorithm is NRMSE = [96.34%, 92.05%] higher than that using the PI algorithm, which is 

NRMSE = [95.94%, 88.99%]. Figure 6 shows simulation results when a sudden change in voltage 𝑉𝐼𝑛 from 

90 V to 60 V is fed at 0.5 seconds.  

As expected, voltage 𝑉𝑂 and current 𝐼𝐿  with FSMCS control, track the setting values 𝑉𝑂
∗ and 𝐼𝐿

∗ that 

are not affected by the change (Figure 6(a)) compared to the PI control (Figure 6(b)). The current 𝐼𝐿does not 

change because the output voltage does not change and has the highest value𝐼𝐿
∗ =

𝑉𝑂
∗

𝑅𝐿
= 5 𝐴. The PI control 

result, as shown in Figure 6(b) shows a voltage drop of about 3 V and a current overshoot of 0.7 A before 

returning to equilibrium after a period of 0.1 seconds. The compatibility level of the measured voltage 𝑉𝑂 and 

measured the current 𝐼𝐿  using the FSMCS algorithm is NRMSE = [96.42%, 93.48%] higher than in the case 

using the PI algorithm, which is NRMSE = [95.88%, 85.72%]. Figure 7 shows simulation results when the 

load 𝑅𝐿 suddenly changes from 10 Ω to 5 Ω under the condition 𝑉𝐼𝑛 = 90 𝑉 at 3.5 seconds. Despite the sudden 

change of 𝑅𝐿, the proposed controller still forces the measured voltage 𝑉𝑂 and current 𝐼𝐿  to track the setting 

values 𝑉𝑂
∗ and 𝐼𝐿

∗ in which the voltage drops about 5 V in an insignificant time then returns to the initially 

stable state. For PI control, the overshoot of the measured current 𝐼𝐿  arose at instants that 𝑉𝑂
∗ changes rapidly. 

This demonstrated that the changes of parameters are yet conducted by a simple PI controller. Similarly, to the 

case of the voltage 𝑉𝐼𝑛 change, the compatibility level of 𝑉𝑂 and 𝐼𝐿𝐼𝐿 using the FSMCS algorithm is NRMSE = 

[95.82%, 93.97%] higher than in the case using PI algorithm, which is NRMSE = [95.44%, 91.92%]. 
 

 

  
(a) (b) 

 

Figure 5. Control response Vo and IL in the case Vin = 90 V: (a) FSM control and (b) PI control 
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(a) (b) 

 

Figure 6. Control response Vo and IL in the case Vin changed at 0.5 seconds:  

(a) FSM control and (b) PI control 
 
 

  
(a) (b) 

 

Figure 7. Control response Vo and IL in the case RL changed at 3.5 seconds: (a) FSM control and (b) PI control 
 

 

In the case when 𝑉𝐼𝑛, 𝑉𝑂
∗, and 𝑅𝐿 change simultaneously, Figure 8 shows that the measured voltage 

𝑉𝑂 and current 𝐼𝐿  still to track the setting values with much higher-quality control performance. The FSMCS 

controller is not significantly affected, while the PI controller is still very sensitive to parameter variations, in 

which the overshoot of the measured current 𝐼𝐿  significantly arose at instants that 𝑉𝑂
∗ changes rapidly. The 

compatibility level of 𝑉𝑂 and 𝐼𝐿  using the FSMC algorithm is NRMSE = [95.88%, 94.98%] higher than in the 

case using PI algorithm is NRMSE = [95.37%, 89.67%]. 

Figure 9 shows simulation results when a noise 𝑑(𝑡) is fed into 𝑉𝐼𝑛 along with changes in 𝑉𝑂
∗ and 

𝑅𝐿. As expected, the measured voltage 𝑉𝑂 and current 𝐼𝐿  with FSMCS control track the setting values 𝑉𝑂
∗ and 

𝐼𝐿
∗ that are not affected by noise (Figure 9(a)) compared to the PI control (Figure 9(b)). The compatibility 

level of 𝑉𝑂 and 𝐼𝐿  using the FSMCS algorithm is NRMSE = [95.92%, 95.09%] still higher than the case using 

PI algorithm is NRMSE = [92.39%, 89.64%]. 
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(a) (b) 

 

Figure 8. Control response Vo and IL in the case where Vin and RL are both changed:  

(a) FSM control and (b) PI control 
 

 

  
(a) (b) 

 

Figure 9. Control responses Vo and IL in the case noise distribution 𝑑(𝑡) is fed:  

(a) FSM control and (b) PI control 
 
 

Figure 10 shows 
𝑑𝐿

𝑑𝑡
= 𝑠𝑇𝑠

•
≤ 0 despite the sudden changes of 𝑉𝑂

∗, 𝑉𝐼𝑛, and 𝑅𝐿 in the presence of the 

noise. The FSMCS algorithm satisfies the Lyapunov stability condition (14), so the stability of the buck 

converter against such disturbances is guaranteed. Simulation results demonstrated that the proposed FSMCS 

algorithm is an advanced control method for the DC-DC buck converter, the output voltage of the buck 

converter has tracked various setting points despite sudden changes in the source input, load as well as the 

presence of noise. The improved control quality indexes include rapid recovery time in the presence of 

varying parameters, insignificant steady-state error, small overshoot, and high degree of compatibility of the 

measured voltage 𝑉𝑂 and current 𝐼𝐿  compared to the classical PI controller. Table 3 presents a summary 

comparison of compatibility of the measured voltage 𝑉𝑂 and current 𝐼𝐿between FSMCS and PI control 

algorithms which shows that the FSMCS is more performance efficient with higher NRMSE coefficients. 



                ISSN: 2088-8694 

Int J Pow Elec & Dri Syst, Vol. 16, No. 2, June 2025: 891-906 

900 

  
(a) (b) 

 

Figure 10. Response of Lyapunov stability condition in the case noise d(t) is fed:  

(a) random noise distribution 𝑑(𝑡) and (b) performance 
𝑑𝐿

𝑑𝑡
= 𝑠𝑇𝑠

•
≤ 0 

 
 

Table 3. The comparison of NRMSE coefficients 
Vin, V

*
o, and RL FSMC PI 

Vin = 90 V [96.34%,92.05%] [95.94%, 88.99%] 

Change in Vin [96.42%, 93.48%] [95.88%, 85.72%] 
Change in RL [95.82%, 93.97%] [95.44%, 91.92%] 

Change Vin, RL [95.88%, 94.98%] [95.37%, 89.67%] 

Change in d(t) [95.92%, 95.09%] [95.39%, 89.64%] 

 

 

3.2.  Experimental results 

In this work, a real-time experimental model is built for a DC-DC buck converter circuit with 

sampling time Ts = 10 μs as depicted in Figure 11. The architecture of the experimental setup includes a 

custom-built DC-DC buck converter, an oscillator and a LCD Monitor for signal measurement and visual 

feedback, an user interface and control program with MATLAB/Simulink on a PC. The DC-DC buck 

converter circuit communicates with the control center via a PCI card to provide an understandable and 

consistent behavior and comfortable data visualization. The evaluations were carried out at Faculty of 

Electronics Technology (FET) with the approval of Industrial University of Ho Chi Minh City. The model 

parameters are also given in Table 2. The control program is implemented on MATLAB/Simulink which the 

experimental response of the converter is collected on a computer via DSP card 320F28379 and the setting 

voltage 𝑉𝑂
∗ is adjusted by a 1 KΩ fine-tuning potentiometer. 

Figure 12 presents the experimental control response using FSMCS in case the voltage 𝑉𝐼𝑛 = 90 𝑉 

shows that the measured voltage 𝑉𝑂 and the measured current 𝐼𝐿  track to the setting values 𝑉𝑂
∗ and 𝐼𝐿

∗ with 

high quality performance. For PI control, the current 𝐼𝐿  is instantaneously overshoot at initial condition as 

seen in Figure 9(b). The compatibility level of the measured voltage 𝑉𝑂 and current 𝐼𝐿  using the FSMCS 

algorithm is NRMSE = [95.72%, 90.99%] higher than that using the PI algorithm which is NRMSE = 

[95.21%, 84.22%]. 
 
 

 
 

Figure 11. The experimental setup used in this paper was developed at the Industrial University of Ho Chi 

Minh City: 1) a custom-built DC-DC buck converter, 2) Oscillator for signal measurement, 3) LCD Monitor 

for visual feedback, 4) user interface and Control program, 5) PC with MATLAB/Simulink for control & 

data acquisition, and 6) testing-bench 
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(a) (b) 

 

Figure 12. Experimental control response in the case Vin = 90 V: (a) FSM control and (b) PI control 

 

 

Figure 13 shows experimental results when a sudden change in voltage 𝑉𝐼𝑛 from 90 to 60 V appear 

at 1.25 seconds. The measured voltage 𝑉𝑂 and current 𝐼𝐿  with FSMCS control, track the setting values 𝑉𝑂
∗ and 

𝐼𝐿
∗ that are not affected by the change as seen in Figure 13(a). The current 𝐼𝐿  does not change and has the 

highest value 𝐼𝐿
∗ =

𝑉𝑂
∗

𝑅𝐿
= 5 𝐴. However, the overshoot of the current 𝐼𝐿  arose at instant when 𝑉𝑂

∗ changes 

rapidly in the case using the PI control as seen in Figure 13(b). Similarly, to the simulation results, the 

compatibility level of the measured voltage 𝑉𝑂 and measured the current 𝐼𝐿  using the FSMCS  

an algorithm is NRMSE = [95.59%, 91.75%] higher than in the case using the PI algorithm, which is  

NRMSE = [94.91%, 78.06%]. 
 
 

  
(a) (b) 

 

Figure 13. Experimental control response Vo and IL in the case Vin changed at 1.25 seconds:  

(a) FSM control and (b) PI control 
 
 

Figure 14 shows experimental results when the load 𝑅𝐿 suddenly changes from 10 Ω to 5 Ω under 

the condition 𝑉𝐼𝑛 = 90 𝑉 at 2.25 seconds. Despite the sudden change of 𝑅𝐿, the proposed controller still 
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forces the measured voltage 𝑉𝑂 and current 𝐼𝐿  to track the setting values 𝑉𝑂
∗ and 𝐼𝐿

∗ in which the voltage drops 

about 7 V in an insignificant time then returns to the initially stable state. For PI control, the overshoot of 

measured current 𝐼𝐿  is about 0.6 A at instants that 𝑉𝑂
∗ changes rapidly. Similarly, to the case of simulation, the 

compatibility level of 𝑉𝑂 and 𝐼𝐿  using the FSMCS algorithm is NRMSE = [94.15%, 93.75%] higher than in 

the case using PI algorithm which is NRMSE = [93.69%, 89.37%]. 

In the case when 𝑉𝐼𝑛, 𝑉𝑂
∗, and 𝑅𝐿 change simultaneously, Figure 15(a) shows that the measured 

voltage 𝑉𝑂 and current 𝐼𝐿  using FSMCS, track the setting values significantly. Whereas the PI controller is 

significantly affected by parameter variations, in which the overshoot of the measured current 𝐼𝐿  appears at 

instants that 𝑉𝑂
∗ changes rapidly as shown in Figure 15(b). The compatibility level of 𝑉𝑂and 𝐼𝐿   

using the FSMC algorithm NRMSE is = [93.89%, 94.00%] higher than in the case using PI algorithm is  

NRMSE = [93.45%, 86.26%]. 
 

 

  
(a) (b) 

 

Figure 14. Experimental control response Vo and IL in the case RL changed at 2.25 seconds:  

(a) FSM control and (b) PI control 
 

 

  
(a) (b) 

 

Figure 15. Experimental control response Vo and IL in the case where Vin and RL are both changed:  

(a) FSM control and (b) PI control 
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Figure 16 shows experimental results when a noise 𝑑(𝑡) appeared in 𝑉𝐼𝑛 along with changes in 𝑉𝑂
∗ 

and 𝑅𝐿. As expected, the measured voltage 𝑉𝑂 and current 𝐼𝐿  using FSMCS control track the setting values 

𝑉𝑂
∗ and 𝐼𝐿

∗ that are not affected by noise (Figure 16(a)) compared to the case using PI control (Figure 16(b)). 

The compatibility level of 𝑉𝑂and 𝐼𝐿  using the FSMCS algorithm is NRMSE = [93.94%, 94.20%] still higher 

than the case using PI algorithm is NRMSE = [93.41%, 86.27%]. 

Figure 17(a) shows the random noise distribution 𝑑(𝑡) with amplitude ±10 V appeared in control 

procedure while Figure 17(b) shows 
𝑑𝐿

𝑑𝑡
= 𝑠𝑇𝑠

•
≤ 0 despite the sudden changes of 𝑉𝑂

∗, 𝑉𝐼𝑛, and 𝑅𝐿 in the 

presence of the noise. The experimental results also demonstrated that the stability of the buck converter 

against such disturbances is guaranteed since the FSMCS algorithm satisfies the Lyapunov stability condition. 

 

 

  
(a) (b) 

 

Figure 16. Experimental control responses Vo and IL in the case noise distribution 𝑑(𝑡) appeared:  

(a) FSM control and (b) PI control 
 

 

  
(a) (b) 

 

Figure 17. Response of the Lyapunov stability condition in the case of noise d(t) is fed: (a) random noise 

distribution 𝑑(𝑡) with amplitude ±10 V and (b) experimental performance 
𝑑𝐿

𝑑𝑡
= 𝑠𝑇𝑠

•
≤ 0 

 
 

Similarly, to the simulation results, the experimental results demonstrated that the proposed FSMCS 

algorithm is significantly suitable for the DC-DC buck converter with high quality control performance, 

which includes low steady-state error, insignificant overshoot, and a high degree of compatibility of the 

measured voltage 𝑉𝑂 and current 𝐼𝐿  despite sudden changes in the source input, load, as well as the presence 

of noise. The improved control quality indexes are the rapid recovery time in the presence of varying 

parameters, compared to the classical PI controller. Table 4 presents a summary compatibility of the 

measured voltage 𝑉𝑂 and current 𝐼𝐿using FSMCS compared to the classical PI control. The experimental 

statistics show that the FSMCS is more performance efficient with higher NRMSE coefficients. 
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Table 4. The experimental comparison of NRMSE coefficients 
Vin, V

*
o, and RL FSMC PI 

Vin = 90 V [95.72%,90.99%] [95.21%, 84.22%] 
Change in Vin [95.59%, 91.75%] [94.91%, 78.06%] 

Change in RL [94.15%, 93.75%] [93.69%, 89.37%] 

Change Vin, RL [93.89%, 94.00%] [93.45%, 86.26%] 
Change in d(t) [93.94%, 94.20%] [93.41%, 86.27%] 

 

 

4. CONCLUSION 

Since the control performance of buck converters is affected by uncertainties such as input voltage, 

resistance load, and noise, this paper proposes a sliding mode control strategy using a fuzzy observer to provide 

a higher sustainable performance. The control strategy includes two feedback loops in which a fuzzy supervisor 

is designed for the sliding surface to generate PWM pulses that have efficient duty cycles for the buck 

converter's switch to provide a stable, constant output voltage. To demonstrate the efficiency of the proposed 

FSMCS, the simulations and experiments were conducted in steady state and transient state by changing the 

source voltage 𝑉𝐼𝑛, setting voltage 𝑉𝑂
∗ and resistance load 𝑅𝐿as well as the presence of noise 𝑑(𝑡). 

The simulated and experimental results have demonstrated that the proposed FSMCS algorithm is 

an advanced control method for the DC-DC buck converter in which the designed controller does not require 

a concrete mathematical model of the system, and the control law is implemented based on expert 

knowledge. The output voltage of the Buck converter has tracked various setting points despite sudden 

changes in load as well as in input voltage in the presence of noise. The output voltage of the buck converter 

has tracked various setting points despite sudden changes in load as well as in input voltage in the presence 

of noise. The compatibility index normalized root mean square error of the measured voltage and current 

using the FSMCS algorithm is [96.34% ± 1.02%, 95.09% ± 3.04%] higher than that using the PI algorithm 

which is [95.94% ± 3.01%, 85.72% ± 3.95%] in the presence of varying parameters. The overshoot percent 

of the current is decreased by about 16.7% ± 2.45% compared to using the PI algorithm. The improved 

control quality indicated that the proposed control strategy is significantly effective compared to the classical 

controllers in robustness control. However, the major disadvantage of this method is that the proposed fuzzy 

supervisor is not been generalized to various DC-DC buck converter systems. Future work is to extend the 

adaptation of this method to various converters over a larger operating range. Moreover, optimization 

algorithms will be applied to find appropriate parameters of the fuzzy models. 
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