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ABSTRACT In this paper, a novel adaptive continuous sliding mode (SM) control approach is proposed
based on the robust stability analysis of buck converters with multi-disturbances. Instead of the traditional
first-order SM methods, the twisting algorithm is adopted to realize the control continuity and further
weaken their inherent chattering problem. By introducing the zero-crossing detection innovatively, the
influence of the traditional twisting algorithm with fixed control gain led to the low precision is effectively
eliminated, and the small region can be controlled due to the implementation of the adaptive time-varying
control gain. In addition, the magnitude of the controller can be reduced to a minimal admissible level
determined by the system stable conditions and the selection of optimization parameters. Furthermore,
multiple model uncertainties and external disturbances are considered into the modeling of the buck
converters and the proposed adaptive SM controllers to ensure the strong robustness of the whole system
while suffering possible disturbances. Finally, comparative simulations and experiments are given to validate
the effectiveness of the proposed adaptive control strategy.

INDEX TERMS Adaptive continuous sliding mode control, buck converters, zero-crossing detection, multi-
disturbances, twisting sliding mode control.

I. INTRODUCTION
As a kind of power electronic equipment, buck converters
have been widely used in many fields due to their simple
topology, high efficiency and reliability [1], [2]. For the con-
trolled buck converter, owing to the inclusion of nonlinear
components such as the inductor, capacitor, and diode, which
has different nonlinear static and dynamic characteristics in
each operating mode, and is more susceptible to uncertainties
and external disturbances and also presents certain challenges
to the controllers [3], [4]. Meanwhile, the performances of
most buck converters are not satisfactory under possible sys-
tem parameter variations and external disturbances, this is
since they are based on proportional integral derivative (PID)
control methods, while PID controllers are not good at over-
coming the adverse effects on system output precision control
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from the internal parameter variations of the system, sudden
changes of the load or input power supply, interferences of the
measurement device or external environment, and so on [5]–
[7]. In order to obtain more satisfactory performances of buck
converters, many researchers focus on the design of diverse
kinds of auxiliary observers based on system descriptions and
different types of controllers of buck converters [8]–[10].

For the auxiliary observers, the literature [11] presents a
reduced-order-enhanced state observer-based control strategy
for the buck converter against the disturbances. The liter-
ature [12] proposes the high-gain extended state observer,
which effectively suppresses the detrimental effect of external
noise on the buck system. The literature [13] introduces a
single-loop disturbance observer-based control strategy of
buck converters. Although auxiliary observers as an alter-
native solution are generally adopted to enhance the robust-
ness and relieve the calculating burden of modeling buck
converters for higher precision [14], [15], they increase the
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complexity of system analysis. Moreover, the single type
of auxiliary observers cannot compensate for multi-possible
model uncertainties and external disturbances simultane-
ously, and there are still many challenges in enhancing the
output performances of buck converters under multiple dis-
turbances.

The different types of controllers are related to the out-
put performances of buck converters, which is concerned
to be closely related to advanced nonlinear control strate-
gies such as sliding mode control (SMC) [16]–[18], fuzzy
control [19], [20], neural network [21], [22], and intelligent
control [23], [24].

Inmuch literature, SMChas been fully proved for its merits
as strong robustness, easy implementation and good perfor-
mance with the switching property, which can be well applied
in controlling DC-DC converters [25]–[27]. For example,
the linear sliding mode (LSM), terminal sliding mode con-
trol (TSMC), and non-singular terminal sliding mode con-
trol (NTSMC) methods for buck converters are proposed
in [28], [29] and [30], respectively. In order to further enhance
the ability of SMC to overcome model uncertainties and
external disturbances, the control strategy combining SM
controller and disturbance observers is proposed. In [31],
an extended state observer is proposed based on SMC for
buck converters subject to mismatched disturbances. In [32],
the output voltage regulation problem of the boost converter
system is addressed by using NTSMC based on the finite-
time disturbance observer. And the literature [33] proposes a
compound control method using an improved non-singular
fast terminal sliding mode controller and the disturbance
observer. Although the addition of the disturbance observers
complements the SMC to some extent, which provides the
possible control schemes for improving the response time and
steady-state accuracy for the control of buck converters, this
combination still suffers from two fatal drawbacks derived
from traditional first-order SM (1-SM), i.e., the chattering
phenomenon and the problem of unnecessary constant high
control gain [34], [35].

The chattering problem of the traditional SM approaches
will lead to high-frequency chattering occurring near the SM
surface due to the switching of nonlinear control rate and
inertia of the system [36], [37]. The problem can disrupt,
damage, or wear the hardware circuits or even cause insta-
bility of buck converters. In order to eliminate the effects of
chattering, the reaching control law [38], boundary layer [39],
and fuzzy logic [40] are proposed respectively to realize the
continuous approximation of switching control signals for
suppressing the chattering of the system, however, above
methods are at the price of performance degradation and the
loss of robustness of the buck converters. Comparatively, the
recently developed high-order sliding mode (HOSM) [41]
is generally used for chattering suppression. Its idea is to
design the switching control term sgn(·) originally placed
on the first derivative of the sliding variables to act on their
higher derivatives. Therefore the real control laws will be
smoothed by the integral operation, and chattering elim-

ination and the desired control continuity can be further
obtained, and the second-order SM (2-SM) has developed as
a popularly used type for the application in DC-DC converter
systems [42], and the twisting algorithm [43], sub-optimal
algorithm [44] and super-twisting algorithm [45] are among
the most popular approaches. In order to enhance the output
constraint of the 2-SM of the nonlinear system under dis-
turbance, some researches also focus on the design scheme
of the 2-SM based on the barrier Lyapunov function (BLF)
[46]–[48]. Although the scheme of improving the 2-SMbased
on BLF has achieved some success in the anti-disturbance
output constraint of the system, the complexity of BLF hin-
ders the in-depth analysis of system stability, and the fixed
control gains of 2-SM will still cause the low precision
of buck converters when suffering from system parameter
variations and external disturbances, which can be further
investigated.

In order to solve the problem that the unnecessary control
gain will lead to the low precision of buck converters when
suffering possible disturbances under the traditional 2-SM
control, the possible adaptive mechanism related to reducing
the excessive control magnitude has arisen. Although some
intelligent technologies such as fuzzy logic and neural net-
work are combined with HOSM to adjust the system sta-
bility [49], [50], this combination is seldom applied in buck
converters due to relying on the prior evaluation of experts.
Therefore, some adaptive mechanisms based on Lyapunov
stability and switch-time have been proposed as two typical
alternative solutions. For the former, it can lead the con-
trol gain to decrease dynamically as the system converges
to the equilibrium point and guarantee the stability of the
system in the range of convergence [51], for example, the
literature [52] proposes a novel adaptive intelligent global
sliding mode control based on the Lyapunov stability theory
to overcome the time-varying uncertainties of buck convert-
ers. In the literature [53], a Lyapunov-based adaptive-robust
current controller is developed for DC-DC converters. The lit-
erature [54] proposed a Lyapunov-based nonlinear controller
in the DC-DC converter to stabilize the system. However,
the relationship between parameter adjustment and control
performance of the system can hardly be obtained. For the
latter, it inherits the characteristics of the ‘‘switching’’ of
the traditional SMC and its adaptation mechanism relies on
counting the number of zero-crossing of the sliding variable
in a certain time interval [55], [56], it effectively deals with
both state-dependent and time-varying control magnitude
uncertainties by adjusting the control gain online based on
judging whether the zero-crossings of the sliding variable
meet the requirements [57]. However, the stability and control
performance of the buck systems based on the switch-time
method still need to be further investigated, and the adaptive
magnitude of the controller can be further reduced.

Based on the above analysis, this paper proposes a novel
adaptive twisting algorithm by introducing the zero-crossing
checking mechanism to guarantee the control continuity and
time-varying control gain of the buck converter concerning
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FIGURE 1. Diagram of buck control system with SMC.

multiple disturbances. To be specific, the major contributions
of this paper can be concluded as follows:

1)The traditional twisting controller for the averaging
state-space model describing buck converter is built, and
the multiple model uncertainties and external disturbances
are concerned. Further, the rigorous stability analysis on the
phase plane is given by analyzing its characteristic phase
trajectory.

2)A novel adaptive twisting algorithm based on the zero-
crossing checking mechanism is proposed. The number of
the zero-crossings can be calculated online for reducing the
control gain to the minimum admissible level, and the system
stability is investigated as an important issue.

3)The effectiveness and superiority of our proposed
improved twisting algorithm, compared to the traditional SM,
have been verified by simulation and experiment results.

This paper is organized as: Section II introduces themathe-
matical model of the buck converter with multi-disturbances.
In Section III, the traditional twisting algorithm is designed
for the comparison and the stability analysis is addressed
respectively. Section IV includes the design of an improved
adaptive twisting algorithm based on the zero-crossing check-
ing mechanism, following its stability analysis is given. Fur-
thermore, simulations and experiments are given in Section V
to demonstrate the effectiveness of the novel proposed
method. Finally, the conclusions of this paper are drawn in
Section VI.

II. SYSTEM DESCRIPTION
Figure 1 gives the typical system diagram of the SM con-
trolled DC/DC converter. In the converter circuit, E is the
input DC voltage source with 0 < E < Emax , where Emax is
the maximum of E ; vc is the transient value of output voltage;
VD is a current limiting diode; Sw is a power switch, which is
often dominated by MOSFET and IGBT, and the pulse width
modulation (PWM) technology is adopted for Sw to realize
the duty ratio control, i.e., the duty ratio u ∈ [0,1]; L, C ,
and R represent an inductor, a capacitor, and a load resistor
respectively; iL and iC are the currents flowing through the
inductor and the capacitor respectively.

For the controlled buck converter in Fig.1, we assume
it works in continuous conduction mode (CCM), i.e., the
inductor current iL 6= 0. Based on Kirchhoff’s circuit law,
and the model describing the ON/OFF operation of the buck
converter can be expressed respectively as follow based on
the approach of the average state-space modeling [5]

diL
dt =

1
L (E − vc)

dvc
dt =

1
C

(
iL −

vc
R

) (1)


diL
dt = −

1
L vc

dvc
dt =

1
C

(
iL −

vc
R

) (2)

By combining (1) and (2), it can yield{
diL
dt =

1
L (uE − vc)

dvc
dt =

1
C

(
iL −

vc
R

) (3)

By defining Vref as the DC reference voltage of the output
voltage vc, and the state x1 and x2 are defined as the output
voltage error and its derivative, here we assume that V̇ref = 0,
and the output dynamic model of the system can be expressed
as {

x1 = vc − Vref
x2 = ẋ1 = v̇c − V̇ref = v̇c

(4)

A. MODELING THE BUCK CONVERTER UNDER
DISTURBANCE
In this paper, we take the multiple model uncertainties and
external disturbances into account in the system model (3).
Based on (3), the variations of R, E , L, C and time-varying
external disturbances d1(t) and d2(t) are introduced as follows{ diL

dt =
1

L+1L [u(1E + E)− vc]+ d1(t)
dvc
dt =

1
C+1C

(
iL −

vc
R+1R

)
+ d2(t)

(5)

where the terms with ‘‘1’’ are the corresponding disturbance
variations of the nominal variables, the1R,1E ,1L, and1C
are the external and internal parameter disturbances of the
system with their own assumption of the boundary |1R| ≤
ψR < R, |1E| ≤ ψE < E , |1L| ≤ ψL < L, |1C| ≤ ψC <
C , where ψR, ψE , ψL and ψC are constants. Furthermore,
d1(t), d2(t), and their derivatives with respect to time are also
assumed to have their own boundaries with |d1 (t)| ≤ ψd1,
|d2 (t)| ≤ ψd2,

∣∣ḋ1 (t)∣∣ ≤ ψḋ1 and
∣∣ḋ2 (t)∣∣ ≤ ψḋ2, where

ψd1, ψd2, ψḋ1 and ψḋ2 are also constants.
Here we also define |1Vref | ≤ ψVref < Vref as the

disturbance variation of the reference output voltage Vref
mentioned in (4) with the boundary constant ψVref , which
can be considered as another external disturbance of the
system. Combining (4) and (5) by taking the above multiple
disturbances into account, the dynamic equation can yield as{

ẋ1 = x2
ẋ2 = D1x1 + D2x2 + D3u+ D4 (t)

(6)
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with

D1 =
−1

(C +1C) (L +1L)
(7)

D2 =
−1

(C +1C) (R+1R)
(8)

D3 =
E +1E

(C +1C) (L +1L)
(9)

D4 (t) =
d1 (t)

C +1C
+ ḋ2 (t)−

Vref +1Vref
(C +1C) (L +1L)

(10)

It should be noted that multiple disturbances of the buck
converter system are considered in (5) with their own bound-
ary limitations. Therefore, the ψD1 ≤ D1 < 0, ψD2 ≤ D2 <

0, 0< D3 ≤ ψD3 can be obtained from (7)-(9), and |D4(t)| ≤
ψD4 can also be derived from (10), whereψD1, ψD2, ψD3 and
ψD4 are boundary constants.

B. DESCRIPTION OF THE SM CONTROLLER
In the design of SM controllers applied in DC-DC converters,
the first- and second-order SM control methods are mainly
used at present [58], [59]. The controller design usually con-
sists of a sliding surface and a continuous or discontinuous
control law design. Therefore, for the buck converter system
in (6), a linear sliding surface and the commonly used discon-
tinuous control law can be designed as follows [28]

s = c1x1 + x2 (11)

u = −
1
2
[sgn (s)− 1] (12)

where the design parameters c1 > 0, x1 and x2 can be
obtained directly by measuring the voltage vc and current iL
of the system by using the hall sensors, which are simple and
easy to implement. Once the system states are forced to and
maintained on the sliding mode surface s = 0 in (11) by the
control law u in (12), its dynamic and static performances
will be absolutely determined by the first-order differential
equation ẋ1 = −c1x1, i.e., the derivative of the output
voltage error x1 = x1(0)e−c1t converges exponentially to
the equilibrium origin, where x1(0) is the initial value of the
state x1. Obviously, the greater the c1 is, the faster the system
converges.

In terms of control laws, the design of both first and
second-order SM needs to meet the sliding mode arrival
condition to ensure the system stability. However, from the
mechanism of HOSM chattering suppression based on rela-
tive order [41]–[45], the difference between the two is that:
the 1-SM will switch the control term sgn(·) acting on the ṡ
to ensure the existence of s = 0 [28]–[30]. Then the system
states continue to converge, and finally x1 = x2 = 0 can
be realized according to (11), but the chattering problem still
exists. For the 2-SM, as the simplest HOSM, the term sgn(·)
is designed to act on s̈, which means that the sgn(·) suffers the
action of the first field integral or low-pass filtering, so that
the actual control law is converted to be continuous. And the
convergence of the 2-SM s = ṡ = 0 and the system state
x1 = x2 = 0 are realized simultaneously.

III. TRADITIONAL FIXED GAIN SECOND-ORDER SMC
ALGORITHM
In this section, we take the commonly used Twisting algo-
rithm to elaborate the chattering suppression mechanism of
the 2-SM algorithm in detail, which lays the foundation for
the propose of the adaptive continuous SMC of buck system
based on zero-crossing detection and performance compar-
isons in this paper.

A. DESIGN OF TRADITIONAL TWISTING CONTROLLER
For the buck converter with actual voltage regulating capac-
ity, the sliding surface of the traditional twisting algorithm
is also selected in the linear form in (11). To guarantee the
system converges to the sliding surface s, the derivative of
the control law can be generally designed as

u̇ = −r1sgn(s)− r2sgn(ṡ) (13)

where, the control gain r1 > r2 > 0, and the range of r1
and r2 are related to the response speed and steady-state error
of the system [41]. Due to the switching control term sgn(·)
is located on the first-order derivative of the control law u
in (13), which makes the real u continuous through integra-
tion. In other words, the control continuity can be achieved
and the first- and second-order sliding variable s = ṡ = 0 can
be guaranteed, it is why the twisting algorithm can effectively
weaken the chattering problem in SMC.

Combining with (6) and (11), the second-order derivative
of sliding variable swith respect to time can be calculated, the
corresponding switching term sgn(·) can also be got directly,
and there is

s̈ = h(x1, x2, u, t)+ D3u̇ (14)

with

h(x1, x2, u, t) = D1 (c1 + D2) x1 + [D1 + D2 (c1 + D2)] x2
+D3 (c1 + D2) u+ Ḋ4 (t) (15)

From (14), we can see that the derivative u̇ appears directly
in the second-order derivative s̈. And the range of D3 will
affect the amplitude variation of u and limit the stability
conditions of the system. Therefore, the range of D3 will
further be constrained as µmin ≤ D3 ≤ µmax, where µmin >

0 and µmax ≤ ψD3. And for h( x1, x2, u, t ), because of the
duty ratio u ∈ [0,1], the function h(x1, x2, u, t) is bounded
with

sup |h(x1, x2, u, t)| ≤ H (16)

considering µmin ≤ D3 ≤ µmax and (16) together, it follows
that s̈ is bounded.

B. THE ANALYSIS OF THE TWISTING ALGORITHM
CONTROL SYSTEM STABILITY
Theorem 1: For the buck converter in (6), if the sliding
surface s and control law u are respectively designed as (11)
and (13), and the finite-time stability condition of the twisting
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FIGURE 2. Convergence trajectory of the buck converter with twisting
algorithm.

algorithm control system concerning the design parameters r1
and r2 can be deduced as{

µmin (r1 + r2)− H > µmax (r1 − r2)+ H
µmin (r1 − r2)− H > 0

(17)

Proof: From (14) to (16), we can get the limitation of s̈ as

s̈ ∈ [−H ,H ]+ [µmin, µmax]u̇ (18)

Considering the stability condition of HOSM [41] and (18),
whether the system under the twisting algorithm can remain
stable is closely related to the states of the u̇ and s̈. And as
its name suggests, the sliding variable s will converge to the
equilibrium origin in a spiral trajectory in the phase plane
s− ṡ, which can be seen in Figure 2. And the u̇ and s̈ will
show different states with the time-varying variable s, which
can be divided into four quadrants I to IV in Fig.2.

For the convenience of marking the intersections of the
spiral trajectory and the axis in the phase plane s− ṡ, the point
set {Sij|i =1, 2, 3,. . . ; j = 1, 2, 3,. . . } can be used to describe
all the intersections. As shown in Fig.2, with the system states
converging to the equilibrium point, the spiral trajectory of
s indents inwards, causing the radius of the spiral trajectory
decreases with each turn. And there should be |Sij| > |S(i+1)j|
and |Sij| > |Si(j+1)| to ensure that the trajectory radius of the
(i+ 1)-th turn is less than the i-th turn always.
Based on the characteristics of the trajectory of the twist-

ing algorithm control system, here we take the trajectory of
S12 → S22 as an example, and the sign of the s̈ can be
investigated in two cases: s̈ ≥ 0 and s̈ < 0 in s−ṡ respectively
shown in Fig.2.

Case 1: In Fig.2, When the system states are located in the
quadrant III of s̈ ≥ 0 and converge along with S12 → S14,
the ṡ will change from negative to positive. And the s̈ also
changes over time with u̇III = r1 + r2 from (14) and (15).
While the u̇ in quadrant II becomes u̇II = r1 − r2 after the
time-varying s̈ crossing the spinodal S13, which still remains

u̇ > 0 due to r1 > r2 > 0 in (12), but u̇II < u̇III , and then
the states will cross S14 with the increasing u and enter the
area of s̈ < 0, and there is |S12| < |S14| in Fig.2. In order
to ensure that the system states converge along the twisting
trajectory and remain stable, the following relationship must
be guaranteed in the whole process of converging as{

s̈III min > s̈II max

s̈II min > 0
(19)

where s̈II and s̈III are the value of s̈ in areas II and III
respectively. Further substituting (14)-(16) into (19), then the
stability condition in (17) can be deduced.

Case 2: Since the u̇ is symmetric in quadrants I, III and II,
IV, when the system states are located in the quadrant I of
s̈ < 0 and converge along S14→ S22, the ṡ will change from
positive to negative, and with the decreasing u in IV, the state
will cross the spinodal S22 and return to the area of s̈ ≥ 0.
Similar to the analysis with (19), the following relationship
must be guaranteed in the whole process of converging as{

s̈I min < s̈IV max

s̈IV min < 0
(20)

where s̈I and s̈IV are the value of s̈ in areas I and IV respec-
tively. Further substituting (14)-(16) into (20), the system
stability condition in (17) can also be deduced.
Remark 1: It should be noted that, the control gains r1

and r2 in (12) and (17) of the traditional twisting algorithm
are fixed, which are generally determined by the prior eval-
uation of experts and are not suitable for the time-varying
convergence characteristics of the system with disturbances,
i.e., when system gradually approaching to the equilibrium
origin or suffering disturbances, the unnecessary large control
magnitude will damage the output accuracy and steady-state
performance of the system, or the deficient small control
magnitude will slow the response time of the system.

IV. IMPROVED ADAPTIVE TWISTING ALGORITHM FOR
BUCK CONVERTERS
In order to solve the above problem of the unnecessary
constant control gains for the traditional twisting algorithm,
in this paper, an improved adaptive twisting algorithm based
on the adaptive mechanism of online zero-crossing detection
is proposed in the following. The design of the controller
includes two parts: an improved sliding surface and a con-
tinuous control law.

A. IMPROVEMENT AND ANALYSIS OF SLIDING SURFACE
In order to improve the steady-state performance of the
buck converter, different from the traditional sliding surface
in (11), the integral term of the system state with x1 is pur-
posefully introduced as follows

s = c1x1 + x2 + c2

∫ t

0
x1dt (21)

where the parameters c1 > 0 and c2 > 0. And the introduction
of the integral term is to decrease the steady error of the
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output voltage of the multi-disturbed system in (6). It should
be noted that, in the integral term added, a bigger c2 can get
the smaller steady error of the buck system but at the price of
less slow speed while the system states converging.

Considering the subsequent design of the control laws and
stability analysis with the existence of s = ṡ = 0 of the
twisting algorithm base on the online zero-crossing detection,
the first and second-order derivatives of s with respect to
time should be further obtained and the boundary of related
parameters in the expression of s̈ should be determined, just
like (18) in the traditional twisting algorithm.

In order to facilitate the subsequent expression of the
second-order derivative of s, here we can define a new vector
w = [w1,w2]T = [

∫ t
0 x1dt, x1]

T , by combining with (6),
the (21) can be rewritten as{

ẇ1 = w2
ẇ2 = −c1w2 − c2w1 + s

(22)

Substituting (22) to the first-order derivative of (21), and
the ṡ can be expressed as

ṡ = y1 + µu (23)

with

y1 = (c1 + D2) s+ (−c1c2 − c2D4)w1

+

(
−c21 − c1D2 + c2 + D1

)
w2 + D4 (t) (24)

As mentioned in (14), the switch control term sgn(·) will
further appear in the expression of s̈, which can be described
from (23) as

s̈ = y21 (w, s)+ y22 (u)+ y23 (t)+ D3u̇ (25)

with

y21 (w, s) =
(
c1c2β2 + c2β1 − c2β22 − c

2
2

)
w1

+

(
β1β2 − c1c2 + c21β2 − c1β

2
2

)
w2

+

(
c2 − β1 − c1β2 + β22

)
s (26)

y22 (u) = (c1 − β2)D3u (27)

y23 (t) = (c1 − β2) β3 + β̇3 (28)

where β1 = −D1 >0, β2 = −D2 >0, β3(t) = |D4(t)| >0.
In order to further elaborate the boundary of the parameters

in (25)-(28) relating with s̈ conveniently, here the constants
ζ1, ζ2, ζ3 and the functions ζ4(t), Y21(||w||, |s|), Y22(u), Y23(t)
are defined from (25)-(28) as

ζ1 = max {c1, β2}

ζ2 = max
{∣∣c1c2β2 + c2β1 − c2β22 − c21∣∣ ,∣∣β1β2 + c21β2 − c1β22 − c1c2∣∣}

ζ3 = max
{
|c1β2 + β1| ,

∣∣c2 + β22 ∣∣}
ζ4 (t) = max

{
β3 (t) , β̇3 (t)

}
(29)


Y21 (‖w‖ , |s|) = ζ2 (|w1| + |w2|)+ ζ3 |s|

Y22 (u) = ζ1D3u
Y23 (t) = ζ1ζ4 (t)

(30)

FIGURE 3. Convergence progress of adaptive control systems.

By comparing (26), (27), and (28) with (30), we can get the
boundary condition of the terms in (25) as follow

|y21 (w, s)| ≤ Y21 (‖w‖ , |s|)
|y22 (u)| ≤ Y22 (u)
|y23 (t)| ≤ Y23 (t)

(31)

B. IMPROVEMENT OF THE ADAPTIVE CONTROL LAW
WITH STABILITY ANALYSIS
In the design of the control law u, based on the principle of
switching time [57], the whole convergence process of the
system can be divided into two phases, as shown in Figure 3.

The first phase is from the initial point A to the point B,
which is the first peak point satisfying ṡ = 0 of the trajectory;
and the second stage is after the point B, which can be divided
into the equal time intervals with the sampling time T for
counting the zero-crossings and can be represented as {T1,
T2,. . .Ti}. In particular, the expected steady-state error 1 is
incorporated into the improvement of the traditional twisting
control law in (13). And the control law u is decomposed into
u1 and u2 corresponding to the two phases.
(1)Phase 1: (Point A-Point B): It starts from the initial

Point A(tA, sA) and ends at Point B(tB, sB) which is satisfied
with ṡ(tB) = 0. In this phase, it is necessary to guarantee
the buck system in (6) can complete the process from point
A to point B within the finite t0 (t0 = tB − tA), so as to
ensure that the subsequent adaptive converge can be carried
out effectively. In order to meet the condition ṡ(tB) = 0, the
initialized control law u1 can be further designed as following

u̇1 = −U (w, s, u1, t) sgn (s) (32)

with

U (w, s, u1, t)

=
1

µmin
Y

=
1

µmin
[Y21 (‖w‖ , |s|)+ Y22 (|u1|)+ Y23 (t)+ k]

=
1

µmin
[ζ2 (|w1| + |w2|) + ζ3 |s| + ζ1D3 |u1|
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+ζ1ζ4 (t)+ k] (33)

where the design parameter k > 0; µmin and µmax are the
maximum and minimum of D3 in (14). The constant Y is
designed for setting the parameters of the adaptive control
law u2 to be applied in the successive time interval in phase
2. And the procedure of computing the constant Y , which is
based on certain measurements to be taken online at t = tB.
Theorem 2: For the buck converter in (6), the sliding sur-

face is designed as (21) and the control law in phase 1 is
designed as (32) and (33), then there must be a time tBmaking
ṡ(tB) = 0 only if the sliding variable s is satisfied with
sgn(s) · s̈ ≤ −k or s · s̈ ≤ −k |s|.

Proof: The proof of Theorem 2 is divided into two steps.
Step 1: First is the proof of the existence of sgn(s) · s̈ ≤ −k

or s · s̈ ≤ −k |s| in the control process.
By substituting (30), (32), and (33) into (25), it can be

rewritten as follows

s̈ = y21 (w, s)+ y22 (u)+ y23 (t)+ D3u̇

= y21 + y22 + y23 − D3sgn (s)
1

µmin
[ζ2 (|w1|

+ |w2|)+ ζ3 |s|

+ζ2µ |u1| + ζ1ζ4 (t)+ k]

= y21 + y22 + y23 −
D3

µmin
[Y21 + Y22 + Y23 + k] sgn (s)

(34)

Then by combining (31) and (34), it can be obtained that

sgn (s) s̈ = sgn (s) [y21 + y22 + y23

−
D3

µmin
(Y21 + Y22 + Y23 + k)

]
≤ sgn (s) [y21 + y22 + y23]

− |y21| − |y22| − |y23| − k

≤ |y21| + |y22| + |y23| − |y21| − |y22| − |y23| − k

≤ −k < 0 (35)

and the sgn(s) · s̈ ≤ −k can be seen from (35) easily,
by multiplying both sides of sgn(s) · s̈ ≤ −k by the term
|s| and then s · s̈ ≤ −k |s| can be further obtained.

Step 2: This step is to prove the existence of ṡ(tB) = 0while
the condition in Theorem 1 is satisfied.

Giving the initial state (s (tA) , ṡ (tA)) of the system in Fig.3,
considering their values of positive or negative as following
cases:

Case 1: When ṡ(tA) > 0, s(tA) > 0, according to (35),
s̈(tA) < 0, causing the ṡ monotonicity decreases, there will
be ṡ(tA) < 0 when a certain moment tC > tA, where tC is the
moment when the system state reaches a certain point C after
passing through point B in Fig.3, and it means that the ṡ(tB) =
0 will be satisfied with a certain moment tA < tB < tC ;
Case 2: When ṡ(tA) > 0, s(tA) < 0, s̈(tA) > 0 can be

seen from (35), casing the s and ṡ monotonicity increases
respectively, then there will be s(tA′ ) > 0 when tC > tA′ ,
where A’ is another initial state different fromA in Fig.3. And

FIGURE 4. Diagram of phase trajectory of ṡ crossing zero.

then it will repete the condition likes case 1, i.e., the ṡ(tB) =
0 will be satisfied with a certain moment tA′ < tB < tC ;
Case 3: When ṡ(tA) < 0, s(tA) < 0, it is the exact opposite

of the situation in case 1, and there also will be ṡ(tB) = 0 with
a certain moment tA < tB < tC ;

Case 4: When ṡ(tA) < 0, s(tA) > 0, it is the opposite of
case 2, and the existence of ṡ(tB) = 0 can also be proved at
the moment tA′ < tB < tC .
The four cases above can be represented by the twist-

ing curve in Figure 4, which shows that for the arbitrary
initial state (s (tA) , ṡ (tA)), it will eventually arrive at the
ṡ(tBi ))(i =1,2,3. . . ) corresponding to each zero. So far the
Theorem 2 has been proved.

(2)Phase 2:It refers to the convergence process after Point
B or t > tB. In this phase, the adaptive mechanism based on
the zero-crossing checking will be carried out.

To improve the output performance of the buck system
with arbitrarily small control accuracy within the range of
convergence, 1 is denoted as the expected steady-state error
of sliding variable s in Fig.3. Then the adaptive control law
u2 with the capability of online magnitude adjustment will be
given as follow by comparing with (13)

u̇2 = −Ui [sgn(s)+ r4sgn(ṡ)] (36)

where the design parameter r4 > 0, andUi is the continuously
changing adaptive adjustment control gain by checking the
number of zeros crossed by s in the time interval Ti in Fig.3,
which can be expressed as

Ui+1 =

{
max (Ui −31T , 0) Ni ≥ N ∗

min (Ui +32T ,U0) Ni < N ∗
(37)

where Ni is the number of zero-crossing of s in the time inter-
val Ti; N ∗ is the given reference number of zero-crossings
with N ∗ ≥ 2; 31 and 32 are positive constants with 31 <

32; U0 is the initial value of u2 at Point B and also chosen as
the maximum value of U (w, s, u1, t) at Point B of Phase 1 in
(33) as

U0 =
[
Y21

(
‖w‖∗ , |s(tB)|

)
+ Y22 (u1max)+ Y23 (tB)+ k

]
(38)
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FIGURE 5. The process of online zero-crossing checking.

where u1max is the maximum value of the control u1 defined
in (32) and the definition of ||w||∗ can be described as

‖w‖∗ = [w1 (x1 (tB)) ,w2 (x1 (tB))]+ q (39)

where q=[q1, q2], q1 and q2 are parameters satisfying q1 >
0, q1 > 0.
Theorem 3: For the dynamic system (6) in phase 2, if the

improved sliding mode surface is designed as (21) and the
adaptive control law is designed as (36)-(37), then the sliding
variable s and its derivative ṡ of the system can be guaranteed
to converge to the range as

|ṡ| ≤ [U0 + (1+ r4) µmaxUi]T (40)

|s| ≤ [U0 + (1+ r4) µmaxUi]T 2 (41)

Proof:When the buck converter working under the adap-
tive controller in phase 2, by substituting the u2 with variable
amplitude in (36)-(37) into (25), we can get

s̈ = y21 + y22 + y23 + D3 {−Ui [sgn(s)+ r4sgn(ṡ)]}

≤ |y21| + |y22| + |y23| + (1+ r4)D3Ui (42)

As shown in Fig.3, the point B is the location of the
first peak in phase 1 and also the maximum amplitude of
oscillation in phase 2. Therefore, by combining (30), (31),
and (38), (39), then (42) can be further changed into

s̈ ≤ Y21 [‖w‖ ∗, |s(tB)|]+ Y22 (u1max)+ Y23 (tB)+ k

+(1+ r4)D3Ui
≤ U0 + (1+ r4)µmaxUi (43)

Here, we take the sampling interval Ti as an example to give
the analysis of the zero-crossing of system states and further
examine the range of s̈ within a single sampling interval T .
As shown in Figure 5, we assume that there are any two zero-
crossings (s(ti) = 0 and s(tj) = 0) at the moment ti and tj in
T , where i, j ∈ [1, Ni], and the Ni is the i-th zero-crossing in
the sampling interval Ti. Because of the reference number of
zero-crossings giving valueN ∗ ≥ 2, which means that at least
twice zero-crossings occur within a single sampling interval

T . Therefore, according to Rolle’s theorem, there must be a
state as ṡ(tij) = 0when ti < tij < tj, which has been illustrated
in Fig.5. After getting the state ṡ(tij), based on the Lagrange
mean value theorem, we can further find another state ṡ(t ′ij) at
the moment t ′ij between t and tij shown in Fig.5, and the state
ṡ(t ′ij) will satisfy the following constraints according to (43)∣∣∣s̈ (t ′ij)∣∣∣ =

∣∣∣∣∣ ṡ (t)− ṡ
(
tij
)

t − tij

∣∣∣∣∣ ≤ [U0 + (1+ r4) µmaxUi]

(44)

where t is any time except tij in the sampling interval of Ti,
and satisfies |t − tij| < T .

Similar to (44), there also must exist another moment ti’
between t and ti in Fig.5 and satisfying∣∣s (t ′i )∣∣ =

∣∣∣∣∣ ṡ (t)− ṡ
(
t ′
)

t − ti

∣∣∣∣∣
≤
[
U0 + (1+ r4) µmaxUj

]
|t − ti|

≤
[
U0 + (1+ r4) µmaxUj

]
T (45)

where t is also any time except ti in Ti, and satisfies | t -
ti| < T . Then the range of ṡ in (40) is proved. And the
convergence range of s in (41) can be further deduced by
simple time-integration of (45). The system’s convergence
has been proved by Theorem 1. So far, Theorem 3 has been
proved.
Remark 2: As can be seen from Fig.3, as time changes,

the smaller the oscillation amplitude of the sliding variable
s is, while the bigger the number of zero-crossing Ni will
be. According to (37) and (41), the relationship between Ni
and N ∗ determines the adjustment range of Ui in the next
detection cycle and the convergence effect of in this whole
phase, and further indirectly controls the steady-state perfor-
mance of the system. Therefore, the selection ofN ∗ is crucial,
which determines the steady-state error s ≤ 1 and further
affects the desirable output accuracy of the system. In real
buck converters, the N ∗ is usually determined by experiment
with N ∗ = max{2 Tfi+ 1}( i= 1,2,3,. . . ), where T is the time
width and fi is the zero-crossing oscillation frequency of s
measured in time interval Ti, and fi = Ni /T .
Remark 3: Equations (40) and (41) give the minimum

range in which the system state can be stable in a finite time
when the parameters are given. Furthermore, it can be seen
from (41) that the minimum stability range of s is closely
related to the value U0 of the first peak point B in (40), and
for guaranteeing that the limitation in (40) and (41), the single
sampling interval T of the adaptive zero-crossing detection
mechanism should meet the following conditions:

T <

√
|s (tB)| + ‖q‖

U0 + (1+ r4) µmaxUi
(46)

where sB is the sliding variable value of Point B in Fig.3, the
q is the vector in (39), and the arbitrary positive parameters
q1 and q2 in q allow us to enlarge the admissible range for
T as desired, which can help to adjust the amplitude of the
controller more accurately online.
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TABLE 1. Circuit parameters of buck converter.

V. SIMULATIONS AND EXPERIMENTS
For the buck converter shown in Fig.1, the circuit param-
eters are listed in Table 1. In order to verify the superior-
ity of the proposed adaptive continuous SMC based on the
zero-crossing detection in terms of chattering suppression,
response speed, and control accuracy, the performance was
compared with the 1-SM represented by LSM in [28] and the
2-SM represented by the traditional twisting algorithm. The
traditional LSM could be generally designed as (11) and (12).

In the following, for the convenience of introduction, the
LSM, the traditional twisting algorithm, and the improved
twisting algorithm are abbreviated as ‘‘1-SMC’’, ‘‘2T-SMC’’
and ‘‘2AT-SMC’’ respectively.

A. SIMULATIONS RESULTS AND ANALYSIS
For the traditional twisting algorithm in (11) and (13), the
controller parameters are chosen as c1 = 110, r1 = 320, r2 =
300; for the improved twisting algorithm in (21), (32)-(33)
and (36)-(38), the parameters of the controller are designed
as c2 = 0.1, k = 45, 31 = 12, 32 = 24, N ∗ = 8, T =
40µs. As for the traditional LSM, the parameter of the sliding
surface is also designed as c1 = 110 for comparison. In order
to satisfy the ON/OFF control of the power switch Sw in
the buck converter, the PWM technology is adopted in the
simulations as shown in Fig.1.

As the buck converter in (6) considers multiple internal
and external disturbances of the system, in order to more
intuitively see the performance comparisons of the above
three methods, the buck system with rated or poor working
conditions are considered in the following simulations, which
are presented as: undisturbed and multi-disturbed.

Case 1: Rated working condition without any disturbances.
The comparisons of control performance between the three

methods under rated working conditions are shown in Fig-
ure 6 and Table 2.

The Figure 6(a) and (b) shows the simulation results of
output voltage vc and inductance current iL , respectively,
it can be observed that the three SMC algorithms all can
achieve constraint control of both of vc and iL . When the
output voltage vc converges to the given value Vref = 5V,
wherein the steady-state error of 1-SMC is 15.13mV, fol-
lowed by that of 2T-SMC, which is 6.09mV, and 2AT-SMC
has the best steady-state performance, which is only 3.01mV
[61]. The chattering attenuation performance of 2AT-SMC is

TABLE 2. Comparison of voltage and current in rated working case.

attributed to the introduction of the integral term of system
state into the design of the sliding mode surface in this paper.
And in addition to this, the system dynamic response speed
under 2AT-SMC control is also the fastest, which is only
about 0.031s, considering together with the control law u
shown in Fig.6(c), which can be attributed to the variable gain
control effect of the improved 2AT-SMC algorithm. Further,
in Fig.6(d), we can see that the sliding variable s of 2AT-SM
converges rapidly in 0.01s, but compared with 2T-SM, due
to the limitation of its fixed gain, the convergence speed of s
is relatively slow, reaching steady-state only at 0.034s, and
the state s fluctuates within a certain range, which cannot
meet the requirements of high output accuracy of the buck
converter.

And it can be seen from Fig.6(d) that the oscillation of
the initial trajectory of s is the largest in the beginning cor-
responding to the phase 1 in Fig.3, which well explains the
amplitude changes of the 2AT-SMC control law u from an
initial maximum to a smaller one shown in Fig.6(c). Then
corresponding to phase 2 in Fig.3, as the system states tend
to be stable, the amplitude of 2AT-SMC control law u remains
adaptively variations in a sufficiently small range before
PWM with the checking of the zero-crossing process of s.
But for 2T-SMC, its control law u has obvious chattering due
to the fixed control gain in Fig.6(c).

In particular, the output voltage vc under discontinuous
control law u of 1-SMC has an obvious chattering phe-
nomenon, even if PWM is adopted to adjust the convergence
boundary layer of s to mitigate the chattering, it still fails
to achieve the desired effect [62]. But the 2-SM suppresses
chattering well in Figure 6(a), (c), and (d).

Further, in Fig.6(d), three different zero-crossing reference
numbers of N ∗ in (37) are selected for the comparison of the
influence on the steady-state error of the system output in
the zero-crossing detection mechanism when the controller
gain changes over time. And the corresponding steady-state
errors of vc are 48.01mV, 6.23mV, and 3.01mV respectively.
According to the selection formula of N ∗ = max{2Tfi+ 1},
it concludes that the larger N ∗ is, the faster the frequency of
the zero-crossing detection is, and the better performance of
the adaptive variable gain control in the proposed 2AT-SMC
method is. And the comparison results of N ∗ in Fig.6(d) also
prove the positive effect of the online zero-crossing detection
adaptive mechanism on the system performance. Therefore,
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FIGURE 6. Comparative simulations in rated working condition.

we can select the appropriate positive parameters q1 and q2
related to the T in (39), then theN ∗ can be further determined
for being comparedwith the calculated zero-crossings in (37),
finally, the controller gain can be adjusted more precisely to
balance the steady-state error of the system. Combining the

selection of theN ∗ with the range of the sliding variable s and
ṡ in (40) and (41), we will see that theN ∗ affects the deviation
range undergone by s and ṡ by affecting the controller gainUi
in (37), i.e., the maximal deviation of the stability range of the
system can be balanced effectively by selecting appropriate
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FIGURE 7. Comparative simulations in multiple disturbances working condition.

parameters T and N ∗. By reducing the control magnitude at
the minimum admissible level in the optimal deviation range
of the system, the smaller region of the system output voltage
can be further obtained.

Case 2: The working condition with multi-disturbances.
The equations (6)-(10) give the dynamic equation of the

buck system with multi-disturbances. Combined with the
analysis of practical application scenarios, the parameter dis-
turbances of the system itself are considered as follows: the
main parameters of the buck converter system are mainly
disturbed by the external environment, such as DC voltage
source E and reference voltage Vref . But for the other param-
eters, their characteristics will lead to more than this. For the
load resistor R, its value fluctuates within a certain range
due to the change of its temperature during working; for
the inductor L, due to the changes of its verified parasitic
parameters and the resistance and core loss, its inductance
value will change in the actual working process; For the
capacitor C , which also has its own parasitic parameters,
resulting in uncertain changes in its capacitance value as
working [63]. Further, considering that the buck converter in

working will be disturbed by the 50Hz AC power supply in
the surrounding environment, and according to the general
system, the disturbance range of each parameter does not
exceed 10% of its own nominal value, the disturbance model
of the above parameters is uniformly set as sine function
form in the simulations in this paper, where the amplitude is
10% of their respective nominal values, and the frequency is
50Hz. The time-varying external disturbances d1(t) and d2(t)
are mainly represented by noise interference in the working
environment of the buck converter. And the specific forms of
all disturbance sources are shown in Table 3 below.

The simulations considering multiple disturbances show
the control performance comparisons of the buck system
under the above three methods in Figure 7 and Table 4.

Comparing the rated working condition in Fig.6 and the
multi-disturbances working condition in Fig.7, we can see
the robustness of the SMC methods on the output voltage
vc, inductance current iL , and control law u of the buck
converter. Specifically, from Fig.7(a) and Table 4, it can
be easily seen that the speed of system dynamic response
to disturbances of 2AT-SMC is the fastest, and it recovers
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TABLE 3. Internal and external disturbance signals of the buck system.

TABLE 4. Comparison of voltage and current in multi-disturbed working
case.

to the steady-state at about 0.039s after adapting to all the
disturbances, which can be attributed to the introduction of
the zero-crossing detection mechanism shown Figure 3 for
adjusting the controller gain continuously according to the
time-varying disturbances. However, the convergence time
of 2T-SMC and 1-SMC methods is only 0.050s and 0.069s
respectively. And the vc under the control of 2AT-SMC had
the smallest fluctuation, only 0.025V, while for the 2T-SMC,
its oscillation was larger with 0.051V, which can be due to the
conventional 2-SMmethod using fixed gain. The comparison
of control law u in Fig.7(c) and (d) can also explain the cause
of vc oscillation, i.e., under the multi-disturbances working
condition, the control gain of the 2AT-SMC can change adap-
tively with the convergence process of zero-crossing detec-
tion mechanism of s under multi-disturbances and remain
stable, while the conventional 2T-SMCwith fixed gain cannot
effectively drive the system states to be stable, every time
the system suffering disturbances, the sliding variable s will
vibrate strongly in Fig.7(d), so that the output voltage vc oscil-
lates greatly in the process of rapid convergence in Fig.7(a).
In particular, the discontinuity control law u of 1-SMC in
Fig.7(c) leads the large chattering of the sliding variable s
about 140 in Fig.7(d), further weakening the ability of 1-SM
to suppress the chattering of vc compared with the 2-SM in
Figure 7(a).

B. EXPERIMENTAL VERIFICATION
In order to validate the correctness of this paper, Fig-
ure 8 describes the structure of the experiment platform
based on DSpace for the buck converter. The Rapid Con-
trol Prototype (RCP) system is composed of two parts, i.e.,

FIGURE 8. Structure diagram of the DSpace experimental system.

MicroAutoBox is used for collecting the output voltage vc
and inductance current iL of the buck converter and Rapid-
Pro outputs the PWM signal for the direct control of the
buck converter. Besides, they are linked with the interface of
Low-Voltage Differential Signaling (LVDS). The software of
Matlab/Simulink is installed on the host PC for developing
algorithms following the program compiled by the Real-Time
Work (RTW) shop and then downloaded in MicroAutoBox.
The real-time calculation is in DSpace 1006.

In the experiment, the actual component parameters of the
buck converter can refer to Table 1, and the controller param-
eters refer to the above simulation experiments. Further, in the
specific operation, considering that the values of inductance L
and capacitor C are reasonably disturbed due to the influence
of their own parasitic parameters and external disturbance
environment during actual working, therefore no additional
disturbance signal is added to them. It can still be considered
that 0 < 1L < 0.1mH and 0 < 1C < 10−4F. For the
disturbance simulations of other parameters, do the following
operations: when the buck converter works stably under each
SMC algorithm, the reference voltage Vref changes from
5V to 5.5V at t1, then the input voltage source E changes
from 10V to 11V at t2, and the resistance value of the load
resistor R will change from 10� to 12� at t3, i.e., the 1Vref ,
1E and 1R are 0.5V, 1V and 2�, respectively. After the
corresponding output signals of the system are observed, the
disturbances of R, E , and Vref will be removed successively
at t4, t5, and t6 respectively, so that the buck converter can
return to the rated working condition. And the comparative
experimental results of the three SMC algorithms are shown
in Figure 9, wherein the 1s to 6s correspond to the moments
t1 to t6, respectively.
The experimental results in Figure 9(a)-(b) verify the

robust control effect of SMC on the buck converter under
multi-disturbances conditions. In Fig.9(a), under the rated
working condition of 0-t1, the steady-state error of vc
output by 2AT-SMC is the smallest, only 0.15V, fol-
lowed by 2T-SMC, which is 0.18V, while 1-SMC only is
0.37V. When the system is continuously disturbed by 1Vref
and 1E between t1-t3, the adaptive mechanism based on
zero-crossing detection determines 2AT-SMC could ensure
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FIGURE 9. Comparative experimental results in multiple disturbances
working condition.

the fastest dynamic response speed of the system, and ensure
the minimum fluctuation range of vc. And in Fig.9(a), the
average response time of 2AT-SMC while suffering each dis-
turbance is 0.084s, the 2T-SMC is 0.104s, and the 1-SMC is
0.126s. Between t3-t4, with the additional disturbance of1R,

the system is in the condition of multi-disturbances. By con-
trast, 2AT-SMC can still ensure the smallest steady-error of
the system within the range of 0.15V due to the magnitude
of control law u that can be adaptively adjusted online in
Fig.9(c), And 2T-SMC can only maintain the steady-error of
the systemwithin 0.185V due to the limitation of fixed gain in
Fig.9(c). The adaptive control characteristics of 2AT-SMC to
the system show the steady-state error of iL in Fig.9(b) with
0.37A, while the 2T-SMC and 1-SMC are 0.42V and 0.5V
respectively. The 1-SMC has a large voltage spike whenever
the system is disturbed due to the discontinuous switching
term sgn(·) in its control law in Fig.9(c).

Based on the performance comparison of buck converter
under rated and multiple disturbance conditions from two
aspects of simulations and experiments, the advantages
of 2AT-SMC based on the adaptive mechanism of online
zero-crossing detection proposed in this paper in chattering
suppression, response speed, and control accuracy have been
proved. It also shows that 2AT-SMC does improve the output
voltage quality of the converter.

VI. CONCLUSION
This paper proposes a unified approach to modeling within
buck converters for multiple model uncertainties and external
disturbances. Most importantly, an improved adaptive twist-
ing algorithm is proposed for buck converters on the basis
of zero-crossing mechanism, which can further guarantee the
control continuity and robustness. Furthermore, by adding
an integral term in the sliding mode surface to ensure the
system’s better output accuracy and control performance, and
the control magnitude at the minimum admissible level can
be provided by selecting a suitable reference number of zero-
crossingsN ∗, then the small output range of the system can be
further obtained. The robust stability problem of the proposed
method is investigated and proved. Finally, the simulations
and experiments validate the effectiveness for wider appli-
cations. For future work, The parameter optimization of the
adaptive continuous SM controller based on zero-crossing
detection can be further studied. And the parameter fluctu-
ations of the buck converters under multi-disturbances can
be further observed by some means to enhance the control
performance of our adaptive method.
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