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Fuzzy Approximation-Based Fractional-Order
Nonsingular Terminal Sliding Mode Controller

for DC–DC Buck Converters
Badreddine Babes , Saad Mekhilef , Senior Member, IEEE, Amar Boutaghane, and Lazhar Rahmani

Abstract—This article presents a simple and systematic ap-
proach to synthesize a robust adaptive fuzzy fractional-order non-
singular terminal sliding mode controller (AFFO-NTSMC) to im-
prove the output voltage tracking control performance of the dc–dc
buck converters. The hybrid control method of fractional-order
(FO) calculus and NTSMC are combined to create a FO-NTSMC,
in which a new FO nonsingular terminal sliding mode surface is
established. The idea behind this strategy is the increased flexibility
achieved by FO calculation, improving robustness to disturbances
and parameters variations provided by the traditional sliding mode
controllers as well as finite time convergence properties of the
output voltage error to the equilibrium point during the output
load changes, simultaneously. In addition, a fuzzy logic system
with online adaptive learning algorithm is designed to provide
smooth chattering in switching control signal. The stability of
the closed-loop system is carefully demonstrated by Lyapunov’s
theorem. Experimental measurements from a laboratory prototype
are presented to demonstrate the effectiveness of the proposed
AFFO-NSTSMC algorithm.

Index Terms—Adaptive fuzzy logic system, chattering reduction,
dc–dc buck converter, finite time convergence, fractional-order
calculus, fractional-order nonsingular terminal sliding mode
control (FO-NTSMC).

I. INTRODUCTION

FOR MANY years, serious efforts have been devoted to
the control of the dc–dc buck (step-down) converter, be-

cause of its importance in various industrial applications that
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require high precision in output voltage measurement and good
dynamic response of the output current, such as auxiliary power
sources in electric vehicles [1], dc motor drives, communication
equipment, computers, and automotive systems [2]–[4]. How-
ever, the dc–dc buck converter entails inherent uncertainties and
nonlinearities produced by the model plant mismatches, external
disturbances, electro-magnetic interference, etc., which makes
the control of the dc–dc buck converter very complicated and
causes a steady-state error in the output voltage response.

Early control efforts for those dc–dc converters have con-
tributed to the linear control methods based on linearized mod-
els, which have proved their capability, but the control per-
formances easily deteriorate under various disturbances in the
dc–dc power conversion systems [5]. Therefore, to achieve better
control performance for these converters, a high-performance
controller for a dc–dc buck converter is required to have a
satisfactory disturbance rejection capability, a small steady-state
error, a fast dynamic response, and minimal overshoots in vari-
ous aspects. Thus, the nonlinear control methods are considered
as a natural control to satisfy the dc–dc buck converter output
voltage requirements, and more appropriate when compared
with the linear control methods.

Numerous advanced nonlinear control techniques have been
developed, such as backstepping control [6], adaptive control
[7], proximate time-optimal control [8], sliding mode control
(SMC) [9], hierarchical control [10], synergetic control [11], and
neural network control [12]. These nonlinear control techniques
can improve the performance of dc–dc buck converter circuits
in different industrial applications. Among the nonlinear control
techniques, the SMC method has received a great deal of atten-
tion because of its main advantages, which are a simple structure,
high robustness against a variety of parameter uncertainties, and
external disturbance [13], [14]. The SMC, which was introduced
for controlling variable structure systems is considered to be
an effective control scheme for both linear/nonlinear systems,
and certain/uncertain systems for its insensitivity to parameter
uncertainties [15]. By inheriting these advantages, SMC has
been developed diversely to pulsewidth-modulation (PWM)
based SMC [16], [17], double-integral SMC [18], second-order
SMC [19], [20], discrete SMC [21] for buck converter systems,
electrical drive systems, and wind energy conversion systems.
In conventional SMC, a linear sliding surface is chosen which
only guarantees asymptotic stability of the system in a sliding
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phase. In particular, no matter how the parameters of the sliding
surface are adjusted, it is impossible for the system states to
reach the equilibrium point in a restricted time [22]. In addition,
the uncontrollable infinite switching frequency caused by the
sign function of the control law cannot be avoided [14]. To
address this dilemma, the terminal SMC (TSMC) schemes with a
nonlinear sliding surface have been developed in [14] and [22],
which accomplishes some excellent properties, such as faster
finite-time convergence, better tracking accuracy, and stronger
robustness regarding uncertainties and external disturbances
compared to conventional SMC [23]. For the TSMC strategy,
Komurcugil et al. [24] indicated that an exponential factor could
be introduced into the sliding surface to accomplish a dynamic
adjustment for the feedback of the output voltage error. If an
appropriate exponential factor is designed, it can improve the
convergence time. However, there still exist defects in traditional
TSMC strategy; notably the singularity problem [14], and the
requirement for prior knowledge of nonlinear system dynamics
[25]. As a result, the equivalent control part of the traditional
TSMC strategy might be uncontrollable. Therefore, to effec-
tively avoid the singularity problems, a nonsingular TSMC
(NTSMC) has been presented in [14] and [26]. The NTSMC
controller can solve the singular problem, but the upper bounds
of the external disturbances and uncertainties usually must be
known for calculating the switching gain [27], which might be
unavailable in real time.

The adaptive concept is an effective method to deal with these
unknown external disturbances and uncertainties by estimating
the upper bounds of them [28]. In many past studies [29], [30],
adaptive control techniques have successfully advanced in tack-
ling control problems for uncertain nonlinear systems. To allow
the controlled system to realize finite-time convergence even in
the condition of unknown boundary disturbances and overcome
the singular problem in designing TSMC synchronously, a kind
of adaptive estimation method was incorporated into NTSMC.
To reduce the chattering caused by SMC, the switching part in
the controller was removed. In [30], an adaptive NTSMC algo-
rithm has been proposed to control an autonomous underwater
vehicle. In [31], a robust adaptive terminal sliding mode synchro-
nized algorithm was introduced for a class of nonautonomous
chaotic systems. In [32], an adaptive NTSMC algorithm was
proposed using fuzzy wavelet networks to approximate the
unknown dynamics of robots with an adaptive learning algo-
rithm. Adaptive NTSMC controllers were introduced for the
microgyroscope in [33] and [34].

A switching SMC strategy is applied not only to integer-order
systems but also to fractional-order (FO) ones [35]. Fractional
order calculus is an extension of integer-order differentiation and
integration to FO ones, which can date back to the end of the 17th
century, when Leibniz and Newton invented differential calculus
[36]. Recently, more and more attention has been focused on its
application in industrial control systems rather than a pure the-
oretical mathematical subject due to its higher control accuracy,
an extra degree of freedom and powerful tools of analysis, mod-
eling and control of natural and industrial systems in comparison
with integer-order controllers. It is merit mentioning the control
of a dc motor [37], control of a bioreactor [38], MPPT control

of PV systems [39], control of insulin-glucose [40], and robot
trajectory planning [41], as some applications of FO control.

Recently, FO calculus has been combined into SMC controller
design for FO systems and their integer-order counterpart, which
provides both merits simultaneously. Chen et al. [42] proposed
an adaptive SMC for a class of FO nonlinear systems with uncer-
tainties. Yin et al. [43] designed an adaptive sliding mode con-
troller for both integer and FO chaotic systems with uncertainty
and external disturbance to realize chaos control, which has
shown a supplementary degree of freedom in a fractional sliding
surface. Lin et al. [44] dealt with chaos synchronization between
two different uncertain FO chaotic systems based on adaptive
fuzzy sliding mode control. Nojavanzadeh and Badamchizadeh
[45] proposed an adaptive FO NTSMC for robot manipulators
with uncertainties solved by adaptive tuning methods, which en-
sured finite-time convergence and better tracking performance.

An adaptive fuzzy SMC with a fractional-order integration
scheme was presented in [46] to adjust the parameter, which
can show better tracking performance and a higher degree of
robustness to disturbances compared to conventional integer
order ones. An adaptive FO sliding controller with a neural
estimator was discussed in [47]. However, there are few pre-
vious works considering the application of FO-NTSMC for
an integer-order system with uncertainties. The combination
of NTSMC controller with FOs calculus for the dc–dc buck
converter can improve the tracking performance and stabilize
the output voltage in a short period of time. It is a very inter-
esting work to combine adaptive fuzzy NTSMC controller with
FO calculus for dc–dc buck converter systems together, which
has not been studied so far in the literature. Motivated by the
abovementioned advantages, an adaptive fuzzy fractional-order
nonsingular terminal sliding mode control (AFFO-NTSMC)
algorithm is proposed for a dc–dc buck converter in this paper.
The sliding surface is a FO nonsingular terminal sliding surface,
and the dynamics of the dc–dc buck converter is described by
integer-order not fractional-order.

The FO-NTSMC algorithm is used to make the dc–dc buck
converter reach steady-state within a limited time, and a fuzzy
adaptive law is integrated with the FO-NTSMC control scheme
to make the proposed control scheme have adaptive ability
to disturbances, and overcome the limitation on FO-NTSMC
control method caused by disturbance boundary value. Based
on the above-mentioned consideration and analysis, the main
contributions of this article can be highlighted in four aspects
as follows. First, the superior characteristic of the proposed
control method is that a FO derivative term is adopted in
the sliding manifold, which generates an additional degree of
freedom on the NTSM surface, so that the performance of
the proposed controller can be significantly improved. Second,
the NTSM surface chosen in the proposed controller design
provides the finite-time convergence without singularity. Third,
a dynamic adaptive fuzzy term is introduced in the designing
of FO-NTSMC control law to estimate the upper bound of the
lumped uncertainties of the system. This scheme can bring the
dc–dc buck converter to achieve steady-state quickly without
chattering, and have good robustness to external disturbances
and internal parameter variations. Fourth, the entire adaptive
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fuzzy NTSMC control strategy with FOs (AFFO-NTSMC) is
also derived in the sense of Lyapunov stability theory to ensure
the stability of the dc–dc buck converter system, while improving
the output voltage regulation performance and stabling it in a
short time.

The rest of this article is organized as follows. Section II
introduces some necessary preliminary definitions and basic
concepts related to fractional-order calculus and fuzzy logic
systems. Section III presents the fundamental problem regarding
dc–dc buck converter system and its simplified model. Sec-
tion IV describes the explicit control law construction procedure
of the FO-NTSMC algorithm and the AFFO-NTSMC algorithm.
In Section V, the performance of the proposed AFFO-NTSMC
algorithm is verified by running experiments on the dc–dc buck
converter. Finally, Section VI concludes this article.

II. PRELIMINARIES OF FRACTIONAL CALCULUS AND FUZZY

LOGIC

A. Concepts of Fractional Calculus

Fractional calculus is a generalization of conventional integral
calculus. Compared with IO calculus, FO calculus has more
universal significance.

There are three common definitions of FO calculus [48]–
[50]; Riemann–Liouville (RL), Grunwald–letnikov (GL), and
Caputo, which are expressed as follows.

1) RL Definition

bD
α
t f(t) =

dαf(t)

dtα
=

1

Γ(n− α)

dn

dtn

t∫
b

f(τ)

(t− τ)α−n+1 dτ.

(1)

2) GL Definition

bD
α
t f(t) = lim

k→0
h−α

∞∑
j=0

(−1)j
(
α
j

)
(t− jh) . (2)

In (1) and (2), n-1<α≤ n.t0D
α
t f(t)is the a -order differential

of f(t), t0 and t are the bounds of the operator t0D
α
t , and Γ(.)

is the popular Gamma function which is defined as: Γ(α) =
∞∫
0

exp(−t)tα−1dt, h is the calculation step size.

3) Caputo Definition

bD
α
t f(t) =

1

Γ(n− α)

t∫
t0

f (n)(τ)

(t− τ)α−n+1 dτ. (3)

B. Concepts of Fuzzy Logic

Fuzzy logic system (FLS) has the universal approximation
property that states that any sufficiently smooth function can

Fig. 1. Diagram of the dc–dc buck converter circuit. (a) Case of the average
mode, (b) case when the switch (Q) is ON, and (c) case when the switch (Q) is
OFF.

be approximated by a suitable MIMO-FLS for all inputs in a
compact set and the resulting function reconstruction error is
bounded. A MIMO-FLS system with center-average defuzzifier,
product inference, and singleton fuzzifier is given by following
relation [51]:

yj =

∑M
l=1 μAl

i
(xi)y

l
j∑M

l=1 μAl
i
(xi)

, j = 1, 2, . . . , m. (4)

Here, xi is the input parameter vector, yj is the output param-
eter vector, M represents the total number of rules, and μAl

i
(xi)

is the membership function vector. Equation (4) can be rewritten
as

yj = θj ζ(x), j = 1, 2, . . . , m. (5)

Here, θj is the parameter vector which is adaptive term, ζ(x)
is fuzzy basis function vector, and ylj is a free parameter.

III. PROBLEM DESCRIPTION

The dc–dc buck converter circuit usually comprises of a dc
voltage source (vin), a controllable switch (Q), a diode (D), an
inductor (L), a capacitor (C) and a load resistor (R), properly con-
nected, as in Fig. 1. The switch ON/OFF (activation/deactivation)
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conditions of the dc–dc buck converter circuit is illustrated by
Fig. 1(b) and (c), respectively.

When the switch Q is turned ON, the operation of the dc–dc
buck converter can be described as

diL
dt

=
1

L
(vin − v0) ,

dv0
dt

=
1

C

(
iL − v0

R

)
. (6)

When the switch Q is turned OFF, the operation of the dc–dc
buck converter can be described as

diL
dt

= −v0
L
,

dv0
dt

=
1

C

(
iL − v0

R

)
. (7)

Combining (6) and (7), we obtain the averaged model as
follows:

diL
dt

=
1

L
(u vin − v0) ,

dv0
dt

=
1

C

(
iL − v0

R

)
(8)

where u is the control input, called duty ratio
Consider that the effect of disturbances caused by parametric

uncertainties and external disturbances may occur in running
processes, the dynamic system in (8) can be amended as follows:

diL
dt

=
u(t)(vin +Δvin)− v0

L+ΔL
+ d(t),

dv0
dt

=
iL − (v0/(R+ΔR))

C +ΔC
(9)

where the parameters Δvin, ΔL , ΔR, and d(t) are parameter
perturbations, while d(t) represents the corresponding system
uncertainty and external disturbance. It is assumed that d(t) and
ḋ(t) are both bounded, and the system (9) can be transformed to
the following form:

diL
dt

=
u(t) vin − v0

L
+ L1(e, t)

dv0
dt

=
iL − (v0/R)

C
+ L2(e, t) (10)

where L1(e,t) and L2(e,t) are expressed as

L1(e, t) =
u(t)ΔvinL−u(t)ΔLvin+ΔLv0

(L+ΔL)L + d(t)

L2(e, t) =
v0ΔR

R(R+ΔR)(C+ΔC) +
v0ΔC−iLΔCR
CR(C+ΔC) .

(11)

Since d(t), Δvin, ΔR, ΔL, and ΔC are all bounded, this
implies that L1(e, t) and L2(e, t) are also bounded.

Define the output voltage error e1 as follows:

e1 = v0 − vref (12)

where vref denotes the reference value of the dc output voltage.
By taking the time derivative of (12), e2 which is the rate of
change of voltage error can be expressed as

ė1 = e2 = v̇0. (13)

Then, the dynamics of e2 can be given as

ė2 =
1

LC
(u(t) vin − vref − e1)− e2

RC
+ L(e, t). (14)

So, the controlled state variables of dc–dc buck converter are
selected as follows:{

ė1 = e2
ė2 = u(t) vinLC − vref

LC − e1
LC − e2

RC + L(e, t)
(15)

where the system disturbance L(e,t), which the dc–dc buck
converter can endure includes both L1(e,t) and L2(e,t) and can
be expressed as

L(e, t) =
L1(e, t)

C
− L2(e, t)

RC
+ L̇2(e, t). (16)

For the controller design, we set the following simplification:

bn(e, t) =
vin
LC

, andfn(e, t) =
vref
LC

+
e1
LC

+
e2
RC

Then, the dynamical model (16) of dc–dc buck converter can
be described as{

ė1 = e2
ė2 = u(t) bn(e, t)− fn(e, t) + L(e, t).

(17)

The objective of this article is to design a control law limited
between 0 and 1, representing the duty ratio, allowing the
dc–dc buck converter to switch between two topologies in the
continuous conduction mode (CCM) by achieving a tracking
reference voltage (vref). Furthermore, since the dc–dc buck
converter is nonlinear, the followed approach thereafter is the
so-called AFFO-NTSMC.

IV. CONTROL DESIGN

A. Design of FO-NTSMC Controller

FO-NTSMC introduces the fractional calculus term into tra-
ditional SMC, and its design is similar to that of traditional
SMC. To design a FO-NTSMC for dc–dc buck converter system
(17), first, we propose the following FO nonsingular sliding
mode surface function using Reimann–Liouville’s definition as
follows:

s = t0D
α
t e1 +

1

ρ
sgn(e2)

λ (18)

where t0D
α
t is the fractional derivative of order α that satisfies

0 < α < 1, and ρ is a designed positive constant, p and q are
positive odd numbers that satisfies 1 < λ = (p/q) < 2, and sgn
(.)λ = │.│λ sgn (.).

By (17) and (18), the dynamics of the sliding variable s can
be written as

ṡ = t0D
α+1
t e1 +

λ

ρ
ė2|e2|λ = t0D

α+1
t e1 +

λ

ρ
|e2|λ−1

×
[

1

LC
(u(t) vin − vref − e1)− e2

RC
+ L(e, t)

]
. (19)

After establishing the derivative of the manifold, the next step
is to design the equivalent control law for dc–dc buck converter.
By setting ṡ = 0 , the equivalent control law can be obtained as

ueq(t) =
LC

vin

[vref
LC

+
e1
LC

+
e2
RC

− ρ

λ
t0D

α+1
t e1|e2|1−λ

]
.

(20)
The switching control law for dc–dc buck converter can be

obtained as

usw(t) = −LC
vin

[K1s+K2 sgn(s) + δ] , K1 > 0, K2 > 0

(21)
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where usw(t) is the robust switching control element to handle
the lumped uncertainty L(e,t). In (21), to reach and maintain
the sliding surface in finite time at any initial state, K1 and K2

were greater than 0. The global control law can be obtained by
combining (20) with (21) as follows:

u(t) = ueq(t) + usw(t)

= LC
vin

[
vref
LC + e1

LC + e2
RC − ρ

λ t0D
α+1
t e1|e2|1−λ

− (K1s+K2 sgn(s) + δ)] .

(22)

B. Design of AFFO-NTSMC Controller

For FO-NTSMC controller, the chattering suppression effect
is limited if its switching control law is attenuated because the
output voltage fluctuations of the dc–dc buck converter are large
when the input voltage or load resistor was abrupt. Therefore,
an AFFO-NTSMC controller is used to reduce the impact of
chattering and convergence time. Simultaneously, it is difficult
to establish a precise model to approximate K2 sgn(s)value
because the dc–dc buck model parameter mismatches and dc
source voltage variations cannot be determined. Fuzzy system
does not require complex mathematical models, and the relevant
control behavior laws can be solidified into fuzzy control rules.
Therefore, in this article, we use an adaptive fuzzy control system
ĥ(s|θ) to approximate the K2 sgn (s) value online.

Ideal output of the fuzzy system is as follows:

ĥ (s| θ) = θT ζ(s) (23)

where ĥ(s|θ) is the estimated value of K2 sgn (s), θ = [θ1,
θ2, …, θm]T is the actual adjustable parameters which is updated
online all the time, ζ(s) = [ζ1, ζ2, …, ζm]T is fuzzy basis
function is given by ζ(s) = (

∏n
i=1 μj(si))∑m

j=1 (
∏n

i=1 μj(si))
, and m refers

to the number of membership functions, µj are the membership
functions.

Assuming that the fuzzy vector of the optimal approximation
parameter θ∗ defined as

θ∗ = arg min
θ∈ Ω0

(
Sup
s∈ Ω1

∣∣∣ĥ (s| θ)−K2 sgn(s)
∣∣∣) (24)

where Ω0 and Ω1 are the bounded set of θ and s, respectively.
Sup (.) represents the minimum upper bound of ĥ(s|θ) and arg
min (.) is the set of value of s for which ĥ(s|θ) has the largest
value. When θ gets the optimal constant θ∗, ĥ(s|θ) turns into

ĥ (s| θ) = θ∗T ζ(s). (25)

Such that the approximation of K2 sgn(s) is most accurate.
This yields the minimum approximation error for the fuzzy
system as

ω(s) = ĥ (s| θ)− θ∗T ζ(s) (26)

when θ gets the optimal parameter θ∗, ĥ(s|θ)turns into

ĥ (s| θ∗) = K2 sgn(s). (27)

Based on the universal approximation theorem [52], for a
positive unknown constant there exists∣∣∣K2 sgn(s)− θ∗T ζ(s)

∣∣∣ = |ω(s)| ≤ ωmax(s). (28)

Fig. 2. Schematic diagram of AFFO-NSTSMC controlled system.

Therefore, to stabilize the uncertain nonlinear system (17)
in the presence of external disturbances and uncertainties, an
AFFO-NTSMC control law can be designed as follows:

u(t) =
LC

vin

[vref
LC

+
e1
LC

+
e2
RC

− ρ

λ
t0D

α+1
t e1|e2|1−λ

−
(
K1s+ ĥ (s |θ∗ ) + δ

)]
. (29)

The schematic diagram of AFFO-NTSMC for a dc–dc buck
converter is designed in Fig. 2, and the tracking error comes to the
proposed controller. The designed controller has three parts, 1)
adaptive system is used to learn the unknown dynamics, 2) fuzzy
approximator is developed to attenuate the effect of uncertainties
and disturbance, and 3) robust FO-NSTSM control is utilized
to improve the tracking performance. First, s ṡis designed as
the input variable of fuzzy rules. Then, the adaptive law can
be applied, and the output of adaptive fuzzy logic system ĥ is
obtained through (25). Finally, the AFFO-NSTSM controller is
determined from (29).

C. Design of Fuzzy Approximator

In this section, the design steps of the fuzzy approximator
will be explained in detail. The block diagram of the proposed
method composed of the AF-FONTSMC controller and fuzzy
approximator is given in Fig. 3.

In the AFFO-NSTSMC, the input and output vectors of fuzzy
logic approximator have the same type of member functions
that are all Gaussian membership functions formulated as μh =
exp [−(x+ 4− 1.6(i− 1))2], i = 1, …, 7, which is shown in
Fig. 4. The adaptive fuzzy parameters are selected as follows:θ =
[ θ1 θ2 θ3 θ4 θ5 θ6 θ7 ].

The first step is to design the fuzzy rules
IF s ṡ< 0, THEN K2 sgn(s)should be reduced.
Fuzzy system of s ṡ andK2 sgn(s)can be designed according

to formula (27). We stipulate s ṡ is Input and ĥis Output. Using
seven-level fuzzy sets, their definitions are as follows:

s ṡ = {NBNMNSZEPSPMPB}
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Fig. 3. Implementation of the AF-FONTSMC controller.

Fig. 4. Membership functions of x.

ĥ = {NBNMNSZEPSPMPB} .
The Mamdani-type fuzzy inference can easily design the

K2 sgn(s)as a controller because its rule is more in line with
language expression. Here, a fuzzy approximator was designed
using the Mamdani fuzzy system. In the fuzzy approximator,
we can define a set of seven membership functions uniformly
distributed on a universe of discourse [–1, 1]. The fuzzy set
[Negative Big (NB), Negative-Medium (NM), Negative Small
(NS), Zero (ZE), Positive Small (PS), Positive-Medium (PM),
and Positive Big (PB)] is the input and output of the fuzzy
approximator. The fuzzy rules for ĥ can be summarized as
follows:

R1: IF s ṡis PB, THEN ĥ is PB
R2: IF s ṡ is PM, THEN ĥ is PM
R3: IF s ṡ is PS, THEN ĥ is PS
R4: IF s ṡ is ZE, THEN ĥ is ZE
R5: IF s ṡ is NS, THEN ĥ is NS
R6: IF s ṡ is NM, THEN ĥ is NM
R7: IF s ṡ is NB, THEN ĥ is NB.
The fuzzy outputs cannot directly affect the system, and

they must be defuzzified. Compared with other defuzzification
methods, the centroid method has a smoother output inference

control effect, and the outputs change, even if it corresponds to
a small change in input. Therefore, in this article, the centroid
defuzzification method was adopted. Using this method, the
corresponding changeΔĥ for the K2 sgn(s) can be calculated
using

Δĥ =

∑7
i=1 θiμi(sṡ)μi(sṡ)∑7
i=1 μi(sṡ)μi(sṡ)

=

∑7
i=1 θiζi∑7
i=1 ζi

= [θ1 . . . θ7]

⎡
⎢⎣
ζ1

...
ζ7

⎤
⎥⎦ / 7∑

i=1

ζi = θT ζ(sṡ) (30)

where μi represents the weight of the ith rule. The modified ĥ
can be used to update the AFFO-NTSMC controller to suppress
the output voltage oscillations in the dc–dc buck converter.

D. Stability Analysis

To analyze the system stability, the Lyapunov candidate func-
tion was applied. The sliding surface (s) is a function of the
system state for dc–dc buck converter, and thus, the system
stability can be judged by the Lyapunov function composed of
sliding surface (s). We take the positive definite scalar function
(V) as the Lyapunov function

V =
1

2

(
s2 +H∗−1θ̃T θ̃

)
(31)

where H∗ > 0 is an update gain. Let θ̃ = θ∗ − θ̂ be the approxi-
mation error where θ̂ the estimated value of θ∗

˙̃
θ = θ̇∗ − θ̇ = −θ̇. (32)

The adaptive update law of the fuzzy logic system is set as

θ̇ =
λ

ρ
|e2|λ−1H∗s ζ(s). (33)

Making the time derivative of V obtains

V̇ = s ṡ+H∗−1 θ̃T
˙̃
θ

= s

[
t0D

α+1
t e1 +

λ

ρ
|e2|λ−1

[
1

LC
(u(t) vin − vref − e1)

− e2
RC

+ L(e, t)
]]

+H∗−1θ̃T
˙̃
θ. (34)

Inserting (23) and (31) into (34) results in

lV̇ = s
λ

ρ
|e2|λ−1 (L(e, t)− (K1s+ θT ζ(s) + δ

))
+ s

λ

ρ
|e2|λ−1θ̃T ζ(s) ≤ σ

λ

ρ
|e2|λ−1

(−K1σ − θ∗T ζ(σ)− θT ζ(σ)− θ∗T ζ(σ)
)
+ σ

λ

ρ
|e2|λ−1θ̃T ζ(σ)

≤ s
λ

ρ
|e2|λ−1

(
−K1s− θ̃T ζ(s)− θ∗T ζ(s)

)
+ s

λ

ρ
|e2|λ−1θ̃T ζ(s)

≤ s
λ

ρ
|e2|λ−1

(
−K1s− θ∗T ζ(s)

)
. (35)
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Because θ∗T ζ(s) = K2 sign(s) , we can get

V̇ ≤ s
λ

ρ
|e2|λ−1 (−K1s−K2 sgn(s)) . (36)

Therefore,

V̇ ≤ λ

ρ
|e2|λ−1 (−sK1s−K2 |s|) < 0 . (37)

From (67) and according to Lyapunov stability theorem, the
dc–dc buck converter with the AFFO-NTSMC is stable.

E. Arrival Time Analysis

In Section IV-D, it is found that the dc–dc buck converter is
stable under the reaching law (29), and to derive the arrival time
to the sliding surface, fractional-integral of both sides of (18) is
applied from tr to t

trD
−α
t (trD

α
t e1) = e1 −

(
trD

α−1
t e1

∣∣
t=tr

(t− tr)
α−1

Γ (α)

)

= −1

ρ
trD

−α
t |e2|λ (38)

where trD
α−1
t e1|t=tr ( (t−tr)

α−1

Γ(α) ) = 0.

Using the property of norm, i.e., ‖φ.ϑ‖ = ‖φ‖‖ϑ‖, forφ ∈ R,
and the result of Property, i.e., ‖trD−α

t |e2|λ‖ ≤ ψ‖|e2|λ‖.
We obtain

‖e1‖ ≤ ψ

β

∥∥∥|e2|λ∥∥∥ ≤ ψ

β
‖e2‖λ (39)

where ψ and β are the positive constants. Taking the integer
order integral of both sides of (38) from the reaching time trto
ts ∈ [tr,+∞[ , one obtains∣∣∣∣∣
ts∫
tr

(
β
ψ

) 1
λ

dσ

∣∣∣∣∣ ≤
∣∣∣∣∣
ts∫
tr

d(‖e1(σ)‖)
‖e1(σ)‖

1
λ

∣∣∣∣∣⇒ ts − tr

≤
(
ψ
β

) 1
λ [ λ

λ−1

] ∣∣∣‖e1(ts)‖(1− 1
λ ) − ‖e1(tr)‖(1−

1
λ )
∣∣∣ .

(40)
Noting that e1 = 0 at t = ts. Therefore, the arrival time tscan

be obtained as

ts ≤
(
ψ

β

) 1
λ
[

λ

λ − 1

] [
‖e1(tr)‖(1−

1
λ )
]
+ tr. (41)

The system phase trajectory is shown in Fig. 5. It can be
inferred from the trajectory that for any arbitrarily initial point,
the tracking error converges to zero within a finite time.

V. EXPERIMENTAL STUDY

The laboratory experimental platform, shown in Fig. 6, in-
cludes a dc–dc buck converter designed to work in CCM
at a switching frequency of 10 kHz. A pair of sensors was
devised for measuring the output capacitor voltage and the
current that passes through the inductor. An additional circuit
allowed enable/disable a disturbance resistive load triggered by
a manual switch. The control algorithm, the PWM generation
and the desired reference trajectory were implemented using a
TMS320F28335 microprocessor (Texas Instruments Inc., USA),

Fig. 5. Phase trajectory of the system.

Fig. 6. Experimental setup of the dc–dc buck converter.

a DSP board DS1103 (dSPACE, Inc., Germany) and the MAT-
LAB/Simulink program. The complete scheme operates at a
fixed sampling rate of 25 kHz.

Some experimental tests are established to show and compare
the benefits of all designed controllers: 1) NTSMC control
scheme with saturation function; 2) FO-NTSMC control scheme
with continuous function, and 3) proposed AFFO-NTSMC
control scheme, particularly in presence of various sources of
disturbances rejection and parametric uncertainties. The fol-
lowing tests are performed in the dc–dc buck converter: Test
1: Start-up response (0—30 V), Test 2: Step-load waveforms,
Test 3: Reference trajectory tracking, Test 4: Sinusoidal-wave
tracking, Test 5: Triangular-wave tracking. The nominal pa-
rameters of the dc–dc buck converter are selected as follows:
L = 5 mH, C = 1100 μF, R = 82-36 Ω, and vin = 75 V.
The important control parameters are chosen as: 1ρ = 0.02, λ =
1.66, K1= 0.058,K2= 0.8; H∗ = 100; α = 0.5.
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Fig. 7. Experimental results of output voltage v0 and inductor current iL for
a nominal start-up response in the output voltage reference using (a) NTSMC
algorithm, (b) FO-NTSMC algorithm, and (c) proposed AFFO-NTSMC algo-
rithm.

A. Test 1: Start-Up Response (0—50 V)

The performance of the aforementioned control strategies in
regulating the output voltage vo, at a start-up response (0—50 V),
is tested under the normal conditions. The resulting variations
in output voltage vo and inductive current iL, exhibited by each
of the three controllers are shown in Fig. 7(a)–(c), respectively.
It is clear that the overshoot under the proposed AFFO-NTSMC
controller is lower than that under the other two control strategies
(NTSMC and FO-NTSMC), since the proposed AFFO-NTSMC
control law uses the fractional-order and the adaptive control
techniques. The rise-time of the start-up response under the
proposed FO-NTSMC controller is approximately 7 ms, which
is shorter than that under the other two control strategies, with the
corresponding times of 17 ms and 15 ms when comparing with
the NTSMC and FO-NTSMC control strategies, respectively. In
addition, the settling-time under the proposed AFFO-NTSMC
controller is less than 5 ms, whereas it is greater than 15 ms
in NTSMC and close to 12 ms in the FO-NTSMC controller,
respectively. So, the proposed AFFO-NTSMC strategy can
slightly improve the reaching and settling-time of the start-up
response in terms of the voltage adjustment.

B. Test 2: Step-Load Waveforms

Experimental step-load waveforms of the output voltage vo,
duty ratio u, and inductive current iL between these three control
lows, when the load resistance steps from nominal value of
82 to 36 Ω and vice-versa are shown in Fig. 8(a)–(c), respec-
tively. Note from Fig. 8(c) that during the strong load resistance
variations, the proposed AFFO-NTSMC algorithm ensures zero

Fig. 8. Experimental results of output voltage v0 inductor current iL and duty
ratio u for a step-load responses using (a) NTSMC algorithm, (b) FO-NTSMC
algorithm, and (c) proposed AFFO-NTSMC algorithm.

steady-state error in the output voltage, with only a slight de-
crease in voltage ripples around the output voltage reference
value. Also, it is observed that the voltage fluctuations under
the proposed AFFO-NTSMC algorithm are not presented in
the recorded output voltage response. Compared with two other
control algorithms, the voltage fluctuations are clearly visible
when the NTSMC and FO-NTSMC algorithms are implemented
to deal with the presence of perturbations from components
uncertainties. The output voltage recovery-time under the pro-
posed AFFO-NTSMC algorithm is approximately 5 ms, which
is fast than that under the other two control algorithms, with the
corresponding times of 20 and 10 ms when comparing with the
NTSMC and FO-NTSMC control algorithms, respectively. The
different voltage fluctuation and recovery-time are caused by
the different sliding surface design of the three aforementioned
control algorithms.

C. Test 3: Reference Trajectory Tracking Performance

Here, each controller is applied to the dc–dc buck converter
to study the performance of reference tracking during a step
change in the output voltage reference from vref = 30 to 50 V
and then to 30 V. The tracking performance of the output volt-
age vo and inductive current iL under three control algorithms
are depicted in Fig. 9(a)–(c), respectively. As shown in these
figures, the tracking response of the proposed AFFO-NTSMC
algorithm is acceptable in both the transient and the steady-state
responses. Moreover, the tracking is offset-free. For comparison
with NTSMC and FO-NTSMC algorithms, it is obvious that
the tracking responses of both controllers have offsets, but the
NTSMC algorithm shows slightly better performance, since
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Fig. 9. Experimental results of output voltage v0 and inductor current iLfor a
step-up change in the output voltage reference using (a) NTSMC algorithm, (b)
FO-NTSMC algorithm, and (c) proposed AFFO-NTSMC algorithm.

it has slightly better accuracy and speed in response to the
reference trajectory tracking.

D. Test 4: Sinusoidal-Wave Tracking Performance

The trajectory tracking performance of each control algorithm
is tested by applying a sinusoidal-wave reference output voltage.
The corresponding response of vo and iL under the influence of
each control algorithm is illustrated in Fig. 10(a), (b), and (c),
respectively. As can be seen from these figures, the proposed
AFFO-NTSMC algorithm not only provides more accurate
results but also increases the convergence speed of the buck
converter and reduces the chattering phenomena. Specifically,
the AFFO-NTSMC algorithm delivers the smallest tracking
errors among the three controllers. Comparing Fig. 10(c) with
(a) and (b), we can observe that the NTSMC algorithm produces
significant chattering phenomena due to the control input action
around the sliding surfaces. The FO-NTSMC can considerably
reduce the chattering. However, there is a tradeoff between
chattering reduction and tracking performance. At the same
time, the AFFO-NTSMC algorithm attenuated chattering, while
achieving small tracking errors with a significantly improved
transient and steady-state response.

E. Test 5: Triangular-Wave Tracking Performance

The trajectory tracking performance of each control algorithm
is tested by applying a triangular-wave reference output voltage.
The reference voltage oscillates between +15.0 and +55.0 V
as a ramp. The oscillation frequency of the reference voltage
is set to 0.1 Hz. The corresponding disturbances occurring in
the response of vo and iL under the influence of each of the

Fig. 10. Experimental results of output voltage v0 and inductor current iL for
a sinusoidal-wave tracking in the output voltage reference using (a) NTSMC
algorithm, (b) FO-NTSMC algorithm, and (c) proposed AFFO-NTSMC algo-
rithm.

three controllers are illustrated in Fig. 11(a)–(c), respectively.
The graphical responses confirm the superiority of the trajectory
tracking performance exhibited by the AFFO-NTSMC algo-
rithm over the NTSMC and FO-NTSMC algorithms.

The NTSMC algorithm’s response exhibits a significant track-
ing error. The response of FO-NTSMC algorithm consistently
lags behind the reference trajectory by 0.1 s while tracking it.
The proposed AFFO-NTSMC algorithm’s response accurately
tracks the trajectory with negligible lag and minimal tracking
error.

F. Comparison Analysis and Summary

To officially compare the controllers in a useful manner, qual-
itative performance criteria are very useful. They are extensively
used in the literature for comparison purpose.

In this article, three criteria have been favored namely: rise-
time tr, settling-time ts, and percentage of over-shoot or under-
shoot Mp %. Table I summarized the comparison between the
qualitative performances of the three synthesized controllers.

The aforementioned qualitative comparison has confirmed
that the proposed AFFO-NTSMC control law owns the opti-
mum performance on the dc–dc buck platform. To make the
conclusion more realistic, we perform the quantitative analysis
and comparison using the statistics of the steady experimental
data. The average precision of the tracking performance can be
found from the definition of root-mean-square error erms as

erms =

√∑N

i=1

(x(i)− xd(i))
2

N
(42)
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Fig. 11. Experimental results of output voltage v0 and inductor current iL for
a triangular-wave tracking in the output voltage reference using (a) NTSMC
algorithm, (b) FO-NTSMC algorithm, and (c) proposed AFFO-NTSMC algo-
rithm.

TABLE I
COMPARISON BETWEEN THE NTSMC, FO-NTSMC, AND AFFO-NTSMC

where N is the sample number at which the rms value is cal-
culated. A ten samples are used to evaluate the rms value. The
results of rms profile of the tracking error in all the experimental
tests are displayed as bar charts in Fig. 12. From this figure,
we can say that the proposed AFFO-NTSMC control law is
the best performing one among the other two algorithms. The
FO-NTSMC control algorithm takes the second position, which
implies that the tracking accuracy benefits from the introduc-
tion of fractional integration into the controller design. Thus,
the results indicate that the proposed AFFO-NTSMC control
algorithm can be applied to the dc–dc buck converter control,
and guarantees a good response and high accuracy tracking

Fig. 12. RMS profile of the tracking error under all experimental tests.

performance with noticeable robustness against disturbances
and parameters variations.

VI. CONCLUSION

This article has presented the design of a robust AFFO-
NTSMC algorithm for an uncertain dc–dc buck converter,
in which the output voltage is required to track a desired
rest-to-rest voltage profile. The dc–dc buck converter model
includes time-varying parameters, represented by the output
load resistance. In order to establish the AFFO-NTSMC al-
gorithm, a new fractional-order nonsingular terminal sliding
mode surfaces were proposed. Also, based on the adaptive
interval type-1 fuzzy system, Lyapunov stability criteria, and
finite-time control method, the proposed AFFO-NTSMC algo-
rithm has been designed. The chattering-free is ensured even
though the proposed AFFO-NTSMC algorithm operates under
the presence of external disturbances and uncertainties, as well
as the finite-time stability of the closed-loop system is rigorously
guaranteed by the proposed controller. The effectiveness of the
AFFO-NTSMC algorithm was successfully tested on a labo-
ratory dc–dc buck converter prototype subject to resistive load
variations. The performed tests for offset-free reference tracking
as well as disturbance rejection on the output voltage regulating
have transparently demonstrated the robustness and the high
dynamic capability of the AFFO-NTSMC algorithm over the
NTSMC and FO-NTSMC algorithms. In summary, the proposed
AFFO-NTSMC algorithm promises to be perfectly suitable for
practical applications of dc–dc buck converters.
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