
 
 

Delft University of Technology

Design of second order sliding mode and sliding mode algorithms
A practical insight to DC-DC buck converter
Rakhtala, Seyed Mehdi; Yasoubi, Monazzahalsadat; Hossein Nia Kani, Hassan

DOI
10.1109/JAS.2017.7510550
Publication date
2017
Document Version
Final published version
Published in
IEEE/CAA Journal of Automatica Sinica

Citation (APA)
Rakhtala, S. M., Yasoubi, M., & Hossein Nia Kani, H. (2017). Design of second order sliding mode and
sliding mode algorithms: A practical insight to DC-DC buck converter. IEEE/CAA Journal of Automatica
Sinica, 4(3), 483-497. Article 7974895. https://doi.org/10.1109/JAS.2017.7510550

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1109/JAS.2017.7510550
https://doi.org/10.1109/JAS.2017.7510550


IEEE/CAA JOURNAL OF AUTOMATICA SINICA, VOL. 4, NO. 3, JULY 2017 483

Design of Second Order Sliding Mode and
Sliding Mode Algorithms: A Practical Insight to

DC-DC Buck Converter
Seyed Mehdi RakhtAla, Monazzahalsadat Yasoubi, and Hassan HosseinNia

Abstract—This paper presents a simple and systematic ap-
proach to design second order sliding mode controller for buck
converters. The second order sliding mode control (SOSMC)
based on twisting algorithm has been implemented to control
buck switch mode converter. The idea behind this strategy
is to suppress chattering and maintain robustness and finite
time convergence properties of the output voltage error to the
equilibrium point under the load variations and parametric
uncertainties. In addition, the influence of the twisting algorithm
on the performance of closed-loop system is investigated and
compared with other algorithms of first order sliding mode
control such as adaptive sliding mode control (ASMC), non-
singular terminal sliding mode control (NTSMC).

In comparative evaluation, the transient response of the output
voltage with the step change in the load and the start-up
response of the output voltage with the step change in the
input voltage of buck converter were compared. Experimental
results were obtained from a hardware setup constructed in
laboratory. Finally, for all of the surveyed control methods, the
theoretical considerations, numerical simulations, and experi-
mental measurements from a laboratory prototype are compared
for different operating points. It is shown that the proposed
twisting method presents an improvement in steady state error
and settling time of output voltage during load changes.

Index Terms—DC-DC buck converter, non-singular-terminal
sliding mode, second order sliding mode, twisting algorithm.

I. INTRODUCTION

DC-DC buck converters are powerful electronic tools
which have a wide range of functionality in various cases

such as telecommunication equipment and power supplies
for personal computers [1]. The DC-DC buck converters are
applied in devices where required output voltage is smaller
than the input voltage. Due to switching operation of buck
converters, they have a nonlinear and time-varying structure.
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Classical linear control methods such as PI, PID are typ-
ically designed for one nominal operating point, but small-
signal model of DC-DC converters changes with fluctuations
in the operating point. However, due to inherent nonlinearity
of the system, the linear control methods can only ensure small
signal stability. In case of changing the converter parameters
as uncertainty, load disturbances, a PID controller may not
respond well to significant changes in operating points [1].
Thus, nonlinear control methods are used for these systems to
ensure system stability in arbitrary operating condition with
good dynamic response and with rejection of input voltage
changes, load fluctuations and parameter uncertainties. Among
these nonlinear control strategies, the sliding mode control
(SMC) is a form of variable structure control (VSC). The
SMC has more advantages such as ensuring the stability,
robustness against parameter variations, fast dynamic response
and simplicity in practical application [2], [3].

Second-order sliding mode control (SOSMC) has been
actively developed for chattering attenuation and robust control
of uncertain systems with relative degree two. The main idea
is to reduce to zero, not only the sliding surface, but also
its second-order derivative. The second-order sliding mode
corresponds to the control acting on the second derivative of
the sliding surface [4].

It should be noted that different SOSMC algorithms have
been reported such as the “twisting” and “super-twisting”
[5], “sub-optimal” [6] etc. In Bartolini et al. [6], an optimal
version of second-order sliding mode of the so-called twisting
algorithm has been presented. It has been used for systems
with the relative degree of r = 2 [7]. Nonsingular terminal
sliding mode control (NTSMC) eliminates the singularity
problem which arises in the terminal sliding mode due to the
fractional power, this aspects is introduced in [8].

II. REVIEW OF RELATED LITERATURE

ON-OFF is the only admissible operation mode for power
converters; therefore sliding mode is an appropriate tool to
control power converters [9]−[12]. Sliding mode (SM) con-
trollers are types of nonlinear systems, which have guaranteed
stability and fast dynamic response and simple implemen-
tation. They are robust to parameters uncertainty, load and
disturbances [3], [13]−[17].

According to their simple structure, they have superiority
to other nonlinear controllers. The implementation of sliding
mode controllers in power converters are often restricted by
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three major concerns: the non-constant operating frequency
of the SM controller, a phenomenon called chattering and the
presence of steady-state error and ripple in the regulation [18],
[19].

In 2003, Sira-Ramiraz introduced a type of hysteresis band-
width modulation to control SM which included the general
proportional integral controller [20]. In Bensaada et al. [21],
the sliding mode control based on genetic algorithm has been
examined for buck converter. The appropriate sliding surface is
selected by assigning poles combined with genetic algorithm.
The pole placement is used as an effective approach to restrict
the robust control parameters zone. The combination of genetic
algorithm with the pole placement method will allow further
delimiting the best robust poles in this zone. This controller
can offer fast dynamical response and suitable large signal
control performances. However, disadvantages exist for this
approach based on sliding mode control. In sliding mode
control, the switching frequency can be infinite for ideal case.
Although, in practice, it is impossible to change the control
infinitely fast because of the time delay for control computa-
tions and physical limitations of switching devices. Therefore,
the main obstacle for sliding mode control implementation is a
phenomenon called chattering in control literature or ripple in
power converter literature or oscillation in the output voltage.

Sliding mode control methods by Tsai and Chen (2007)
[14] were based on DC-DC buck converter model with bi-
linear terms. Tanet al. in 2007 [22], presented an indirect
sliding mode control of power converters with the conven-
tional hysteresis-modulation-based sliding mode controller. It
is found that with the indirect type of sliding mode controller
based on the equivalent control approach, is ineffective in
alleviating the converter’s steady-state error.

In 2008, a systematic and simple approach for designing
SM controllers is presented by Tan et al. [22]. Indirect sliding
mode control with sliding surface method to reduce the steady-
state error of output voltage was introduced by Tan et al. [22],
although two additional states in sliding surface function are
applied. In 2011, Jafarian and Nazarzadeh [23] introduced a
time-optimal based sliding mode control assisting improve-
ment of buck converter output voltage under any disturbance.
In addition to expanding the sliding mode control theory
for power converters, performance evaluation and comparison
with other control methods are presented. In 2002, Second-
order sliding mode controller was applied to reduce vibration
problem for buck converter by Fossas and Ras [24].

The adaptive terminal sliding mode control (ATSMC) is
introduced in [25], having advantages of assuring finite time
convergence of the output voltage error to the equilibrium
point and integrate an adaptive law to the TSMC strategy so
as to make the sliding line dynamic during the load variations.

An H∞ robust static output fuzzy controller for DC-DC
converters using Takagi- Sugeno fuzzy models was proposed
in [26]. In the proposed approach, the controller is designed
using the output voltage, which is the measured signal. In [26],
a fuzzy bilinear state feedback controller based on Tagaki-
Sugeno (TS) fuzzy bilinear model for DC-DC converters is
proposed. Baek and co-workers design a fuzzy bilinear state
feedback controller to track the reference output voltage.

Liu et al. [27] in 2013 presented an adaptive-gain, second
order sliding mode observer for multi-cell converters. In this
research, Liu et al. presents an estimator of capacitor voltage
by measurement of voltage and the load current. The proposed
observer is proven to be robust in the presence of perturbations
and uncertainty. Furthermore, Liu et al. presented power factor
control of a full-bridge boost power converter using output
higher order sliding mode control. Liu and his colleague used
a super-twisting sliding mode observer to estimate the input
currents and load resistance only from the measurement of
output voltage. A high order sliding mode observed is used to
limit the chattering which is very robust against disturbances.
Therefore this observer is very useful for close loop control
system. The close loop control forces the input currents to
track the desired values, which can control the output voltage
while keeping the power factor close to one [28].

A. Main Contribution

First, nonlinear model of DC-DC buck converter is obtained
in which the output voltage error (x1) and its time derivative
(x2) are considered as the state variables. Then, the second
order sliding mode control is applied. Sliding mode control
requires control signals to commute at a theoretically infinite
frequency. Particularly, this is not applicable in practical
plants. For the purpose of avoiding high frequency oscillations,
the second order sliding modes is a practical technique that
has been proved to be effective in chattering attenuation.

In this paper, nonlinear controller such as second-order
sliding mode control with twisting algorithm has been applied
to DC-DC buck converter because of its nonlinear properties.
Although both first orders sliding and second order sliding
mode controllers have proper characteristics, the second order
sliding mode controller benefits from the advantages of both
first order and second order sliding mode controllers.

In SMC, ASMC and NTSMC the sliding surface has relative
degree of one with respect to the control input. That means the
control input acts on the first derivative of the sliding surface.
Therefore, chattering happens due to the inclusion of this sign
function. The main idea is to reduce the chattering to zero, not
only the sliding surface, but also its second-order derivative. It
means that the second-order sliding mode corresponds to the
control acting on the second derivative of the sliding surface.

Our main contribution in this paper is the use of second
order sliding mode controller with twisting algorithm for chat-
tering suppression and to maintain robustness and finite time
convergence properties under load variations and parametric
uncertainties.

In this research, experimental validation of the proposed
controller is carried out on an instrumented hardware in
the loop (HIL) test bench whose hardware setup is con-
structed for a prototype buck converter and control algorithms
were implemented with DAQ-Advantech multifunction card
in MATLAB-real-time environment. Practical parameters of
the controller are extracted by practical implementation and
stability analysis. Experimental implementation of twisting
algorithm in SOSMC and SMC, ASMC and NTSMC for the
first order sliding mode control methods studied in this paper is
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compared in four aspects: 1) startup response, 2) rejecting the
disturbance of load resistance, 3) changing the input voltage
and 4) tracking the set point by changing the desired voltage.
Quantitative evaluation of comparisons of output voltage for
four control methods of sliding mode algorithms is done.

The comparison between the first order sliding mode algo-
rithm and the second order sliding mode of twisting algorithm
has been demonstrated and it is shown that the proposed
SOSMC system achieves the best tracking specifications in the
case of external disturbances, best behavior in reference track-
ing and also faster convergence of the sliding surface while the
stability is maintained. Experimental validation of the present
design proves that the control and tracking performance is
improved in presence of uncertainties and disturbances while
the stability is maintained.

The rest of the paper is organized as follows: State space
model of the DC-DC buck converter will be obtained in
Section III. Section IV presents the second order sliding mode
control and twisting algorithm designed for buck converter.
Stability analysis of non-singular terminal sliding mode con-
trol method for buck converter will be studied in Section V.
Section VI reviews the sliding mode control algorithms for
DC-DC buck converter with four different algorithms under
perturbed condition and the step change in the input voltage.
Finally, the paper will be concluded in Section VII.

III. STATE SPACE MODEL OF THE DC-DC
BUCK CONVERTER

DC-DC buck power converter converts input DC voltage
to a lower voltage level. Fig. 1 shows the buck converter.
Because of diode and MOSFET as a switching element, it
has a nonlinear structure and as a result of the presence of
two energy storing elements, the system is second order [29],
[30].

Fig. 1. DC-DC buck converter circuit.

The state-space equations of state variables such as voltage
of the capacitor (or output voltage) and current of the inductor
is obtained in following steps. In the first step, switch Sw is
ON for which the state equation can be written as:





diL
dt

=
1
L

(vin − vo)

dvo

dt
=

1
C

(
iL − vo

R

) . (1)

In the second step, Sw switch is opened (OFF). When the
diode D conducts, the circuit is equal to parallel RLC and the

equations are as follow:




diL
dt

= −vo

L
dvo

dt
=

1
C

(
iL − vo

R

) . (2)

Combining (1) and (2) with ON and OFF switching control
u we have: 




dvo

dt
=

1
C

(
iL − vo

R

)

diL
dt

=
1
L

(uvin − vo)
. (3)

The output voltage error x1 and the changes of the output
voltage error rate are defined as:

x1 = vo − Vref (4)

x2 = ẋ1 =
dvo

dt
. (5)

The output voltage error (x1) and its time derivative (x2) are
considered as the state variables, so the final state equations
for buck converter with a voltage controller, is presented in
(6) where ω2

o = 1/LC is the resonance frequency [29], [31].
{

ẋ1 = x2

ẋ2 = − x2

RC
− ω2

ox1 + ω2
o(uvin − Vref)

. (6)

IV. SECOND ORDER SLIDING MODE

Sliding mode technique is based on principles of variable
structure control (VSC) and has different names since 1934,
and sliding mode control is well known as the dominant
control method to provide a robust control under parameters
uncertainties and unknown perturbations, as published by
Utkin [31]. In sliding mode technique is defined as output
function or “sliding manifold”, and it uses a discontinuous
control to converge the system states trajectories to a “sliding
manifold” and this manifold converges to zero in finite time
[32], [33].

Unfortunately, the high frequency switching generated by
the discontinuous control is not always applicable due to
technological constraints. This results in unwanted high fre-
quency fluctuation or “chattering” in the system output [32]. In
order to suppress chattering, a high order sliding mode control
(HOSMC) technique was proposed, and has been established
as the most successful chattering avoidance method [34], [35].
In HOSMC, the discontinuous control is applied on some
higher time derivative of the system, instead of influencing
the first derivative of deviation as in SMC. Therefore, the real
control law is almost continuous, smooth and chattering is sup-
pressed [34]. Consider a single-input single-output nonlinear
affine system:

ẋ = f(x) + g(x)u
y = s(x, t) ∈ R, u = u(x, t) ∈ R (7)

where f and g are smooth uncertain functions. s(x, t) is a
sliding variable, dependent upon the state trajectories. The
second order sliding manifold is defined as following equation:

s2 = {x ∈ Rn | s(x, t) = ṡ(x, t) = 0 } . (8)
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Second order sliding mode control (SOSMC) is the most
common method, which forces the sliding surface and its
first time derivative s(x, t) and ṡ(x, t) to zero by applying
a discontinuous control on the second time derivative s̈(x, t)
[30]. If the system has a relative degree one with respect to
the sliding variable, the control u appears in the first derivative
of s(x, t), then this system is defined as:

ṡ =
∂s(x, t)

∂t
+

∂s(x, t)
∂x

. (f(x) + g(x) u)

s̈ =
∂ṡ(x, t, u)

∂t
+

∂ṡ(x, t, u)
∂x

. (f(x) + g(x) u) +
∂ṡ(x, t, u)

∂u
u̇

= φ(x, t) + γ(x, t) v (9)

where ϕ(x, t) and γ(x, t) are smooth functions that have to
be bounded as follows:

φ(x, t) =
∂ṡ(x, t, u)

∂t
+

∂ṡ(x, t, u)
∂x

. (f(x) + g(x) u)

γ(x, t) =
∂ṡ(x, t, u)

∂u
(10)

where the discontinuous control is applied on v = u̇ while
system (7) is controlled by u. In order to stabilize the system
to zero in finite time and design a robust controller with second
order sliding mode, the following conditions must be met [18],
[36], [37]:

φ(x, t) > 0 ; |φ(x, t)| ≤ C ; 0 < Γm ≤ γ(x, t) ≤ ΓM .

A. Second Order Sliding Mode Control (SMC) With Twisting
Algorithm for Buck Converter

Using twisting algorithm, an SOSMC controller is designed
for Buck converter. First an appropriate sliding variable and
then the control law concerning the twisting algorithm are
applied for the Buck converter. Since the purpose of the sliding
mode control for buck converter is to control the output voltage
(vo), the sliding surface for applying the SOSMC via twisting
algorithm in buck converter system can be defined s = vo −
Vref .

By calculating s̈, based on the state equation of the buck
converter (6), its related equation is changed into the standard
equation of (11):

s̈ =
(

1
R2C2

− 1
LC

)
vo − 1

RC2
iL +

vin

LC
u. (11)

Therefore we have:



φ =
(

1
R2C2

− 1
LC

)
vo − 1

RC2
iL

γ =
vin

LC

(12)

where γ is limited by 0 < Γm ≤ γ ≤ ΓM . Control laws
and restrictions on its parameters are obtained from the ones
similar to those mentioned in (8), (9) and (10). Therefore, the
control law is defined by the following expression:

u = −α1sign(s) + α2sign(Ṡ)α1 > α2 (13)

where the controller parameters such as α1 and α2 are defined
as α1 = α ∗ U and α2 = U . Then, the sufficient conditions
for finite time convergence of the sliding manifold s are:





U >
φ

Γm

α∗ >
2φ + ΓMU

ΓmU

(14)

where the control parameters in twisting algorithm for buck
converter are α1 = 9.6 and α2 = 0.8.

B. Designing Second Order Sliding Mode Controller
(SOSMC) via Twisting Algorithm for Buck Converter

In this section, the restrictions in the parameters of the
SOSMC controller with twisting algorithm for buck converter
are calculated with the parameters specified in Table I.

TABLE I
PARAMETERS OF THE BUCK CONVERTER CONTROLLED VIA

TWISTING ALGORITHM

Parameter Nominal value

φ 5.1× 106

Γm 7× 106

ΓM 13× 106

Firstly, the restrictions and the below intervals are con-
sidered for RL, vin, vo, and iL parameters of the buck
converter. Indeed, these limits present the amount of allowable
disturbances, uncertainty, and the desired steady state error (for
the buck converter output voltage and inductor current). The
values of L and C are assumed to be constant.




7V < vin < 13V
2Ω < R < 40Ω

iL − Vref

R
= ±0.1A

∆vo = 0.01 V.

(15)

In the steady state, inductor current is equal to: iL =
Vref

R
.

And, the desired error tolerance is considered to be around
0.1 A. The output voltage tolerance is considered as 0.01 V
around the desired value (Vref ). Now, using the definition
of allowable changes for the buck converter in (15) and by
inserting relations for ϕ and γ, restriction parameters (φ, Γm,
and ΓM ) are calculated as follow:

ϕ = |φ|max =
∣∣∣∣
(

1
R2C2

− 1
LC

)
vo − 1

RC2
iL

∣∣∣∣
max

=
∣∣∣∣

1
LC

vo +
1

RC2
(iL − vo

R
)
∣∣∣∣
max

ϕ =
∣∣∣∣

1
LC

vo(max) +
1

RminC2

(
(
Vref

R
+ 0.1)− vo(min)

Rmin

)∣∣∣∣
≈ 5.1× 106

(16)

Γm =
1

LC
vin(min) = 7× 106 (17)

ΓM =
1

LC
vin(max) = 13× 106. (18)
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By putting the values of Table I in (11), the following con-
vergence conditions for the controller parameters are obtained:{

U > 0.57
α∗ > 4.42.

(19)

V. ADAPTIVE SLIDING MODE CONTROL
FOR BUCK CONVERTER

In the sliding mode control, the parameter λ corresponding
to the nominal load conditions can be considered to be
constant. This is an inappropriate approach as it may lead
to poor performance in the cases where changes in operating
conditions are large. The parameter λ is proportional to the
capacity of the capacitor filter (C) and load resistance (RL),

C is a constant parameter and λ is calculated through λ =

1/(RLC). The adaptive sliding mode control method for con-

trolling the buck converter voltage, leads to a more effective
performance against disturbances and system uncertainties
such as changes in the load resistance. This method is similar
to the SMC method; the only difference is that in this method
the parameter λ in sliding line (19) is not constant. Thus, (20)
can be considered to calculate the RL and its related λ value.

RL =
vo

iR
(20)

where iR and vo are the load resistance current and the output
voltage respectively. Fig. 2 illustrates the circuit diagram of a
DC-DC buck converter controlled by ASMC method.

Fig. 2. ASMC controller block diagram for buck converter.

VI. NON-SINGULAR TERMINAL SLIDING MODE CONTROL
METHOD FOR BUCK CONVERTER

NTSMC method uses a nonlinear function as sliding sur-
face. The nonlinear sliding surface function is able to provide a
finite-time convergence of the error from an initial point to the
equilibrium point. The following equation, which represents
the sliding surface, is used for this type of controller in buck
converter application [31]:

Sn = x1 + λ́ẋ
1
γ

1 = 0 (21)

where λ > 0 is the stability condition and where λ́ = (1/λ)1/γ

and 1 < 1/γ < 2. Its dynamics is represented by the following
equation:

−ẋ
1
γ

1 =
1

λ́
x1. (22)

Fig. 3 represents the block diagram of a DC-DC buck
converter applying the NTSMS control technique.

Fig. 3. Buck converter control system block diagram using NTSMC.

A. The Equivalent Control Input (uNTSMC
eq ) for NTSMC

The control law of the sliding mode control is obtained
by solving ṡn = 0 equation. The uNTSMC

up is obtained when
the time derivation of sliding surface becomes zero [31]. The
following equation represents the control law (u).

−ẋ
1
γ

1 =
γ

vinω2
o λ́

(
λ́x2

γRC
+

ω2
o λ́

γ
(Vref + x1)− x

2− 1
γ

2 ). (23)

In (23), it is clear that 1 < 1/γ < 2, which means q < p <
2q, thus, the power of x2 in (23) is not negative. The equivalent
control input in (23), when x2 = 0, would not become infinite
and the singularity problem would not happen in the NTSMC
[31].

The equivalent control could not change the system state
variables from the reaching mode to the sliding mode. Thus,
an additional control law that is called switching control must
be added, and the main control input (uT ) is created in (24):

uT = uNTSMC
eq + u. (24)

Also, the equivalent input uNTSMC
eq at a steady state condi-

tion (in which the state variables are zero) is obtained from
(25) in the following form:

uT = uNTSMC
eq =

Vref

vin
. (25)

By adding ueq and u obtained from (26), the total control
law (uT ) is obtained.

u =
1
2

(1− sign (S)) =
{

1, S < 0
0, S > 0.

(26)

B. Stability Analysis and Existence Condition for NTSMC

Existence condition for NTSMC is calculated from the be-
low Lyapunov function and its derivation. Now, by derivation
of (21), Ṡn is calculated as follows:

Ṡn = ẋ1 +
λ

γ
ẋ

1
γ−1

1 ẍ1 = x2 +
λ

γ
x

1
γ−1

2 . (27)
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Therefore, the following two modes for zero and one state
(switching OFF and ON) of the control input u are calculated:

Ṡn = x2− λ́

γ
x

1
γ−1

2

[ x2

RC
−ω2

o(vin−Vref−x1)
]
>0

for S < 0, when u = 1 (28)

Ṡn = x2 − λ́

γ
x

1
γ−1

2

[ x2

RC
− ω2

o(Vref + x1)
]

< 0

for S > 0, when u = 0. (29)

The above equations show the sliding mode dynamics for
the closed-loop NTSMC control system. Combining these
inequalities, the following relation is calculated:

λ́

γ
x

1
γ−1

2

[ x2

RC
− ω2

o(vin − Vref − x1)
]

< x2

<
λ́

γ
x

1
γ−1

2

[ x2

RC
+ ω2

o(Vref + x1)
]
. (30)

By taking the two parts of the above inequalities to the
power (1−1/γ), the following relation in (31) can be obtained.
The existence condition (SnṠn < 0) is guaranteed if the
condition in (31) holds:

−ω2
ovin <

λ

γ
x

2− 1
γ

1 −
[ x2

RC
+ ω2

o(Vref + x1)
]

< 0. (31)

The sliding mode around the equilibrium point (x1
∼=

0, x2
∼= 0) would exist if the following equation for the buck

DC-DC converter parameter are established [34]:

−ω2
ovin < −ω2

oVref < 0. (32)

Non-singular terminal sliding mode control tackles the
problem of singularity in the terminal sliding mode control
method. One problem of NTSMC method is that its design is
more complex than that of the other methods mentioned so far.
Besides, in this method, the value of γ parameter, to ensure
the stability of the system, has a restriction 0.5 < γ < 1 which
leads to losing some of the desired dynamic response during
the load resistance disturbances. The lower the value of this
parameter, the faster the buck converter response reaches the
equilibrium point, though here it could not have a value lower
than 0.5.

VII. EXPERIMENTAL SET-UP, EXPERIMENTAL AND
SIMULATION TESTS

In order to represent the performance of the sliding mode
strategies, the DC-DC buck converter has been tested by ex-
periments and simulations. Experimental results were obtained
from a hardware setup constructed in a laboratory. A buck
converter prototype is shown in Fig. 4.

The switching pulse was performed by means of a MOSFET
transistor (IRFP150M), as shown in Fig. 5 with an isolation
circuit based on a high-speed opto-coupler (6N137). It is
necessary to isolate the input signal in the control algorithm of
the input signal in the power MOSFET transistor. The isolation
circuit is also depicted in Fig. 6.

Fig. 4. Experimental prototype.

Fig. 5. Experimental implementation of the buck converter.

Fig. 6. Opto-coupler isolation circuit of PC to power switches (IRFP150M).

A computer (Pentium IV, with 2.8 GHz speed, 1.24 GB
RAM) is used to perform the proposed second order sliding
mode controller with twisting algorithm. The proposed con-
troller was implemented in the real-time-MATLAB environ-
ment.

The communication between the buck converter circuit and
the proposed second-order sliding mode controller was im-
plemented by DAQ-Advantech, PCI-1716 AE, a data acquisi-
tion card (Model: PCI-1716 AE, 16-Channel, high-resolution,
16 bit, multifunction, 250 kHz in speed and 0.03 % of accu-
racy) which is used to connect the buck circuit and computer.
Operating range of the card is ±10 V for input data. A
voltage conditioning circuit including a scaling of the capacitor
voltage, besides an operational amplifier isolation module was
implemented for voltage sensing and a scaling factor of was
used. The voltage conditioning circuit is connected to analog
input (AI0) of DAQ-Advantech.

The voltage measurement circuit is shown in Fig. 7. The
current measurement was measured by a shunt resistor 0.003 Ω
and the differential coupling is sketched in Fig. 8. The inter-
esting part of this coupling is that it amplifies the voltage of
shunt resistor without reference to ground. This operational
amplifier module was implemented for current measurement.

The current measurement circuit is connected to analog
input (AI2) of DAQ-Advantech. A digital output (DO0) is
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Fig. 7. Voltage measurement circuit as a feedback.

Fig. 8. Current measurement circuit as a feedback.

used to implement the PWM pulse of control signal to opto-
isolation circuit and then to MOSFET transistor. The intercon-
nection of the modules can be appreciated in a block diagram
form as depicted in Fig. 9.

A. Experimental and Simulation Results
In this section, the performance of the NTSMC controller

with parameters h = 0.02, λ = 100 and γ = 3 is examined.
Fig. 10 shows the simulated start-up response of the equivalent
control input. Fig. 10 shows the control input (u), the output
voltage (vo), the inductor current (iL) and state variables,
i.e., output voltage error (x1) and the rate of change of the
output voltage error (x2) while NTSMC method is applied
for R = 2 Ω. It is clear that vo is in good agreement with
the simulation result shown in Fig. 10(a). Inductor current is
shown in Fig. 10(b) and x1 and x2 have the same results as
the simulation results in Figs. 10(c) and (d), respectively.

Experimental results with NTSMC method are shown in
Fig. 11, where Fig. 11(a) shows output voltage and output
voltage error while Fig. 11(b) shows switching pulse and
output voltage error.

The block diagram of the simulated SOSMC controller
via twisting algorithm for buck converter in MATLAB-real-
time environment can be seen in Fig. 12. Fig. 13 shows the
output voltage, the inductor current, and output voltage error
for the buck converter controlled by SOSMC using twisting
algorithm. The corresponding control parameters are shown in
Table II.

TABLE II
PARAMETERS OF TWISTING METHOD SLIDING MODE CONTROL

Parameter Nominal value

α1 9.6

α2 0.8

As shown in Fig. 13, the output voltage diagram at the start-
up moment has an overshoot that reaches up to 7 volts. The
diagram of inductor current fluctuates between 0 to 1mA. The
diagram for control input shown in Fig. 14 also indicates the
u signal, which is applied to the Sw switch in buck converter.
It is to some extent more continuous than first order sliding
mode methods, leading to a reduction in vibration problem.

Fig. 15 depicts the phase plane S(t) and S′(t) of the twisting
algorithm which confirms the fact that S(t) and S′(t) converge
to zero.

Fig. 16 shows the experimental responses of x1, u and vo

with twisting algorithm for the case that is considered in
Figs. 13 and 14.

B. Comparison of Algorithm Under Different Condition

In this section, all control methods such as SMC, ASMC
and NTSMC with second order sliding mode control level via
twisting algorithm are compared on the buck converter in the
following four aspects: 1) startup response, 2) perturbation of
load resistance, 3) perturbation of the input voltage (vin) and
4) changes in the desired output voltage (Vref ). According to
comparison, it is considered that twisting algorithm has better
performance than other algorithms. In tracking time response
and steady state error, SMC and ASMC are the worst ones.
But in disturbance rejection, twisting algorithms and ASMC
are the best ones.

Fig. 9. Block diagram of implemented control system of the buck converter.
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Fig. 10. Simulation results of a DC-DC buck converter. (a) Output voltage. (b) Inductor current. (c) Output voltage error (x1). (d) Output voltage error rate
(x2) with NTSMC method.

Fig. 11. Experimental results. (a) Output voltage and output voltage error. (b) Switching pulse and output voltage error with NTSMC method.

Fig. 17 depicts the simulated output voltage in startup re-
sponse. As can be seen in this figure, the startup response
for twisting method is faster than SMC, ASMC and NTSMC
methods, while SOSMC response has a relatively big over-
shoot in the initial moments which is undesirable while other

methods do not have an over-shoot or its value is very little.
Settling time for each method of sliding mode is shown in

Table III. From the table it can be seen that SOSMC method
via twisting algorithm is faster than the SMC methods, i.e.,
NTSMC, ASMC and SMC. Fig. 18 shows the experimental
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Fig. 12. MATLAB-real-time environment of buck converter controlled by a twisting algorithm.

Fig. 13. Simulation results of a DC-DC buck converter controlled by twisting algorithm. (a) Output voltage. (b) Error of output voltage. (c) Inductor current.

responses of vo with twisting algorithm and NTSMC method.
In tracking by NTSMC method, an error of about 0.6

volts can be seen in Fig. 19(a), but twisting algorithm has
an accurate tracking and the error has come down to zero
(Fig. 19(b)).

C. Step Changes in the Load as Disturbance

Simulation diagrams for output voltage in Fig. 20 are pro-
vided for all methods while load resistance is decreasing from

10 Ω to 2 Ω at the moment t = 0.2 s. ASMC method is more
efficient than SMC, TSMC and twisting algorithm only when
load resistance is changing. This is due to the adjustment of
λ parameter based on the changes in load resistance. The λ
parameter is a function of RL.

In twisting method by reducing the load resistance, steady
state error tolerance increases, which is undesirable. On the
other hand, undershoots for all sliding mode control methods
presented in Fig. 20 are almost identical. Therefore, only
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Fig. 14. Control input of the buck converter controlled twisting algorithm. Fig. 15. Phase portrait of the buck converter controlled by twisting algorithm.

Fig. 16. Experimental result of (a) switching pulse and output voltage and (b) output voltage and output voltage error by twisting algorithm.

Fig. 17. Output voltages through different sliding mode methods.

settling times during load resistance changes are compared
quantitatively in Table III.

However, practical implementation of non-adaptive con-
trollers leads to reduction in the cost and measurement equip-

ment compared to the adaptive method.

D. Changes in Input Voltage as Disturbance

The simulation diagrams of output voltage in Fig. 21 are
provided for all methods while the input voltage is declining
from 10 V to 8 V at the moment t = 0.2 s. Due to the
dependence of ATSMC method to load resistance RL, the
controller shows a robust behavior against drastic changes of
the load current. However, its response during the disturbance
of input voltage is exactly equal to those of the non-adaptive
method. As can be seen in Fig. 21 and Table III, twisting
methods have the lowest steady-state error during changes in
the input voltage. In twisting method by changing the input
voltage, error tolerance increases which is undesirable.

By comparing the quantitative methods of analyzing steady-
state error while disturbances of the input voltage of the buck
converter are active, it could be concluded that twisting method
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Fig. 18. Output voltages. (a) Twisting algorithm. (b) NTSMC method.

Fig. 19. Experimental result of vo and output voltage error (x1) for startup response. (a) Twisting algorithm. (b) NTSMC method.

TABLE III
COMPARISONS OF OUTPUT VOLTAGE FOR FOUR CONTROL METHODS OF SLIDING MODE ALGORITHMS

Control method
Settling time (ms) of

start-up response

Settling time (ms) of
changes in the load resistance

(RL: 10 Ω to 2 Ω)

Steady-state error (mv) for
changes in input voltage

(vin: 10 V to 8 V)

Tracking time (ms) of changes in
desired output voltage

(Vref : 5 V to 7 V)

SMC 35 30 100 45
ASMC 35 10 100 45

NTSMC 33 16 61 31
Twisting 5 8 2 3

Fig. 20. The output voltage diagrams by different sliding mode methods
during changes in load resistance from 10 Ω to 2 Ω at t = 0.2 s.

has the lowest error. Thus, twisting method response is more
robust in presence of disturbances in input voltage while SMC
and ASMC have the highest steady-state error. Among the
first-order sliding mode control methods with a simpler SMC
design, NTSMC method has the lowest error rate.

Experimental responses of the output voltage obtained by
twisting method for changes in vin from 10 V to 12 V and
from 12 V to 10 V are shown in Fig. 22. The output voltage
takes about 50 ms to track its reference that agrees well with
the simulation result of the same case shown in Fig. 21(a).

E. Changes in Reference Output Voltage
In Fig. 23, simulation diagrams of output voltage and its

error (x1) for all methods is depicted when the desired output
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Fig. 21. (a) Output voltage and (b) output voltage error (x1) by different sliding mode methods with disturbance in input voltage at t = 0.2 s.

Fig. 22. Experimental response of the output voltage by twisting method for a change in vin from (a) 10 V to 12 V and (b) 12 V to 10 V.

Fig. 23. (a) Output voltage and (b) output voltage error (x1) by different sliding mode methods during disturbance in reference voltage (Vref ) at t = 0.2 s.

voltage (Vref ) is increased from 5 V to 7 V at t = 0.2 s. As
seen in this figure and Table III, tracking the output voltage
by SOSMC methods is much faster and has a higher precision
than SMC methods. However, in twisting algorithm, during
changes in desired output voltage, there is some overshoot
too. Among SMC methods, NTSMC has the shortest tracking
time. Since the accuracy of tracking for four methods is almost
the same, the tracking time is examined quantitatively in Table
III.

Fig. 23 and Fig. 24 show the simulated and experimental
responses of the output voltage obtained by NTSMC and

twisting method for a step change in Vref from 5 V to 7 V
at t = 0.2 s. It is obvious that when the step change occurs,
the switch stays ON until the inductor current reaches to its
desired steady-state value. Then, when the desired steady state
is reached, the switch is turned OFF and ON, continuously,
keeping the converter in the new operating point. The result
shown in Figs. 23(a) and (b) are in close agreement with the
experimental result shown in Fig. 24(a).

Fig. 25 shows the output voltage and its error while the input
voltage changes from 5 V to 7 V. And also the Fig. 25 indicates
that the twisting algorithm has a desired tracking against
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Fig. 24. Experimental response. (a) vo and output voltage error. (b) vo and the control input (u) for a change in Vref from 5 V to 7 V by NTSMC.

Fig. 25. Experimental response. (a) vo and output voltage error. (b) vo and the control input for a change in Vref from 5 V to 7 V by twisting algorithm.

Fig. 26. Chattering effect. (a) Output voltage and switching pulse to MOSFET. (b) Zoomed shape of output voltage and switching pulse by SMC method.

changes of the reference voltage. In addition, Fig. 25 shows
that the experimental results are similar as in Fig. 23.

F. Chattering Effect

The main obstacle for sliding mode control implementation
is chattering phenomenon or ripples in power converter. Due

to high level of heat losses in power converters at high
switching frequency, the conventional methods of chattering
suppression are not applicable. The second-order sliding mode
control, compared to conventional SMC has the advantage
that it provides a smooth control law and better efficiency
in the control implementation yielding less chattering and
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better convergence accuracy while preserving the robustness
properties. The main idea is to reduce to zero, not only the
sliding surface, but also the second derivative of the sliding
surface.

The experimental responses of output voltage with sliding
mode control are shown in Fig. 26. One can easily see that
Figs. 26(a) and (b) show fluctuation in tracking of output
voltage. The chattering phenomena is due to the inclusion of
the sign function in the switching term and it can cause the
control input to start fluctuation while sliding surface reaches
zero, resulting in unwanted wear and tear of the actuators.

In Fig. 27, chattering effect of output voltage and switching
pulse to MOSFET by twisting method are shown. It provides
better performance in the control implementation yielding less
chattering and better convergence accuracy while preserving
the robustness properties. The main idea is to reduce to zero,
not only the sliding surface, but also its second-order deriva-
tive. It means that the second-order sliding mode corresponds
to the control acting on the second derivative of the sliding
surface.

Fig. 27. Chattering effect of output voltage and switching pulse to MOSFET
by twisting method.

G. Quantitative Comparison

The numerical values of parameters in each case are pre-
sented in Table IV in order to have a quantitative comparison
of different sliding mode methods in various operating condi-
tions of buck converter discussed in this section.

VIII. CONCLUSION

In this paper, a second-order sliding mode control with
twisting algorithm is proposed for DC-DC buck converter.
Twisting algorithm of second order sliding mode was com-
pared with different first order sliding mode controls such as
adaptive sliding mode control, non-singular terminal sliding
mode algorithms to control DC-DC buck converter. Adaptive
sliding mode control is proposed to optimize the transient re-
sponse, which shows better performance during load changing
rather than sliding mode algorithm. The NTSMC employs
a nonlinear sliding surface function that assures finite time
convergence of the output voltage to the reference voltage.

Equivalent control approach is used in NTSMC method and
stability of the closed-loop system is proved using direct
Lyapunov approach. And also, steady state error of the output
voltage was reduced in presence of input voltage disturbance.
The new nonlinear sliding surface avoids singularity problem.

The closed-loop system is also implemented in an ex-
perimental application of a DC-DC buck converter. In this
paper, the results have shown that the ASMC algorithm can
improve the dynamic performance of the converter during
disturbances. In addition to robustness, NTSMC method is
applied to ensure finite time convergence in the output voltage
with respect to reference voltage output without the singularity
problem. Finally, simulations and experimental results from
a test prototype are compared for different operating points.
Twisting method presents efficient performance in dealing with
steady state error and settling time of the output voltage in
presence of load disturbances.
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