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Objectives: The objective of this study is to achieve fast finite-time control of DC-
DC buck converters by designing a robust-adaptive terminal sliding-mode 
controller utilizing a fractional-order control strategy combined with a state-
disturbance observer. The work begins by considering that all dynamic 
parameters of the converter circuit, such as resistance, capacitance, and 
inductance, are completely unknown due to significant uncertainties. 
Methods: To formulate the stabilizing fractional-order sliding mode controller, 
the fractional-order sliding surface is initially presented. Given the absence of 
knowledge about the converter's dynamic parameters, an adaptive fractional-
order finite-time sliding mode controller is developed to ensure the finite-time 
stability of the system and to achieve rapid convergence of the converter voltage 
to the prescribed reference value in the presence of parameters uncertainties 
and external disturbances. To estimate unknown varying parameters in the 
converter, an adaptive law is additionally designed. Furthermore, a high-speed 
observer is incorporated to estimate both external disturbances and the state 
variables affecting the system.  An analysis is also presented to find the 
maximum allowable sampling time based on the controller parameters. 
Results: The closed-loop system stability is validated through the application of 
the extended Lyapunov method. Importantly, the proposed method ensures that 
the output voltage of the converter reaches its desired value within a finite time, 
taking external disturbances into account as well as operating with unknown 
parameters, and also, without direct feedback from voltage or current 
measurements. Ultimately, simulation results along with some enhanced 
robustness analysis are presented to demonstrate the effectiveness of the 
proposed control approach.  
Conclusion: The innovative controller based on fractional-order sliding mode 
control in senseless DC-DC buck converters is considered. The goal is to converge 
the output voltage to the desired value in finite time considering that all of the 
converter dynamic parameters are unknown and system is exposed to external 
disturbances. Chattering is reduced using a new technique, and the maximum 
allowable sampling time is also obtained. The results validate the suitability of 
the proposed technique, especially in overcoming uncertainties and disturbances 
without requiring voltage/current measurements. 
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Introduction 

Power converters use simple on-off switches to control 

their operation ‎[1], ‎[2]. Among these, buck converters 

are a widely recognized topology. With the continuous 

progress in various DC power supply technologies, buck 

converters have become integral in numerous 

applications, including photovoltaic systems ‎[3], electric 

vehicles ‎[4], and smart grid networks ‎[5]. These uses 

require precise voltage control and good disturbance 

rejection. However, despite their extensive use, 

achieving optimal performance in these nonlinear 

systems under disturbance conditions remains a 

significant challenge ‎[6]. Control is challenging because 

converters are nonlinear and sensitive to load/input 

changes and external disturbances. Consequently, there 

is a growing interest in improving the control 

performance of buck converter systems. PID 

controllers ‎[7], ‎[9] are popular because they're simple to 

implement. The integral part of the PID controller helps 

ensure the system's convergence. But they struggle with 

fast-changing disturbances. Specifically, PID controllers 

tend to perform poorly in the presence of uncertainties 

related to load resistance and input voltage variations. 

To overcome these challenges, a variety of nonlinear 

control techniques have been developed, such as model 

predictive control ‎[10], ‎[12], robust control ‎[13], ‎[14], 

adaptive control [15], [16], back-stepping 

control ‎[17], ‎[18], active disturbance rejection 

control ‎[19], ‎[20] and sliding mode control 

(SMC) ‎[21], ‎[29]. Each of these strategies aims to 

improve the performance of buck converters from 

different perspectives. SMC works particularly well for 

certain disturbance types. As mentioned earlier, in DC 

buck converters, control variables are constrained to 

discrete values. Consequently, SMC is not only a 

preferred theoretical approach but also a practical 

choice, supported by a wide range of automatic control 

designs for power converters in various applications. 

In modern power converter control techniques, pulse-

width modulation (PWM) methods are commonly used. 

However, a key drawback of PWM-based systems, 

including those that employ sliding mode control (SMC), 

is the development of unwanted oscillations with finite 

amplitude and frequency. These oscillations arise due to 

unmodeled dynamics or the effects of discrete-time 

implementations. This 'chattering' effect reduces 

precision and may damage components ‎[30],‎[32]. 

Moreover, SMC can introduce frequency variations that 

may be undesirable in specific applications ‎[33], ‎[36]. 

In ‎[21], a sliding mode algorithm is modified to 

enhance the performance of switch-mode converters. 

The presence of mismatched disturbances can lead to a 

steady-state error in the output voltage of the converter. 

To address this, in ‎[22], ‎[23], an extended state observer 

(ESO) is incorporated into SMC to estimate and handle 

these mismatched disturbances. However, this method 

only ensures asymptotic tracking of the output voltage. 

To further improve dynamic performance, a disturbance 

observer with finite-time convergence properties (FTDO) 

is integrated into nonsingular terminal sliding mode 

control, enabling finite-time control of converter 

systems ‎[24]. Despite this, the discontinuous nature of 

the control law and the use of large switching gains can 

still lead to chattering, which may result in voltage 

ripples. Additionally, applying this approach to higher-

order converter systems introduces further challenges. 

In ‎[16], an adaptive algorithm is utilized to adjust the 

sliding mode gain, resulting in better chattering 

reduction. Furthermore, the approaches in ‎[25], ‎[26] 

propose high-order sliding mode control as a means to 

further reduce chattering. However, this introduces 

increased complexity in tuning the controller 

parameters. 

As far as the authors are aware, prior studies have not 

investigated the finite-time stability of DC-DC buck 

converters in the face of external perturbations and 

uncertain modeling, assuming that fundamental dynamic 

characteristics such as resistance, capacitance, and 

inductance remain unspecified. 

In this work, the unknown parameters of the DC-DC 

buck converter are estimated using a fractional-order 

sliding-mod control scheme with finite-time 

convergence, coupled with a stable adaptation law. This 

ensures that the converter’s output voltage converges 

within a finite, preassigned period. However, 

establishing finite-time stability becomes particularly 

difficult when adaptive laws are used to estimate the 

dynamic parameters. The paper introduces a novel 

control scheme designed to maintain finite-time stability 

despite the use of adaptive laws. 

However, due to potential faults in the sensors of a 

bulk converter, it is often not possible to measure the 

exact values of the converter’s variables, such as its 

voltage and current. To address this issue, this paper 

proposes a state and disturbance observer that can 

simultaneously estimate both the converter's 

voltage/current and the unknown disturbances affecting 

the system. The key contributions and innovations of 

this paper are summarized as follows :(1) formulation of 

an original fractional-order sliding surface and 

implementation of a terminal fractional-order sliding-

mode controller for a DC–DC buck converter, (2) Fast 

finite-time convergence of the converter output to the 

desired voltage is achieved, even when the dynamic 

parameters of the converter are completely unknown, 

(3) A new method is introduced to demonstrate the 

finite-time convergence of the output voltage in the 

presence of stable adaptive laws, and (4) A state-

disturbance observer is designed to estimate both the 
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converter's voltage/current and its unknown 

disturbances simultaneously. 

In essence, the primary innovation of this paper lies in 

the design of a new controller that ensures the 

convergence of the DC-DC buck converter’s output 

voltage to the desired value within a predetermined 

finite time, rather than in infinite time, as typically 

achieved in asymptotic stability. This approach accounts 

for real-world, practical constraints that have not been 

previously addressed in the literature. It is important to 

note that with the proposed method, the finite-time 

convergence of the converter's output voltage to its 

desired value is achieved even in the presence of 

external disturbances, with completely unknown 

parameters, and without access to voltage and current 

measurements for feedback. 

While existing control methods have advanced buck 

converter performance, they face fundamental 

limitations in practical scenarios involving complete 

parametric uncertainty and sensor failures. This work 

bridges this gap by developing a control framework that 

simultaneously addresses: (1) complete ignorance of 

dynamic parameters (R, L, C values), (2) operation 

without current/voltage measurements, (3) rejection of 

external disturbances, while guaranteeing (4) finite-time 

convergence - a crucial requirement for safety-critical 

applications where asymptotic stability is insufficient. 

The proposed architecture uniquely combines fractional-

order sliding modes with adaptive parameter estimation 

and disturbance observation to achieve these objectives. 

Study Background 

Fractional calculus, an extension of classical 

differentiation and integration to non-integer orders, has 

gained traction in control engineering due to its superior 

modeling capabilities. Different fractional differentiation 

definitions exist, such as Grünwald-Letnikov, Riemann-

Liouville, and Caputo, which offer improved system 

dynamics representation ‎[37], ‎[39]. 
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where   represents the initial conditions, and, under a 

fractional-order framework, these can take the form of a 

constant or a complex number. 
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where  .  represents the floor operator. The Caputo 

definition is provided in ‎[37]-‎[39]. 
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where ( 1 )n n    and ( )x  denotes the Gamma 

function. Now, let us consider the following two lemmas: 

Lemma 1 ‎[37], ‎[40]: Let ( )V x  be a Lyapunov function, 

where 0V  representing its initial condition. It follows 

that: 

      (4) ( ) ( ) ( ) 0V x V x V x     

where , 0    and 0 1  . Consequently, the 

Lyapunov function reaches zero within a finite interval 

T , as described by the following: 

        (5) 1 1 1 1

0(1 ) ln(1 )T V          
Lemma 2 ‎[37], ‎[40]: Let us investigate the following 

equation: 

       (6) 1[ ( ) ] 0ax kD sig x   

where ,0 , 1, ( )n

ix R a k diag k   is a constant 

positive matrix in which 1,2,...,ik R i n   and ( )asig x  

is defines as: 

      (7) 1

1 1( ) [ ( ),..., ( )]
naaa T

n nsig x x sign x x sign x  

Thus, the states x  and x  will settle within a small 

vicinity of the origin, enclosed by a sufficiently small 

radius 
min ( )ik




   in finite time ‎[40].  

The next section outlines the problem definition, 

system description, and the objective of this paper. 

Converter System Details 

This paper examines the DC-DC buck converter 

depicted in Fig. 1.  

(8) 

( ) 1 1 1
( ) ( ) ( )

( ) 1 1 1
( ) ( ) ( ) ( )
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L o o
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L
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

 

where ov  represents the average output capacitor 

voltage, ( )Li t denotes the average inductor current, and 

( )m t  corresponds to the PWM input signal. As 

illustrated in Fig. 1, the DC-DC buck converter circuit 
consists of a PWM-controlled MOSFET switch, a DC 

voltage source ( inV ), a diode, an inductor ( L ), 

accompanied by its parasitic resistance (
Lr ), a capacitor, 

a parallel resistor ( cr ), and a load, which is assumed to 

be a resistor (R).  

Vin

sw

PWM 

Gate Drive

m(t)

R
C voutVc

rc

rLL

iL io

 
Fig. 1: Schematic diagram of a DC-DC buck converter. 
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It is worth noting that the parallel resistor serves to 

discharge the capacitor as a protective measure ‎[32]. 

Additionally, this resistor can be regarded as a source of 

system parameter variation. 

Define the following state variables: 

      (9) 

1

2

1

( ) ( )

( ) ( )

( ) ( )

o

L

x t v t

x t i t

y t x t





 

 

considering 
1

( ) ( ), o ou t m t i v
R

  , then (8) can be 

written as follows: 
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Thus, the state-space representation of system (9) 

can be expressed as follows: 
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The standard state-space model can be obtained as 

follows: 

(12) 
x Ax Bu

y Cx

 


 

where the parameters are defined as follows: 
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in which (0) nx R  is the initial condition vector, 
n nA R  is the state matrix and 1 nRB s the matrix of 

input coefficients, representing the system dynamics. 

Here, Ru  serves as the input, Ry represents the 

output, and nRC  1  specifies the output matrix. 
The goal of controlling a DC-DC buck converter is to 

adjust the output voltage to a desired level as quickly as 

possible, despite unknown load variations. In both 

industrial applications and research, two primary 

methods have been employed to solve this issue: voltage 

control and current control. In the voltage control 

method, voltage error is used to set the duty cycle, 

which in turn directly sets the duty cycle for the PWM 

modulator. On the other hand, the current control 

method involves measuring both the inductor current 

and the output voltage. Uses cascaded loops (outer 

voltage, inner current) for the inner current control loop. 

The aim of this paper is to propose a reliable adaptive 

controller capable of regulating the output voltage with 

high precision and fast response, even under the 

presence of model uncertainties and external 

disturbances. To achieve this, we develop a finite-time 

robust adaptive fractional-order sliding-mode control 

(FRAFSMC) system, which incorporates adaptive 

regulation laws. We start by formally defining finite-time 

stability, as presented in ‎[41], ‎[42]. 

Definition (time-bounded stability): Consider the 
system 

(14) 0( ),  (0)x h x x x   

which the vector field, is defined as : n nh R R  and the 

state vector is nx R . Assume the origin of system (14), 

0x   is stable asymptotically. The origin is stable in 

finite time (FTS) if, 0 \{0}x B  , 0( , )x t x  of system 

(14) reaches the origin at a specific finite time and stays 

there for all future times, such that 0( )t T x , where 

: \{0} (0, )T B    is the time required to settle, which 

is dependent on the initial state 0x . 

Now, by taking the derivative of 
1x in (10) we obtain 

(15) 1 2 1 1

1 1 1
( ) ( ) ( ) ( )

C

x t x t x t x t
C RC r C

    

By substituting 
21, xx  form (10) into (15) we can 

obtain the following relationship (For convenience, the 

notation t , representing time, is omitted throughout the 

remainder of the paper). 
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1 1 1 1 1
( )in L

c

x V u r x x x
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Assume the functions ),,(),,,( 121121 xxxgxxxf   as 
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So, the nonlinear dynamic system is as follows 

(18) 
1 1 2 1 1 2 1

1

( , , ) ( , , )x f x x x g x x x u

y x

 


 

In reality, dynamic systems are frequently subjected 

to model uncertainties. As a result, many traditional 

controllers face challenges in effectively regulating such 

systems when uncertainties, disturbances, or un-

modeled dynamics are present. 

Hence, we assume the following assumption holds true 

in this paper: 

Assumption: It is presumed that considerable parameter 

uncertainty causes the nonlinear affine system’s 

dynamic functions in (16) to remain unspecified. Based 

on Assumption, the dynamic model of the system with 

uncertainty can be represented as follows: 
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(19) 1 1 2 1 1 2 1

1

ˆ ˆ( , , ) ( , , )x f x x x g x x x u

y x

 
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where 1 2 1
ˆ( , , )f x x x  and 1 2 1

ˆ( , , )g x x x  denote the 

estimated dynamic functions of the system. The goal of 
this study is to formulate a fractional‐order adaptive 
sliding‐mode controller that guarantees finite‐time 

convergence of ( )y t  to ( )dy t , despite complete 

uncertainty about the DC–DC buck converter’s dynamics 
(Assumption). In this framework, the system's dynamic 
parameters are approximated using an adaptive law, 
with the objective of nullifying the tracking error and 
driving it to zero regardless of the system’s starting 
state. 

Design of Adaptive Fractional-Order Terminal 
Sliding Mode Control 

A.  Reformulation of the Converter Model 

Sliding Mode Control (SMC) is a resilient nonlinear 
control method grounded in Lyapunov theory, 
employing a first-order framework to simplify an nth-
order nonlinear system with uncertainties. The design 
process for sliding mode control involves two primary 
steps: The first step is to define a switching function that 
ensures the system follows the desired sliding motion, 
meeting the control objectives. The second step is to 
choose a control law that enforces and sustains the 
sliding mode. This section introduces the stabilization 
method utilizing fractional-order control (FOC) for 
designing the sliding mode controller for the DC-DC buck 
converter. The system dynamics in (18) can be expressed 
as follows: 

(20) 1 1 2 1

1

( , , )x F Gu L x x x

y x
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
 

where F  and G  are known constants, ( )u t  denotes the 

control input signal that requires determination, and

1 2 1( , , )L x x x  is defined as follows: 

(21) 
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( , , ) ( , , )

( ( , , ) )

L x x x f x x x F

g x x x G u

 
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Here, 1 2 1( , , )L x x x  represents the uncertain part of the 

system model. It can be a regressor structure in terms of 
the unknown dynamic parameters as follows: 

(22) 
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Therefore, 1 2 1( , , )L x x x  can be written as a linear 

expression involving the unknown system parameters 
mR   and the known regressor matrix 

mRxxxY  1

121 ),,(   as shown below: 

(23) 

 1 2 1 1 2 1( , , ) ,
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Hence, the regressor representation of 1 2 1( , , )L x x x  is as 

follows: 

(24) 
1 2 1 1 2 1( , , ) ( , , )L x x x Y x x x   

B.  Formulating the Fractional-Order Sliding Surface and 
Convergence Law  

Let there be a tracking error, denoted as 

Ryyy d ~ . between the desired and actual 

outputs of the system. To guarantee finite-time stability 

of the tracking error in the dynamic model (18), the 

fractional-order sliding mode manifold is defined as 

follows: 

(25) 1[ ( ) ]s y kD sig y    

where ( ) ( )sig y y sign y
   with 0 , 1    and k  is 

a specified positive constant. The sliding mode of the 

system, characterized by 0, 0s s   rdenotes the 

system’s trajectory along the sliding surface. Under this 

condition, the tracking error 
1[ ( ) ] 0y kD sig y    

evolves according to the system’s dynamics. 

Furthermore, the results derived from Lemma 2 suggest 

that the tracking errors will eventually settle within a 

constrained region near the system’s zero state. 

The purpose of this control scheme is to bring the 

system’s dynamics onto the sliding surface in an allotted 

finite time. To ensure a brisk approach to zero before 

that interval elapses, the following fractional‑order 

reaching law is offered ‎[8], ‎[29]: 

(26) 
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0 1
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
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s s s sign s
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where , R   are positive constant and 0 1  . In the 

following subsection, it is demonstrated that, utilizing 

the reaching law from the sliding surface attains the zero 

state within a predetermined finite time (24). 

C.  Robust Adaptive Controller Based on Fractional-order 
Terminal Sliding-mode Control 

Assume that ̂  denotes the approximated dynamic 

parameters   in equation (24). Considering the sliding 

surface defined in (25) and the fractional-order approach 

for the reaching law in (26), the fractional-order sliding 

mode controller is formulated as follows to ensure 

convergence to the desired trajectory within a finite time 

for a nonlinear input-affine system, with the governing 

dynamic relations outlined in equations (18)-(24): 

(27)    1 ˆ( ) ( )u t G F Y t 


     

where   is below 

(28) ( ) [ ( ) ] ( )dt y kD sig y s sig s         

and ̂  in (27) is obtained based on the adaptive rule 

outlined below: 
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(29) ˆ TY s    

where 
m mR  denotes an arbitrary positive‑definite 

matrix serving as the adaptive gain. The ensuing 

establishes that the closed‑loop system defined by (18)-

(29) achieves finite‑time stability under the proposed 

adaptive sliding‑mode controller. This theorem 

represents the core contribution of this paper. 

Theorem 1: By assuming the nonlinear model in (18), the 

fractional-order adaptive sliding-mode control law 

described in (27)-(29) guarantees that y( )t  converges to 

the reference trajectory ( )dy t within a finite time. 

Proof: Utilizing (20) and taking the second derivative of 

the output in (18) yields the following result. 

(30) 
 1 1 2 1( , , )

          

y x F Gu L x x x

F Gu L

   

  
 

By replacing the control law from (27) into the altered 

dynamic equation in (30) and including (24), the 

following expression is obtained: 

(31) ˆ ( ) ( )y Y t Y t Y           

where ˆ     represents the discrepancy in the 

estimated dynamic parameters. Now, by substituting  
from (28) into (31), the following expression is derived 

(32) [ ( ) ] ( ) 0y kD sig y s sig s Y          

Now, let's consider the following candidate for a 

positive definite Lyapunov function 

 (33) 2 11 1

2 2

TV s      

Differentiating V  with respect to time results 

     (34) 1TV ss      

By applying (26) and noting that ˆ   remains constant 

(because the dynamic parameters do not change), we 

obtain: 

     (35)   1 ˆ[ ( ) ] TV s y kD sig y        

By substituting the dynamic error from (32) into (35), we 

obtain: 

     (36)   1 ˆ( ) TV s s sig s Y           

By implementing the adaptive law from (29) into (36), 

we derive: 

      (37) 
2

2

( )

( )

T TV s s sig s sY Y s

s s sig s





   

 

    

  
 

Considering the definition of ( )sig s 
 as 

( ) ( )sig s s sign s
  and noting that    

1 2
2 1

s s






  

holds for 0 1   ‎[24], hence, the upper bound on V  in 

(37) can be expressed as follows: 

(38) 
2 1

V s s


 


    

The time derivative of the Lyapunov function in (38) is 

non-positive. By introducing 
2 1

( )w t s s


 


   and 

performing integration on both sides of (38), it can be 

inferred that 
0

(0) ( ) ( )
t

V V t w d    . From this 

relationship, it can be concluded that

0
(0) lim ( )

t

t
V w d 


    . Therefore, based on 

Barbalat's Lemma (see ‎[43]), ( )w t  and, consequently,

( )s t  will approach zero as t  . As a result, the 

system described in (18), with the control input given by 

(27) and the adaptive law in (29), exhibits asymptotic 

stability, as confirmed by (26). The ( )s t  convergence to 

zero occurs within a finite time, as will be demonstrated 

in the following subsection. 
D.  Analysis of Finite-time Stability  

Consequently, the system modeled by (18), when 

driven by the control input specified in (27), the term 

( )s t  will asymptotically approach zero, while the 

tracking deviations y  will eventually settle within a 

restricted area around the origin, and this convergence 

will occur within a finite duration (denoted as xT ).  

In this section, the goal is to demonstrate that the 

system will converge to the sliding surface ( ( ) 0s t  ) 

within a finite time, denoted as sT . Consequently, it can 

be concluded that all tracking errors in the controlled 

system will ultimately be eliminated within a 

predetermined time interval, final x sT T T  . To 

determine sT  let us introduce the following new 

Lyapunov function: 

(39) 21

2
sV s  

Remark 1. It is important to highlight that the Lyapunov 

function defined in (33) can only confirm the asymptotic 

stability of the affine system, not its finite-time stability. 

A necessary step in establishing finite-time stability is to 

prove that the sliding surface itself decays to zero within 

a finite interval. Lemma 2 then ensures that, once the 

sliding surface is reached, the associated error dynamics 

are guaranteed to exhibit finite-time stability. 

By differentiating with respect to time and utilizing 

(25), we obtain: 

(40)  [sgn( ) ]sV s y kD y    

Substituting (32) into (40) yields 

(41)  ( )sV s s sig s        

where Y   denotes the remaining deviation vector 

once control is enacted. As stated in Theorem 1,   

remains within finite limits, which implies that   also 



Observer-Based Fast Finite Time Robust-Adaptive Fractional Order Sliding Mode Control of DC-DC Buck … 

J. Electr. Comput. Eng. Innovations, 14(1): 181-196, 2026                                                                                187 

remains confined, guaranteeing , 0    . Equation 

(39) may be expressed in either of these two equivalent 

formulations: 

(42)   1 ( )sV s s s sig s        

(43)   1( ( ( ) ) ( )sV s sig s sig s         

Consequently, equation (42) can initially be simplified 

as follows: 

(44)  ( ) ( )sV s s sig s s s s sig s           

where 1s      and   . In a similar manner to 

what is presented in (38), we obtain: 

(45) 
2 1

sV s s


 


    

Now, by utilizing (39) and substituting the 2 ss V  

into (45), we obtain 

(46) 
1 1

2 22 2s s sV V V
 

 
 

    

By employing the first lemma, a straightforward 

comparison between (44) (which may alternatively be 

expressed as 
1 1

2 22 2 0s s sV V V
 

 
 

   ) and (4) clearly indicates 

that, in a similar manner to how (x)V  in (4) reaches 

zero within a finite duration, determined by the settling 

time in (5), sV  will also approach zero in a finite time, 

and with the settling time defined by: 

(47) 

1
2

1
2

21
ln 1

(1 ) 2

s
s

V
T







  





 
  
 
 

 

Hence, the system will reach s    in a finite 

duration. In a similar manner, applying the expression in 

(41) leads to the system converging to  
1

s    

within a finite time span. As a result, the system 

trajectories will converge to a closed ball centered at 

( ) 0s t   within a finite time, as follows: 

(48) 

 

1 2

1

1

2

min( , )s



 

 

    

 

 

 

Therefore, the errors tracking y  will approach zero 

within a finite time final y sT T T   , as shown in (45), 

where sT  is defined in (45), and yT  represents the finite 

settling time under the sliding mode condition ( ( ) 0s t  ) 

E.  Analysis of Chattering 

The main issue when applying sliding-mode control in 

practical scenarios is chattering, which refers to 

unwanted oscillations with small amplitude and high 

frequency. This is typically caused by the discontinuous 

nature of the sign function in the control input. To 

reduce or eliminate chattering, various techniques have 

been suggested. In this work, a pseudo-sliding function is 

employed to minimize chattering. Specifically, the sign 

function sgn( ), 0s    is estimated using the following 

function: 

(49) 
2

sgn( )
( )

s
s

s t




 



 

where ( ) 0t  is a positive and bounded function, 

ensuring that 
0

( )t dt


 . For instance, 

(50) 
1

( ) , 2
1 n

t n
t

  


 

One must underscore that the main advantage of this 

approach over conventional methods lies in the fact 

that, distinct from alternative schemes, the procedure 

outlined in (49) to generate a smooth surrogate of the 

signum function rapidly approaches the true signum 

function, thus obviating the need for any additional 

approximation. 

Sampling Time Analysis 

In a DC-DC bulk converter controlled by a fractional-

order sliding mode controller (FOSMC), sampling 

time significantly impacts stability. Increasing the 

sampling time (i.e., decreasing the sampling frequency) 

can lead to instability or degraded performance, while a 

smaller sampling time generally improves stability and 

tracking accuracy. This is because a longer sampling time 

introduces a delay in the feedback loop, potentially 

causing the controller to overcorrect and leading to 

oscillations or even instability. In this section a 

mathematical analysis is presented to obtain the 

maximum allowable sampling time in the proposed 

fractional order sliding mode controller. 

To ensure stable digital implementation of the 

proposed controller, consider the maximum allowable 

sampling interval as max . The sliding surface in (25) can 

be written as: 

(51) 
1 1 | | sign([ ( ) ] )      

 
   y kD y ys y kD sig y  

where 0 , 1    are the fractional exponents, and k  is 

a positive constant. Also, the reaching law is given by 

follows as in equation (26) of paper: 

(52) ( ),   , ,   0 1s s s sign s R


           
Now, the Stability Condition Derivation is presented 

in some steps: 

1. Discretization: 

Using forward Euler discretization with sampling 

interval   the reaching law becomes: 

(53) 1 | | sign( ). 


 
  n

n n n
ns s

s s s  
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Rearrange (53) to obtain the discrete-time dynamics 

results 

(54) 1 (1 ) | | sign( )n n n ns s s s      

2. Stability Condition 

To ensure stability and finite-time convergence, the 

discrete-time system must satisfy both Contraction 

condition 1| | | |nns s   for all 0 ns   and Sign 

preservation 1sign( ) sign( )nns s  . Now, Substitute 

1ns  from (54) in this inequality results: 

(55) | (1 ) | | sign( ) | | | .n n n ns s s s     

Divide (55) by | |ns  (since 0 ns  ) results 

(56) 1| (1 ) | | | 1.ns
      

3. Practical Upper Bound 

The worst-case scenario occurs when | |ns is smallest 

(near the sliding surface). Firstly, to prevent divergence 

and from above inequality, the sampling time must 

ensure 

(57) 11 | | 1.ns
       

Now, linearizing near 0ns   with | |ns   and 

therefore approximating 
1 1| |ks

   ,  the stability 

condition in (57) becomes 

(58) 11 1.       
which easily results 

(59) 1

2



  




 

Therefore, the maximum allowable sampling interval 

can be obtained as follows 

(60) max 1

2



  




 

3. Practical Implications 

It should note that the fractional-order term 
1[ ( ) ]D sig y   is sliding surface, does not directly affect 

max as it operates on the error y  rather than the 

sliding surface s . However, it indirectly improves the 

allowable  by: 

  a)  Smoothing high-frequency oscillations in y , 

reducing chattering.   

  b)  Attenuating abrupt changes in s , thereby relaxing 

the sampling constraint.   

Also, it should be noted that the maximum bound  

max is determined primarily by  ,   and  from the 

reaching law.  Using the example values of these 

parameters as in simulation results, the maximum 

sampling time is calculated as max 0.4ms   

Also, please note that a conservative choice can be 

max / 2     to account for computational delays and 

unmodeled dynamics.   

As conclusion, the sampling time analysis confirms 

that the proposed controller maintains stability under 

practical digital implementation. The fractional-order 

error term enhances robustness without tightening the 

sampling constraints, while the reaching law parameters 

govern the fundamental limit for  .   

State-disturbance Observer Design 

Now, consider that the system described in (10) is 

impacted by an external disturbance. In this case, (10) 

can be reformulated as follows: 

(61) 

1 2 1 1 1

2 2 1 2

1

1 1 1
( )

1 1 1
( )

( )

C

in L

x t x x x d
C RC r C

x t V u r x x d
L L L

y t x


   




   






 

where Rdd 21,  represent the disturbances. Thus, the 

state-space model accounting for the external 

disturbances is expressed as follows: 

(62) 

 

1 1 1

2 2 2

1

2

1 1 1
( ) 0

1
1

1 0

C

inL

x x dRC r C C
u

x x dVr
L

L L

x
y

x

 
                         

    
 

 
  

 

 

This section introduces a straightforward and 

effective observer to estimate both the states and their 

derivatives, as well as the system disturbance in (62). To 

achieve this, the model in (62) can be reformulated as 

follows: 

(63) x Ax Bu d    
where 

(64) 

1

2

1 1 1
( ) 0

,      1
1

C

inL

RC r C C
A B

Vr
L

L L

d
d

d

 
    

   
  
     

 

 
  
 

 

Before introducing the observer, let us first consider 

the following theorem: 

Theorem 2: For the given nonlinear system ‎[44]-‎[45] 

(65) 
1 2

2 1 2( , )

z z

z L z z




 

If the system's output meets the criteria
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1 2( ), ( ) 0z t z t  over time t  , then for , 0K T  and 

any arbitrary input function ( )v t that is both bounded 

and integrable, the behavior of the resulting system will 

be as follows 

(66) 
1 2

2
2 1 2( ( ), / )

x x

x K L x v t x K



 
 

That fulfills the following equation: 

(67) 1

0

lim ( ) 0

T

R
x v t dt


   

This implies that 1( )x t  converge to ( )v t . 

Now, let's consider the following system with the 

parameters and variables defined in Theorem 2, whose 

asymptotic stability and convergence have been 

demonstrated in ‎[46]. We are now prepared to present 

the general structure of the observer for the system (50) 

to estimate the state variables ( )x t , as follows: 

(68) 
2

1

ˆˆ

ˆ ˆˆ( , )

x Ax Bu d

d K L x x d K

  

 

 

in which x̂  and d̂  are the estimated values of x and d  

, respectively. If the following holds 

(69) 

0

ˆlim 0

T

R
x x dt


   

The outcome, based on the first equation in (66) and 

using (61), is as follows:  

Proof: As R , the value d̂ tends to become 

unbounded, suggesting that the rate of change of d̂

surpasses the rate at which Ax Bu  changes. 

Furthermore, we obtain: 

(70) 

  2

1
ˆ ˆˆlim ( , )

ˆ ˆ
lim

k

k

d
Ax Bu d K L x x d K

dt

Ax Bu d d

K K





   

 


 

The outcome is that by replacing ˆAx Bu d   with 

2 ( )x t  in Theorem 2, the (68) and (69) hold true, thereby 

concluding the proof. 

Remark 2. It should be noted that using the outputs of 

the State-disturbance Observer in (58) which are both 

estimating x  as x̂  and d  as d̂ , the fractional-order 

adaptive sliding-mode control law in (27) is obtained as 

follows  

(71)    1 ˆˆ( ) ( )u t G F Y t d 


      

where   and ̂  are respectively obtained from (28) and 

(29), with the difference that wherever we used the 

output y , i.e. 1  x  and also 2  x  in sliding surface and 

controller equations,  it is necessary to replace them 

with their estimates from the observer, i.e. 1̂  x  and 2x̂ . 

Now we can conclude that: 

The Fast Finite Time Robust-Adaptive Fractional Order 

Sliding Mode Controller designed in this paper provides 

tracking of the output voltage in the DC-DC bulk 

converter in more realistic and applicable conditions 

where firstly all the dynamic parameters are unknown to 

the designer and secondly the bulk converter is exposed 

to unknown external disturbances and thirdly in 

senseless conditions or when, due to a sensor failure, 

the voltage and current values are not available in the 

feedback, they are estimated by the observer and 

provided to the controller. These are important 

achievements in the control of DC buck converters. 

Remark 3 (Robustness) 

The proposed controller in Theory 1 does not merely 

handle parameter uncertainties (e.g., ±20% variations in 

R/L), it solves the more realistic and more challenging 

problem of complete parametric ignorance. The 

adaptive law estimates the dynamic parameter vector 

   (containing R, L, C, and so on) without any prior 

knowledge of their values. Also, the controller is robust 

against disturbances because the observer will 

compensate them for the controller as in (71). So, the 

controller’s robustness stems from two key features: 

1- Adaptive Parameter Estimation: The vector    

(containing R, L, and so on) is estimated 

online without requiring initial values, making the 

system inherently robust to any parameter 

uncertainty. 

2- Disturbance Observer: Estimates d₁ and d₂ are 

actively canceled, handling both external disturbances 

and unmodeled dynamics. 

Some Practical Implementation Advantages 

The practical implementation of the proposed 

controller considers three key power electronics 

constraints: First, the duty cycle is directly derived from 

the control law through PWM conversion at the power 

stage's switching frequency. Second, the fractional-order 

operators are implemented digitally using the Oustaloup 

recursive approximation, optimized for real-time 

execution. Third, the adaptive laws are designed with 

projection operators to ensure parameter estimates 

remain within physically meaningful ranges (e.g., positive 

L, C values). This implementation maintains the 

theoretical guarantees while being computationally 

feasible for standard digital controllers. 

Simulation Results 

In this section, a hands-on example is offered to 

validate the performance of the proposed finite-time 
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sliding-mode fractional-order controller. The dynamic 

characteristics of the DC-DC converter used in this study 

are summarized in Table 1. 
 

Table 1: Parameters of the DC-DC Converter for Simulation 

Description Quantity /Unit 

Inductor (L) 1.8 mH 

Inductor resistance (rL) 0.02 Ω 

Capacitor (C) 0.0022 F 

Capacitor resistance (rc) 1000 Ω 

DC Load 25 Ω 

Input voltage 240 V 

Output Desired Voltage 100 V 

 
A computational model is constructed, and a DC-DC 

buck converter is selected for performance assessment 

in this section. It is presumed that external disturbances 

are introduced into the system dynamics as follows: 

(72) 

1

1

2

2

(t) 4,    4 5  

(t) 0,    

(t) 3,    6 9  

(t) 0,    

d t

d others

d t

d others

  



  



 

Next, the control parameters in (25) are determined 

as follows, based on the conditions established in 

Theorem 1: 

(73) 

5

0.8,     0.99,   0.8

1500,    1000,

50 ,   F 0.5,  4I G

  

 

  

 

   

 

The simulation outcomes, which integrate the 

chattering mitigation strategy outlined in (49)-(50) and 

adopt the function ( )t  as specified below, are 

demonstrated in the subsequent section. 

(74) 
3

1
( )

1
t

t
 


 

The trajectory deviations of the converter’s output 

voltage are depicted in Fig. 2 and Fig. 3. These visual 

representations validate that, despite system 

uncertainties and external perturbations, the converter’s 

output voltage effectively tracks the reference signal 

within a finite duration of under 2 seconds. Moreover, 

the converter current remains constrained during the 

entire convergence phase. 

The sliding surfaces shown in Fig. 4 confirm the 

anticipated finite-time convergence to zero. A closer 

inspection of the graph highlights the occurrence of 

chattering in the sliding mode. Nevertheless, 

implementing the chattering suppression strategy 

significantly reduces these oscillations. Moreover, the 

introduction of a fault influences these surfaces. 

 
Fig. 2: Voltage and Current of DC-DC converter. 

 

 
 

Fig. 3: Output voltage error of DC-DC Converter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Despite model uncertainties and external 

disturbances, the sliding surfaces achieve convergence 

to zero within a finite duration of less than 1 second, 

signifying the reaching phase. Once the surfaces reach 

zero, the system enters the sliding phase, leading to a 

gradual reduction in error values until complete 

convergence within the finite time demonstrated in Fig. 

2 and Fig. 3. 

Fig. 4: Finite-time convergence of sliding surfaces utilizing 
chattering suppression technique. 
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According to the input signal characteristics displayed 

in Fig. 5, these values are regulated to hover around a 

unity mean, representing the discrete control input for 

the converter. Furthermore, the input signal exhibits 

negligible undesirable variations resulting from 

chattering. 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 6 and Fig. 7 illustrate the performance of the 

state observer. As shown in Fig. 6, and more clearly in 

the zoomed-in version of Fig. 7, both the output voltage 

and current of the converter are accurately estimated by 

the state observer within a fraction of a second. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8 depicts the estimation errors of voltage and 

current by the observer.  

This figure demonstrates the convergence of the state 

observer output error within a finite duration of 

approximately 0.1 seconds. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9 illustrates the disturbance estimation, clearly 

indicating that the method for identifying and estimating 

external disturbances, as discussed in the previous 

section, has successfully estimated both voltage and 

current disturbances in the DC-DC buck converter. In 

addition to the amplitude, the method also accurately 

forecasts the disturbance's time of occurrence. Fig. 10 

shows the disturbance estimation errors based on Fig. 9. 

As depicted, the error is nonzero only at the start and 

end of the disturbance, while during other intervals, the 

estimation error remains zero. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: Input signal of the bulk converter utilizing chattering 
reduction technique. 

Fig. 6: Output of the observer for estimating the converter's 
state variables. 

Fig. 7: Zoom in for: Output of observer for estimating the 
converter states. 

Fig. 8: Output errors of the observer for voltage and current 

Fig. 9: Disturbance estimation using state-disturbance 
observer. 
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Fig. 11 presents the dynamic estimation parameters 

resulting from the adaptive law. These parameters have 

reached well-defined finite limits, as anticipated. This 

outcome corroborates the stability of the adaptive law 

implemented by the controller. 

 

 

 

 

 

 

 

 

 

 

 

 

The comprehensive simulation results demonstrate 

the successful performance of the fractional-order finite-

time sliding mode control law in achieving the desired 

output convergence of the step-down DC–DC converter 

within a finite time. Moreover, the converter’s unknown 

dynamic parameters are precisely identified through the 

adaptive mechanism, while the observer consistently 

estimates both the converter’s voltage and current, 

along with the external disturbance. These outcomes 

confirm the precision and efficacy of the designed finite-

time control law and its observer. 

Comparison Results and Discussion 

In ‎[47], a control law employing a fractional-order 

sliding-mode approach for power converters utilizing a 

second-order state-space model is introduced, which 

bears resemblance to the method discussed in this 

thesis. In that study, the sliding mode control law is 

initially formulated by defining the sliding surface as 

shown below: 

(75) 
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Ultimately, the control input necessary to stabilize the 

converter is derived, and its stability is proven as follows: 
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The parameters, along with their corresponding 

constraints, are as follows: 

(77) 
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Fig. 12 displays the simulation results of the control 

law presented in ‎[47], in comparison with the finite-time 

sliding mode control law approach based on bounded 

disturbance estimation introduced in this paper. The 

disturbance is modeled with an increase in both its 

amplitude and magnitude, as detailed: 

(78) 
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The simulation results, which evaluate the buck 

converter’s voltage and current responses using the 

dynamically identified parameters, clearly illustrate, as 

shown in Fig. 12, that while the time-bounded sliding 

mode control law from the referenced article is applied, 

the output response of the converter using that 

approach is less effective compared to the design 

proposed in this paper. The control law developed in this 

study demonstrates a considerable improvement in 

performance, especially in terms of the speed of output 

convergence to the desired value and the magnitude of 

the current. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
(a) 

Fig. 10: Disturbance estimation errors. 

Fig. 11: Adaptive parameters of converter dynamic model. 
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(b) 
 

Fig. 12: Voltage and current of the DC-DC converter: (a) using 
the method proposed in ‎[47], and (b) using the controller 

proposed in this work. 
 

Enhanced Robustness Analysis  

To rigorously validate the controller’s robustness 

against parameters mismach, we tested its performance 

under ±20% parametric deviations in load resistance (R) 

and inductance (L) — two critical parameters that 

directly affect converter dynamics. These variations 

represent: 

1-Load resistance (R) changes: Simulating sudden load 

steps (e.g., from 25Ω to 30Ω or 20Ω). 

2-Inductance (L) variations: Modeling core saturation or 

manufacturing tolerances (1.8mH ±20%). 

As it is clear from Fig. 13, the output voltage (Vₒ) 

converges to the reference (Vₒ desired) within 0.39 s for 

+20% R and 0.4 s for -20% R. Also, Overshoot remains 

below 15% in all cases, demonstrating the adaptive law’s 

ability to compensate for unknown load changes without 

re-tuning. About Inductance Sensitivity (Fig. 13b – L 

Variations), Worst-case settling time is 0.36 s (+20% L), 

showing only a 9% delay vs. nominal. Also, the 

Overshoot remains less than 12% that is near to nominal 

value case. 

As conclusion, the adaptive mechanism successfully 

compensates for ±20% parameter variations as shown in 

Table 2. The worst-case performance occurs with +20% 

Load resistance variation, showing only 16% degradation 

in Overshoot that is near to nominal case, while 

maintaining the finite-time convergence property. 

 

 

 

 

 

 

 

 

(a) 

 

 

 

 

 

 

 

 

 
(b) 

Fig. 13: Output voltage in Enhanced Robustness Analysis  
under: (a) load resistance variations, (b) Inductance variations. 

 

Table 2:. Quantitative Insights in parameter mismatch 
robustness 
 

Parameter Variation Settling Time (s) Overshoot (%) 

R (Load) +20% 0.36 16 

R (Load) -20% 0.4 9 

L +20% 0.36 12 

L -20% 0.35 11 

 

Closed-Loop System Overview 

At the end of this section, Fig. 14 presents the 

complete control system block diagram proposed in the 

previous section to achieve finite-time stability in 

sensorless DC-DC bulk converters, considering that the 

dynamic parameters such as resistance and inductances 

are unknown and the external disturbances exist. 

The proposed control architecture integrates four 

core components working in harmony. The state-

disturbance observer continuously reconstructs the 

unmeasurable inductor current and unknown 

disturbances using only the output voltage, feeding 

these estimates to both the controller and adaptive law. 

Simultaneously, the adaptive parameter estimator 

adjusts the converter's unknown electrical parameters in 

real-time, ensuring accurate model compensation 

despite operating uncertainties.  

These estimates dynamically tune the fractional-order 

sliding surface, which synthesizes the error dynamics 

using a unique blend of traditional and fractional 

calculus terms to enable smooth yet rapid convergence. 

The controller then combines all inputs - the sliding 

surface output, observer estimates, and adaptive 

parameters - to generate the precise PWM duty cycle 

that drives the converter while actively rejecting 

disturbances. 

Signal Flow and Interactions 

As shown in the Fig. 14, the system forms an 

intelligent closed loop where each block's outputs 

strategically inform the others. 
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The observer's state and disturbance estimates 

correct the controller's actions while also guiding 

parameter adaptation. Meanwhile, the sliding surface's 

fractional-order terms create a phase-advanced error 

signal that preemptively counters converter 

nonlinearities. This synergistic design achieves sensorless 

operation, robust disturbance rejection, and finite-time 

voltage regulation without requiring current 

measurements or offline calibration, as demonstrated in 

the simulation results. 

Conclusion 

This research presents an innovative controller based 

on fractional-order sliding mode control to achieve 

finite-time stability in DC-DC buck converters. A novel 

rapid‑convergent fractional‑order adaptive sliding-

mode controller is introduced, ensuring the converter’s 

output voltage attains the prescribed trajectory within a 

predetermined time span, even though none of the 

converter’s dynamic parameters are known. A robust 

adaptive scheme is employed to uncover the converter’s 

hidden circuit parameters. Additionally, a modern 

technique is proposed to minimize chattering in the 

sliding mode controller. To further improve the system’s 

performance, a state‑disturbance observer is integrated 

to estimate both external disturbances and converter 

state variables, particularly in the event of sensor 

failures. Simulation results validate the effectiveness of 

the proposed method, demonstrating that the controller 

successfully smooths control actions, enhances the 

robustness of the DC-DC converter against model 

parameter uncertainties and disturbances, and 

guarantees the finite-time convergence of the output 

voltage to its desired value. 

This work advances power electronics control by 

solving a previously unaddressed practical challenge: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

guaranteeing finite-time voltage regulation under 

complete parametric ignorance and missing sensor data. 

The controller's architecture provides inherent 

advantages for real-world applications, including 

automatic adaptation to component aging (through 

online parameter estimation), fault-tolerant operation 

(via state observation), and predictable worst-case 

performance (through finite-time convergence proofs). 

These features make the approach particularly suitable 

for mission-critical applications where reliability and 

deterministic performance are paramount, such as in 

aerospace power systems or medical equipment power 

supplies. Future work will focus on hardware validation 

and optimization for low-cost microcontroller 

implementations. 
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