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Second-Order Sliding-Mode Controller Design
and Its Implementation for Buck Converters

Shihong Ding , Member, IEEE, Wei Xing Zheng , Fellow, IEEE, Jinlin Sun , and Jiadian Wang

Abstract—A second-order sliding-mode (SOSM) control
method is developed for the regulation problem of a dc–dc
buck converter. By taking into account the model uncertain-
ties and external disturbances in the mathematical model, a
sliding variable with relative of degree 2 is first constructed.
Then, a new SOSM controller is developed such that the
output voltage will well track the desired reference voltage.
Theoretical analysis shows that the resulting closed-loop
system is globally finite-time stable, while similar SOSM
control results only give the proof for finite-time conver-
gence. The way on how to implement the proposed SOSM
algorithm is also presented. The theoretical findings are
verified by extensive simulations and experiments.

Index Terms—Buck converter, finite-time control,
Lyapunov stability, second-order sliding mode (SOSM).

I. INTRODUCTION

SWITCHED-MODE dc–dc converters are power electronic
devices employed to adapt the voltage and current levels

between sources and loads, while maintaining a low power loss
in the conversion process [1]. Buck converters are one of the
most important switched-mode dc–dc converters, which have
been widely used in various applications, such as photovoltaic
systems, dc supply systems, etc. Basically, the control strategies
play an important role for a buck converter because maintain-
ing a tight regulation of the output voltage in the presence of
disturbance is the ultimate goal.

It can be observed from the literature that the control design
problems for buck converters are mostly based on a linear aver-
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age mathematical model, and thus, conventional PID controllers
are widely applied. However, they may not provide a satisfactory
control performance under some large-signal operating condi-
tions. Under this situation, the effect of lumped disturbances,
which comes from the buck converters’ uncertainties and exter-
nal disturbances, could not be eliminated by the conventional
PID controllers. To this end, various nonlinear control strate-
gies have been utilized to control buck converters, for example,
adaptive control [2], artificial neural network control [3], back-
stepping control [4], hierarchical control [5], etc. Among these
nonlinear control strategies, the sliding-mode control (SMC)
strategy has been paid much attention [6].

The SMC for buck converters has gained significant attention
in recent years, and a number of research works have been
reported, such as [7]–[9]. The general design issues of sliding-
mode controllers for buck converters are introduced in [10].
Later, a simple and efficient approach for choosing a sliding-
mode coefficient is given in [8] to ensure that the designed
controller is also optimal. Meanwhile, a terminal sliding-mode
(TSM) controller is developed in [11]. Unfortunately, there may
be a singular problem in [11]. To tackle the singular problem,
the nonsingular TSM controllers are designed in [7] and [12].

It should be pointed out that all the SMC controllers derived
above are the conventional first-order SMC results. This implies
that the performances of the closed-loop system are determined
by the choice of the sliding-mode manifolds [13], [14]. How-
ever, it is known that it is not easy to design a proper sliding-
mode manifold for catering the design requirements [15]. Dif-
ferent from the aforementioned first-order SMC methods, there
are also some results for controlling buck converters using the
second-order sliding mode (SOSM) control methods, such as
[9]. However, it can be observed clearly from the literature
that there are at least two problems for SOSM control of buck
converters. One problem is that the existing results on SOSM
control of buck converters are mostly based on geometric meth-
ods [9], [16], [17]. Under geometric methods, a direct evalu-
ation of the explicit relations between the design parameters
and steady-state errors in the presence of various perturbations
is almost impossible. Meanwhile, only finite-time convergence
can be guaranteed for the existing results. The other problem is
that most of the SOSM methods for controlling buck converters
only provide the simulation results, and few of them could give
the implementation.

To resolve the aforementioned two open and yet important
problems, a Lyapunov-based SOSM controller will be designed
and implemented to show the advantages of a new kind of
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Fig. 1. Circuit diagram of the buck converter.

SOSM controller in this paper. First of all, taking the external
disturbances and uncertainties into account, a practical model
is developed by making full use of the average model of buck
converters. Based on the practical model, a sliding variable with
relative of degree 2 is constructed, which assures that the sta-
bilization of the sliding variable implies the solvability of the
regulation problem. Second, by applying the modified version
of the adding a power integrator technique [18], [19], the SOSM
controller can be constructed recursively by means of a step-by-
step design procedure. Under the developed SOSM controller, it
can be proved that the closed-loop system of the buck converter
is finite-time Lyapunov stable rather than only finite-time con-
vergent. Third, the implementation issue of the proposed SOSM
algorithm is discussed, and a hysteresis-based implementation
strategy is developed. Finally, simulation and experiment results
are given to illustrate the effectiveness of the proposed method.

The contributions of this paper can be briefly summarized
as two aspects. One contribution is that the used fundamental
theory is different from the existing results. It can be clearly
observed that the existing SOSM controllers in dc–dc buck con-
verters are based on supertwisting or suboptimal algorithms.
In contrast, the SOSM controller given here is based on the
Lyapunov method, and the evaluation of the explicit relations
between the design parameters and steady-state errors may be
derived. The second contribution is that the finite-time stabil-
ity of the closed-loop buck converter system can be obtained.
Note that all sliding variables of the buck converter systems
considered in the literature are finite-time convergent but not
finite-time stable. The finite-time stability is much stronger than
the finite-time convergence because the former includes the lat-
ter plus Lyapunov stability.

II. MODELING THE BUCK CONVERTER

Generally, a buck converter consists of a dc voltage source
(Vin ), a controllable switch (Sw), a diode (D), an inductor (L),
a capacitor (C), and a load resistor (R), properly connected as
depicted in Fig. 1.

Assume that the parameters of the buck converter are known
and the disturbances are absent. By using the state-space aver-
aging method, the ideal average model can be described as the
following two cases. When the switch Sw is turned ON, the
operation of buck converter can be described as

diL
dt

=
1
L

(Vin − v0),
dv0

dt
=

1
C

(
iL − v0

R

)
. (1)

When the switch Sw is turned OFF, the operation of buck con-
verter can be described as

diL
dt

= −v0

L
,

dv0

dt
=

1
C

(
iL − v0

R

)
. (2)

Combining (1) and (2), the average model is as follows [20]:

diL
dt

=
1
L

(μVin − v0),
dv0

dt
=

1
C

(
iL − v0

R

)

where μ is the switch, which takes “1” and “0” for the switch
states ON and OFF, respectively. The switch μ is determined by
a control scheme U , which will be designed later.

As a matter of fact, there are uncertainties and external dis-
turbances existing in the average mode. To model the buck
converter accurately, a practical model can be considered as

diL
dt

=
1

L0 + ΔL
(μ(Vin0 + ΔVin) − v0) + d1(t)

dv0

dt
=

1
C0 + ΔC

(
iL − v0

R0 + ΔR

)
+ d2(t) (3)

where L0, C0, R0, and Vin0 are the nominal parts of
L,C,R, and Vin , and ΔL,ΔC,ΔR, and ΔVin are variations
of L,C,R, and Vin , respectively. d1(t) and d2(t) are the un-
known bounded disturbances, such as unmodeled dynam-
ics, load perturbations, electromagnetic interference, etc. It
is assumed that the first-order derivatives of d1(t) and d2(t)
are bounded. By a simple calculation, system (3) can be
rewritten as

diL
dt

=
1
L0

(μVin0 − v0) + w1(t)

dv0

dt
=

1
C0

(
iL − v0

R0

)
+ w2(t) (4)

where the lumped disturbances w1(t) and w2(t) are given by

w1(t) =
μΔVinL0 − μΔLVin0 + ΔLv0

(L0 + ΔL)L0
+ d1(t)

w2(t) =
v0ΔR

R0(R0 + ΔR)(C0 + ΔC)
+

v0ΔC − iLΔCR0

C0R0(C0 + ΔC)

+ d2(t).

The aim of this paper is to design a control strategy such that
the output voltage v0 will well track a desired reference voltage
vref in the presence of the lumped disturbances w1(t) and w2(t).

At the end of this section, we list three lemmas that serve as
the basis of the key tools for the subsequent controller design.

Lemma 1 (see [21]): If p1 > 0 and 0 < p2 ≤ 1, then the fol-
lowing inequality holds:

|�x�p1p2 − �y�p1p2 | ≤ 21−p2 |�x�p1 − �y�p1 |p2 ∀x, y ∈ R.

Lemma 2 (see [18]): Let c and d be positive constants. Given
any positive function γ > 0, the following inequality holds:

|x|c |y|d ≤ c

c + d
γ|x|c+d +

d

c + d
γ− c

d |y|c+d ∀x, y ∈ R.

Lemma 3 (see [22]): Let p be a real number with 0 < p < 1.
Then, one has (|x1| + · · · |xn |)p ≤ |x1|p + · · · + |xn |p , ∀xi ∈
R, i = 1, . . . , n.
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III. SOSM CONTROLLER DESIGN

In this section, a Lyapunov-based SOSM control strategy will
be presented for controlling the buck converter. There are two
steps in the control design. In the first step, by using the modified
version of the adding a power integrator technique [18], [19],
an SOSM controller is first constructed step by step, and the
rigorous mathematical analysis is also made. In the second step,
the detailed way on how to implement the proposed SOSM
algorithm is presented. Given below first are some backgrounds
for SOSM.

A. Brief Description for SOSM

Consider the nonlinear dynamical system

ẋ = f(t, x) + g(t, x)U, s = s(t, x)

where x ∈ Rn and U ∈ R are the system state and the control
input, respectively, f(t, x) and g(t, x) are smooth functions, and
s ∈ R is the output (sliding variable). The sliding variables s
and ṡ = ds/dt are assumed to be known. Supposing that the
sliding variable s has a relative degree r = 2 with respect to
controller U , one has

s̈ = a(t, x) + b(t, x)U

where a(t, x) = s̈|U =0 and b(t, x) = ∂ s̈
∂U are not exactly known,

but satisfy the following assumption.
Assumption 1: There exist three positive constants ā, b, and

b̄ such that |a(t, x)| ≤ ā, b ≤ b(t, x) ≤ b̄.
According to [23], the sliding mode is called the SOSM if

s = ṡ = 0 can be kept. The SOSM control of nonlinear systems
has been widely studied recently, resulting in several algorithms
which include the supertwisting algorithm [23], the suboptimal
algorithm [24], etc. However, it can be clearly observed that
the aforementioned well-known SOSM algorithms are based
on geometric methods. Different from those methods, we are
going to design a Lyapunov-based SOSM controller for the reg-
ulation problem of the buck converter. The designed controller
will provide the finite-time Lyapunov stability for the resulting
closed-loop system.

B. Controller Design

Based on the SOSM theory presented in Section III-A, to
design an SOSM controller for system (4), the first thing to
do is to choose a sliding variable. We now define the sliding
variable s (i.e., the voltage error) as s = v0 − vref , where vref
denotes the dc reference output voltage. Note that the switch μ
is determined by the control scheme U . By (4), we can obtain
the dynamics of the sliding variable s directly as

s̈ = a(t, x) + b(t, x)U (5)

with a(t, x) = ( 1
(R0C0)2 − 1

L0C0
)v0 − iL

R0C 2
0

+ w 1(t)
C0

− w 2(t)
R0C0

+
ẇ2(t) and b(t, x) = v in0

L0C0
.

Let vmax
0 and imax

L be the maximum of v0 and iL , respectively.
Then, by a simple calculation, we can obtain from Fig. 1 that

the following estimation holds:

0 ≤ v0 ≤ vmax
0 ≤ vref + Δ1, 0 ≤ iL ≤ imax

L ≤ vref

R0
+ Δ2

(6)
where Δ1 and Δ2 are small constants caused by perturbations.
Let Δ = max{Δ1, Δ2}. By (6), we have

|a(t, x)| ≤
∣∣∣∣

1
(R0C0)2

− 1
L0C0

∣∣∣∣ (vref + Δ)

+
vref + R0Δ

R2
0C

2
0

+
∣∣∣∣
w1(t)
C0

− w2(t)
R0C0

+ ẇ2(t)
∣∣∣∣ . (7)

In view of the definition of the lumped disturbances w1 and w2,
there exists a constant d > 0 such that∣∣∣∣

1
(R0C0)2

− 1
L0C0

∣∣∣∣ Δ+
Δ

R0C2
0

+
∣∣∣∣
w1(t)
C0

−w2(t)
R0C0

+ẇ2(t)
∣∣∣∣ ≤ d.

Then, it follows from (7) that

|a(t, x)| ≤
∣∣∣∣

1
(R0C0)2

− 1
L0C0

∣∣∣∣ vref +
vref

R2
0C

2
0

+ d. (8)

Let L0, C0, R0, and a positive constant β1 be chosen such that
the following condition holds:

Vin0

L0C0
>

∣∣∣∣
1

(R0C0)2
− 1

L0C0

∣∣∣∣ vref +
vref

R2
0C

2
0

+ d +
27

β
3/2
1

+ 21/2β1 + β
11/6
1 +

1
4
β

1/2
1 . (9)

The task here is now to design an SOSM controller U un-
der condition (9) such that the output voltage v0 will track the
reference voltage vref .

To simplify the expression, we first denote �x�α =
|x|α sign(x). For system (5), the SOSM controller is
constructed as

U = − sign(�ṡ�2 + β1s) (10)

with a properly chosen positive constant β1.
Remark 1: It will be seen from the proof of Theorem 1 that

inequality (9) is a precondition to guarantee the finite-time sta-
bility of the closed-loop system (5), (10). However, by (9), it
seems that the choice of the parameter β1 is conservative. In fact,
we employ a backstepping-like method to deal with the control
design. Due to the nature of the backstepping method, the terms
about β1 in condition (9) are brought about during the backstep-
ping design. Fortunately, we could give some guidelines on how
to choose the parameter β1 in this paper although it seems to be
conservative. Specifically, by a simple calculation, we make sure
that V in 0

L0C0
> | 1

(R0C0)2 − 1
L0C0

|vref + v r e f
R2

0C
2
0
. Then, the parameter

β1 can be tuned from (0, V in 0
L0C0

− | 1
(R0C0)2 + 1

L0C0
|vref − v r e f

R2
0C

2
0
),

until the best performance of the closed-loop system can be
reached.

Now, we have the following result.
Theorem 1: Considering the SOSM dynamics (5), controller

(10) provides for the finite-time establishment of SOSM s =
ṡ = 0, in the sense that, under controller (10), the output voltage
v0 will track the reference voltage vref in a finite time.
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Proof: Let y1 = s, y2 = ṡ. System (5) and controller (10)
can be rewritten as

ẏ1 = y2, ẏ2 = a(t, x) + b(t, x)U (11)

U = − sign(�y2�2 + β1y1) (12)

respectively. In the following, we will prove the finite-time sta-
bility of the closed-loop system (11) and (12) using the adding
a power integrator method proposed in [18] and [19]. The proof
will be carried out by two steps. First, a virtual controller y∗

1 will
be constructed such that y1 will be stabilized to zero. Second,
the real controller U will be developed to make sure that the
state y2 will finite-time track y∗

2.

Step 1: We choose the Lyapunov function V1(y1) = 2|y1|5/ 2

5 .
Taking the derivative of V1(y1) produces

V̇1(y1) = �y1�3/2y2 = �y1�3/2y∗
2 + �y1�3/2(y2 − y∗

2)

where y∗
2 is a virtual control law. Designing y∗

2 as y∗
2 =

−β
1/2
1 �y1�1/2, β1 > 0 yields

V̇1(y1) = �y1�3/2y∗
2 + �y1�3/2(y2 − y∗

2)

= −β
1/2
1 �y1�3/2�y1�1/2 + �y1�3/2(y2 − y∗

2)

= −β
1/2
1 y2

1 + �y1�3/2(y2 − y∗
2). (13)

Step 2: Choose a function as

V2(y1, y2) = V1(y1) + W (y1, y2)

with W (y1, y2) =
∫ y2

y ∗
2
��κ�2 − �y∗

2�2�2dκ. It can be easily ver-

ified that the function V2(y1, y2) is C1, positive definite, and
proper. From (13), the following estimate holds:

V̇2(y1, y2) ≤ − β
1/2
1 y2

1 + �y1�3/2(y2 − y∗
2)

+
∂W (y1, y2)

∂y1
ẏ1 + �ξ�2ẏ2 (14)

with ξ = �y2�2 − �y∗
2�2. Next, we estimate each term in the

right-hand side of (14).
According to Lemma 1, we can obtain

�y1�3/2(y2 − y∗
2) ≤ |y1|3/2|�y2�2× 1

2 − �y∗
2�2× 1

2 |
≤ 21/2|y1|3/2|ξ|1/2. (15)

Meanwhile, using Lemma 2, we have

21/2|y1|3/2|ξ|1/2 ≤ 21/2 × 3
4
γy2

1 + 21/2 × 1
4
γ−3ξ2. (16)

Letting 21/2 × 3
4γ = β

1/ 2
1
4 , one has γ = β

1/ 2
1

3×21/ 2 . By (15) and (16),
the following estimate holds:

�y1�3/2(y2 − y∗
2) ≤

β
1/2
1

4
y2

1 +
(

3

β
1/2
1

)3

ξ2. (17)

Noting that ∂ �y ∗
2�2

∂y1
= −β1, it can be concluded from Lemma 1

that

∂W (y1, y2)
∂y1

ẏ1 ≤ |�y2�2× 1
2 − �y∗

2�2× 1
2 ||ξ|

∣∣∣∣
∂�y∗

2�2

∂y1
y2

∣∣∣∣
≤ 21/2β1|ξ|3/2|y2|. (18)

Since |y2| = |�y2�2|1/2 = |ξ + �y∗
2�2|1/2 ≤ (|ξ| + |y∗

2 |2)1/2, it
follows from Lemma 3 that |y2| ≤ |ξ|1/2 + |y∗

2 |. Consequently,
(18) can be rewritten as

∂W (y1, y2)
∂y1

ẏ1 ≤ 21/2β1|ξ|3/2(|ξ|1/2 + |y∗
2 |)

≤ 21/2β1ξ
2 + 21/2β

3/2
1 |ξ|3/2|y1|1/2. (19)

Using Lemma 2 again, one has

21/2β
3/2
1 |ξ|3/2|y1|1/2

≤ 21/2β
3/2
1 × 1

4
γy2

1 + 21/2β
3/2
1 × 3

4
× γ−1/3ξ2. (20)

Letting 21/2β
3/2
1 × 1

4γ = 1
2β

1/2
1 yields γ = 21/ 2

β1
. By (20) and a

simple calculation, it is clear that

21/2β
3/2
1 |ξ|3/2|y1|1/2 ≤ 1

2
β

1/2
1 y2

1 + β
11/6
1 ξ2. (21)

Substituting (21) into (19) gives

∂W (y1, y2)
∂y1

ẏ1 ≤ 1
2
β

1/2
1 y2

1 +
(

21/2β1 + β
11/6
1

)
ξ2. (22)

Combining (17) and (22) together, it can be concluded from (14)
that

V̇2(y1, y2) ≤
(

27

β
3/2
1

+ 21/2β1 + β
11/6
1

)
ξ2

− β
1/2
1

4
y2

1 + �ξ�2(a(t, x) + b(t, x)U). (23)

With the fact �y2�2 − �y∗
2�2 = �y2�2 + β1y1 = ξ and

b(t, x) = V in 0
L0C0

in mind, substituting (12) into (23) yields

V̇2(y1, y2) ≤ − β
1/2
1

4
y2

1 +
(

27

β
3/2
1

+ 21/2β1 + β
11/6
1

)
ξ2

+ξ2|a(t, x)| − b(t, x)�ξ�2 · sign(ξ)

≤ − β
1/2
1

4
y2

1 +
(

27

β
3/2
1

+ 21/2β1 + β
11/6
1

)
ξ2

+ξ2|a(t, x)| − ξ2 Vin0

L0C0
.

From (8), we have |a(t, x)| ≤ | 1
(R0C0)2 − 1

L0C0
|vref + v r e f

R2
0C

2
0

+
d. In addition, by condition (9), we know

Vin0

L0C0
>

∣∣∣∣
1

(R0C0)2
− 1

L0C0

∣∣∣∣ vref +
vref

R2
0C

2
0

+ d

+
27

β
3/2
1

+ 21/2β1 + β
11/6
1 +

1
4
β

1/2
1 .
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This implies V̇2(y1, y2) ≤ − β
1/ 2
1
4 (y2

1 + ξ2). By the fact

∫ y2

y ∗
2

��κ�2 − �y∗
2�2�2dκ ≤ |y2 − y∗

2 ||ξ|2 ≤ 2
1
2 |ξ| 5

2

we obtain

V2(y1, y2) ≤ 2(|y1| 5
2 + |ξ| 5

2 ). (24)

Letting c = 2−
14
5 β

1/2
1 , α = 4

5 , and using Lemma 3 and (24),
we arrive at V̇2(y1, y2) + cV α

2 (y1, y2) ≤ 0. Note that 0 < α <
1. From the finite-time Lyapunov theory given in [25], it fol-
lows that system (11) can be globally finite-time stabilized by
controller (12). �

Remark 2: It should be pointed out that several SOSM al-
gorithms for dc–dc buck converters have already been reported
in the literature, such as [9], [16], and [17]. However, the result
proposed in this paper is different from the existing results in two
aspects. The first difference is that the basic theory used for the
SOSM controller design is different. It can be clearly observed
that the SOSM controllers in [9] are based on the supertwisting
algorithm and the SOSM controllers in [16] and [17] are all
based on the suboptimal algorithm, while the SOSM controller
in this paper is built upon the Lyapunov method. The advantage
of Lyapunov analysis lies in that a direct evaluation of the ex-
plicit relations between the design parameters and steady-state
errors in the presence of various perturbations may be possible
[26]. The second difference is that the finite-time stability of
sliding variables can be obtained in this paper, while similar
results can only give the finite-time convergence. It is noticed
that all the sliding variables of the systems considered in [9],
[16], and [17] are finite-time convergent rather than finite-time
stable. Finite-time stability covers finite-time convergence plus
Lyapunov stability. This implies that from the theoretical view-
point, the existing SOSM algorithms may be unstable.

C. Realization of the SOSM Controller

By (10), we know that the SOSM controller includes two
modes: U = 1 or U = −1. It is obvious that the switch μ can
be determined by the following relation [20]:

μ =
1
2
(1 + sign(U)). (25)

On the other hand, it can be clearly seen from (10) that the
sign function will lead to an infinite switching frequency when
the sliding variables reach �ṡ�2 + β1s = 0. This implies that a
direct implementation of controller (10) for the buck converter
is not applicable because the switching frequency is too high.
However, the operation frequency can be restricted within a
tunable range, although it is not possible to determine how wide
the range is. Similar to [27], this can be accomplished using a
hysteresis modulation. In this paper, we redesign (25) as

μ =

⎧
⎨
⎩

1, when �ṡ�2 + β1s < −λ

0, when �ṡ�2 + β1s > λ

unchanged, otherwise
(26)

Fig. 2. Block diagram of a control scheme for the buck converter.

where λ is a small number, which provides the region given by

Ω = {−λ < �ṡ�2 + β1s < λ}.
With this modification, the switching operation will not occur in
the region Ω. Consequently, such modification can be employed
to alleviate the infinite switching frequency in SOSM control.
As a matter of fact, the output voltage error will converge to the
region |�ṡ�2 + β1s| < λ, which shows that the larger λ implies
the lower switching frequency and the smaller λ implies the
higher switching frequency. This is because for a larger λ, the
sliding variables can stay in the region |�ṡ�2 + β1s| < λ for a
longer time, while for a smaller λ, the sliding variables will
stay in the region |�ṡ�2 + β1s| < λ for a shorter time. On the
other hand, it is difficult to actually give an explicit formula
to calculate the parameter λ. The selection of λ is dependent
on our experiences and a basic rule is the smaller the better.
However, in reality, we have found that when λ is tuned to be a
certain small level, the performance of the buck converter may
be unchanged, even if the value of λ is further decreased. This
may be caused by hardware constraint.

Under this modification, the control scheme can be illustrated
as in Fig. 2.

Remark 3: Note that the sliding variables will converge to the
region |�ṡ�2 + β1s| < λ. It can be easily obtained that ṡ|ṡ| <
λ − β1s. Let V (s) = 1

2s2. By a simple calculation, we have

V̇ (s) ≤ −β1s
2+λ|s|
|ṡ| , which implies that the sliding variables will

converge to the region {s : |s| ≤ λ
β1
}.

Remark 4: Though SOSM has some advantages, for exam-
ple, simple structure and accuracy improvement, some inherited
shortcomings remain to exist, such as the requirements of suc-
cessive total time derivatives of sliding variables, the loss of
order reduction property in applications, etc. These drawbacks
may affect the robustness and anti-interference performance
of the closed-loop system [28]. Fortunately, the mathematical
model of buck converters is comparatively accurate, and the rel-
ative degree of the closed-loop system is low. These properties
guarantee that the proposed method can provide a satisfactory
control performance for the buck converter system.
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TABLE I
COMPONENTS VALUES OF THE BUCK CONVERTER

Input Voltage (Vin ) 30 V

Inductance (L) 330 μH

Capacitance (C ) 1000 μF

Load resistance (R) 100 Ω

Reference output voltage (vref ) 15 V

IV. SIMULATION AND EXPERIMENTAL RESULTS

In order to demonstrate the performance of the proposed
SOSM algorithm, the closed-loop buck converter system un-
der controller (26) is now tested by simulations and experi-
ments. The specifications of the buck converter are given in
Table I. For simulation, the lumped disturbances are set as
w1(t) = 0.1 sin(2t) and w2(t) = 0.1 cos(2t). The constant β1

is chosen as 1, 5, and 10. Meanwhile, λ is also selected as
1, 5, and 10. By a simple calculation, we can verify that condi-
tion (9) holds.

Based on the parameters and conditions chosen above, the
simulations and experiments will be conducted by using MAT-
LAB software and DSP-based experiment platform, respec-
tively. First of all, the comparisons under SOSM, first-order
sliding mode (FOSM) and PID will be given. By taking the
sliding-mode surface as S = ṡ + c1s with ∀c1 > 0, the FOSM
controller can be designed as

u = − L0C0

Vin0

[( 1
R2

0C
2
0

− 1
L0C0

− c1

R0C0

)
v0

+
( c1

C0
− 1

R0C2
0

)
iL + η · sign(S)

]
(27)

with η > 0. Meanwhile, according to the linear control theory,
one can easily design the PID controller for the buck converter
system as

uPID = Kp ∗ s + Ki ∗
∫

sdt + Kd ∗ ṡ. (28)

Then, we want to verify the performance of the closed-loop
system under SOSM controller (26) with different β1. Finally,
we will examine the influence of λ.

To try to make a fair comparison, the control input is restricted
to be 5 V, and the parameters of the PID controller (28) and the
FOSM controller (27) will be tuned to guarantee a good tradeoff
among tracking and disturbance rejection performances.

A. Numerical Simulations

The sampling time is taken as 1 ms, and the initial state is se-
lected as (iL (0), v(0)) = (0, 0). The signum function in FOSM
is replaced by a hysteresis modulation with λ = 1 (hysteresis
width). To obtain the best performance, the parameters of the
PID controller (28) and the FOSM controller (27) are taken as
Kp = 13,Ki = 5.5,Kd = 0.01, and c1 = 2, η = 4 × 105, re-
spectively. During the simulation, we assume that the load de-

Fig. 3. Simulated start-up transient results of output voltage v0 un-
der the PID controller (28), the FOSM controller (27), and the SOSM
controller (26) with λ = 1, β1 = 10.

Fig. 4. Simulated step-load transient results of the output voltage under
the SOSM controller (26) with λ = 1 and different β1.

creases to 50 Ω at time t = 4 s and then rises to 100 Ω at time
t = 6 s.

We first compare the control performance among the pro-
posed SOSM controller, the conventional FOSM controller, and
the traditional PID controller. The simulation results are shown
in Fig. 3, from which it can be clearly seen that SOSM (26) pos-
sesses the best performance. In fact, the start-up performance
for the FOSM controller (27) and the PID controller (28) can
be improved a bit by tuning the parameters, but the disturbance
rejection will get worse. From the disturbance rejection point
of view, no matter how to tune the parameters, the SOSM con-
troller will possess the best performance and the PID controller
will exhibit the worst performance.

We then verify how the parameter β1 can affect the conver-
gence of the closed-loop system under the lumped disturbances.
The corresponding simulation results are displayed in Figs. 4
and 5 that show the response curves of the output voltage and the
sliding variable s under controller (26) with λ = 1 and different
β1, respectively. From Fig. 5, it can be clearly observed that with
the increase of β1, the convergence rate of the sliding variable s
increases, too. Moreover, we also examine how β1 can affect the
output voltage when the input voltage changes. The simulation
is done under the assumption that the input voltage decreases
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Fig. 5. Simulated step-load transient results of the sliding variable s
under the SOSM controller (26) with λ = 1 and different β1.

Fig. 6. Simulated step-input-voltage transient results of the output volt-
age under the SOSM controller (26) with λ = 1 and different β1.

Fig. 7. Simulated step-load transient results of the output voltage under
the SOSM controller (26) with β1 = 10 and different λ.

to 20 V at time t = 4 s and then rises to 30 V at time t = 6 s.
Fig. 6 shows the performance comparisons when the input
voltage varies. From Fig. 6, one can clearly see that the larger
β1 provides the better disturbance rejection property. These
simulation results tell that the increase of β1 implies both the
better disturbance rejection property and the faster convergence.

Take β1 = 1 and λ = 1, 5, 10, respectively, and the corre-
sponding simulation results are depicted in Figs. 7–11. Specif-
ically, Fig. 7 plots the response curves of the output voltage

Fig. 8. Simulated step-load transient results of the sliding variable s
under the SOSM controller (26) with β1 = 10 and different λ.

Fig. 9. Response curve of the control signal μ under β1 = 10, λ = 1.

Fig. 10. Response curve of the control signal μ under β1 = 10, λ = 5.

under the SOSM controller (26) with β1 = 1 and different λ,
Fig. 8 depicts the response curves of the sliding variable s un-
der different λ, and Figs. 9–11 indicate the response curves of
the control signals under different parameters. From Fig. 7, it
can be seen that the convergence property improves when λ de-
creases. Meanwhile, Figs. 9–11 reveal that the smaller λ means
the higher frequency of the control signals.



DING et al.: SECOND-ORDER SLIDING-MODE CONTROLLER DESIGN AND ITS IMPLEMENTATION FOR BUCK CONVERTERS 1997

Fig. 11. Response curve of the control signal μ under β1 = 10, λ = 10.

Fig. 12. Experimental test setup.

B. Experimental Results

To evaluate the performance of the proposed method, an ex-
perimental platform for the voltage regulation of a buck con-
verter has been built. The specifications of the buck converter
are the same as in Table I. The experimental test setup is shown
in Fig. 12. The whole SOSM algorithm has been implemented
by DSP TMS320F28335 with a clock frequency of 150 MHz.
The control algorithm is implemented using a C-program. Two
high-precision resistors are connected in parallel for voltage
division. The inductance current is measured by the ACS712
current module. The analog signals of output voltage and in-
ductance current are converted to digital signals through two
12-b A/D converters whose sampling period is 40 μs. Then,
the square wave signal output from the DSP can be considered
as the input of the IR2110 bootstrap chip to control the switch
state. The control switch device adopts the IRF630. The detailed
configuration of implementation strategy is shown in Fig. 13.

It should be noted that PID controller (28) only uses the
voltage signal v0(t), while the FOSM controller (27) and the
SOSM controller (26) utilize both the voltage and current
signals. To obtain a good tradeoff between tracking and dis-
turbance rejection performances, we choose the parameters
of the PID controller (28) and the FOSM controller (27) as

Fig. 13. Configuration of the experimental platform.

Fig. 14. Experimental start-up transient results of the output voltage v0
under the PID controller (28), the FOSM controller (27), and the SOSM
controller (26) with λ = 1 and β1 = 10.

Kp = 10,Ki = 5,Kd = 0.1 and c1 = 3, η = 200 000, respec-
tively. The signum function in FOSM (27) is also replaced by
a hysteresis modulation, and the hysteresis width is chosen as
λ = 1.

Fig. 14 shows the experimental start-up results of the output
voltage v0 under the FOSM controller (27), the SOSM con-
troller (26) (λ = 1 and β1 = 10), and the PID controller (28).
It can be seen that the SOSM controller (26) obtains the fastest
convergence, the FOSM controller (27) comes the second, and
the PID controller (28) has the worst convergence. The con-
vergence under the SOSM controller is more rapid than that
under the FOSM controller, perhaps because there is no “reach-
ing phase” in SOSM. In addition, no matter how we tune the
parameters of the PID controller (28), there is always a small
overshoot, while this phenomenon does not occur in the SOSM
controller (26) and the FOSM controller (27). This indicates
that the start-up performances under the SOSM controller (26)
and the FOSM controller (27) are better than that under the PID
controller (28).

Fig. 15 shows the experimental start-up results of the output
voltage v0 under the SOSM controller (26) (λ = 1 and β1 =
1, 5, 10). It can be clearly observed that the larger β1 brings about
the faster dynamic performance. In fact, the sliding variable
will first converge to the region {|�ṡ�2 + β1s| < λ}, which is
similar to the boundary layer in the conventional sliding mode.
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Fig. 15. Experimental start-up transient results of the output voltage
v0 under the SOSM controller (26) with λ = 1 and β1 = 1, 5, 10.

Fig. 16. Experimental start-up transient results of the output voltage
v0 under the SOSM controller (26) with β1 = 10 and λ = 1, 5, 10.

Apparently, the larger β1 ensures the faster convergence of the
sliding variable s. This implies that the experimental results well
matched the theoretical analysis.

Now, Fig. 16 depicts the experimental start-up results of the
output voltage v0 under the SOSM controller (26) with different
choices of λ. From Fig. 16, we can observe that the smaller λ

obtains the faster dynamic performance. It is also seen that if we
take λ = 1, then the output voltage is about 15 V. If λ increases
to λ = 5 (λ = 10), then the output voltage decreases to about
14 V (13 V). In other words, the smaller λ implies the closer to
the desired reference voltage (i.e., 15 V). It can be concluded
from Figs. 15 and 16 that the bigger β1 the faster convergence
speed, and the smaller λ the smaller steady-state error.

In what follows, we examine the disturbance rejection prop-
erties of the PID controller (28), the FOSM controller (27), and
the SOSM controller (26) under different β1 and λ when load
or input voltage changes. The load changes from 50 to 100 Ω,
and then back to 50 Ω. The input voltage changes from 30 to
20 V, and then back to 30 V. Fig. 17 shows the output voltage v0

under the PID controller (28), the FOSM controller (27), and the
SOSM controller (26) with λ = 1 and β1 = 10 when the load
changes. Fig. 18 gives the disturbance rejection comparisons

Fig. 17. Experimental step-load transient results of the output voltage
v0 under the PID controller (28), the FOSM controller (27), and the SOSM
controller (26) with λ = 1 and β1 = 10.

Fig. 18. Experimental step-load transient results of the output voltage
v0 under the SOSM controller (26) with λ = 1 and β1 = 1, 5, 10.

Fig. 19. Experimental step-input-voltage transient results of the output
voltage v0 under the SOSM controller (26) with λ = 1 and β1 = 1, 5, 10.

under the SOSM controller with different β1 s and the same λ

when the load changes. Fig. 19 plots the output voltage v0 under
the SOSM controller (26) with different β1 and the same λ when
the input voltage changes. Fig. 20 displays the output voltage v0

under the SOSM controller with different λ and β1 = 10
when the load changes. Table II gives the maximum output
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Fig. 20. Experimental step-load transient results of the output voltage
v0 under the SOSM controller (26) with β1 = 10 and λ = 1, 5, 10 when
load changes.

TABLE II
COMPARISONS UNDER DIFFERENT β1 WHEN LOAD CHANGES

Parameters MOVR/D MAE

PID 1.76 V 0.1418

β1 = 1, λ = 1 1.04 V 0.3814

β1 = 5, λ = 1 0.64 V 0.1613

β1 = 10, λ = 1 0.48 V 0.1285

TABLE III
COMPARISONS UNDER DIFFERENT λ WHEN LOAD CHANGES

Parameters MOVR/D MAE

λ = 1, β1 = 10 0.48 V 0.1285

λ = 5, β1 = 10 1.4 V 0.8420

λ = 10, β1 = 10 11.4 V 3.2096

voltage raise/drop (MOVR/D) and mean absolute error (MAE)
comparisons under different β1, while Table III shows the
MOVR/D and MAE comparisons under different λ.

From Fig. 17, it can be observed that both the FOSM con-
troller and the SOSM controller provide the better disturbance
rejection property than the PID controller. Fig. 18 shows that
under the same λ, the larger β1 in the SOSM controller (26)
provides the better disturbance rejection property. When the in-
put voltage changes from 30 to 20 V, Fig. 19 indicates that the
performance under the SOSM controller varies slightly. This
phenomenon may be brought on by the large steady-state error
of SOSM control. As a matter of fact, the steady-state error in
Fig. 19 is caused by the hysteresis bandwidth. This is because
there is a contradiction between the hysteresis bandwidth and
the control accuracy. The hysteresis bandwidth must be large
to reduce chattering; conversely, it should be small to achieve
a good control accuracy. In fact, how to reduce the steady-state
error is always an important issue for implementation of SMC.

An alternative way to reduce the steady-state error in the future
may be to use the method given in [29], where the discontinuous
element can be smoothed by using a low-pass filter based on the
equivalent control method.

Meanwhile, it can also be clearly seen that under the input-
voltage variation, there are some differences between the sim-
ulation (see Fig. 6) and the experiment (see Fig. 19). From
Fig. 19, it is observed that the steady-state error under β1 = 10
is smaller than those under β1 = 5 and β1 = 1, while the steady-
state errors under β1 = 1 and β1 = 5 are similar. This implies
that the experimental comparisons under input-voltage variation
in Fig. 19 are not that obvious like the simulation comparisons
in Fig. 6, because there is a larger steady-state error in the ex-
periment while the steady-state error in the simulation is very
small.

Table II also shows us that under the same λ, the bigger β1 will
provide the better disturbance rejection property. This implies
that the tuning of the parameter β1 will not only affect the
convergence speed, but also improve the disturbance rejection.
Meanwhile, it can be clearly seen from Fig. 20 that the smaller λ

of the SOSM controller leads to the better disturbance rejection
property. However, Fig. 20 also shows that the larger λ yields
the worse steady-state error and even instability, which is also
reflected in Table III.

V. CONCLUSION

An SOSM control method has been developed for dealing
with the regulation problem of a buck converter in this paper.
First, an error variable of freedom of degree 2 can be directly
considered as the sliding variable, and thus, the control task can
be simplified to the one of designing the controller stabilizing
the sliding variable. Second, the finite-time Lyapunov stability
for the sliding variables has been tested, while only convergence
can be guaranteed in the conventional SMC. Third, the proposed
controller has a simple structure and is easy to be implemented.
The feasibility and effectiveness of the proposed SOSM con-
troller have been demonstrated by experimental studies. Our
future work will focus on dc–dc buck converters with more
power to further test the robustness performances of SOSM
algorithms.
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