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Abstract: This paper proposes a novel adaptive intelligent global sliding mode control for the
tracking control of a DC-DC buck converter with time-varying uncertainties/disturbances. The
proposed control law is formulated using a switching surface that eliminates the reaching phase
and ensures the existence of the sliding action from the start. The control law is derived based on
the Lyapunov stability theory. The effectiveness of the proposed approach is illustrated via high-
fidelity simulations by means of Simscape simulation environment in MATLAB. Satisfactory tracking
accuracy, efficient suppression of the chattering phenomenon in the control input, and high robustness
against uncertainties/disturbances are among the attributes of the proposed control approach.

Keywords: global sliding mode control; DC-DC buck converter; switching surface; adaptive con-
troller; lyapunov stability

1. Introduction

DC-DC converters are widely employed in various electric power supply systems,
such as DC motor drives, computers, cars, ships, aircraft, photovoltaic systems, etc. [1–4].
In those applications where the desired output voltage is smaller than the input voltage a
common choice is the buck converter. Because of the nonlinear and time-varying structure
of the buck converters owing to their switching operation, the design procedure of high-
performance controller for these systems is a challenging topic [5–8]. The main objective of
the control method is to confirm the stability of the system in the arbitrary condition with
satisfactory dynamic response in the presence of load variations, parametric uncertainties
and external disturbances. Nonlinear and robust control techniques are considered to be
the best candidates in DC-DC converter applications than other linear feedback control
methods. In the recent years, several nonlinear and robust control schemes have been
employed for the stability and tracking control of DC-DC buck converters [9]. Among
them, the sliding mode control (SMC) as an effective robust control method has received
many applications because of its exceptional robustness against uncertainties and distur-
bances, guaranteed stability properties, computational and implementation easiness, fast
response and excellent transient performance with respect to other control schemes [10,11].
The sliding mode control method has been prosperously applied to a broad diversity of
practical linear and nonlinear systems such as nonholonomic systems [12,13], robot manip-
ulators [14], aircraft [15], spacecraft [16,17], underwater vehicles [18], chaotic systems [19],
electrical motors [20], and power systems [21,22]. The algorithm of SMC comprises two
different phases, i.e., reaching and sliding phases [23]. Due to the impact of the switching
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surface on the transient performance and stability of the closed-loop system, the main stage
of SMC procedure is to present an appropriate sliding surface such that errors reduce to a
suitable value [24,25]. In the traditional SMC design methods, the guaranteed performance
of the robust tracking is only achieved after the states errors reach the sliding surface, and
during the reaching phase the closed-loop system is not robust [26]. If the sliding action
exists from the initial time, the system is more robust against perturbations compared to
the conventional SMC with reaching phase. The global SMC (GSMC) method provides a
unified framework to skip the reaching phase such that the sliding mode starts right from
the beginning, and hence the controlled system is entirely invariant to the uncertainties and
disturbances [27]. The global SMC yields a suitable robust performance when an additional
term is inserted to the switching surface. In recent years, GSMC has become a noteworthy
control procedure and its design algorithm is guaranteed to attain some particularly robust
performance. In [28], an output-feedback GSMC scheme based on the high gain observer is
presented for a class of SISO uncertain nonlinear systems. In [29], a novel discrete GSMC
for DC-DC buck converters is introduced and the stability conditions for quasi-GSMC are
proposed. In [30], a GSMC approach composed of optimal linear state-feedback and fuzzy
nonlinear robust controllers is suggested for the electromechanical actuator of a missile
with parametric external disturbances and variations. In [31], a global quasi-SMC (GQSMC)
method is provided with guaranteed zigzag motion with a smaller bound compared to
the method proposed by Gao. In [32], a GSMC disturbance-observer is proposed for the
position tracking of DC motor system with parameter variations, modeling errors, and load
moment disturbances. In [33], a chattering-free fuzzy back-stepping GSMC for tracking
control of multi-joint robotic manipulators is proposed. In [34], a GSMC law based on linear
matrix inequality (LMI) is designed for the stabilization of a class of nonlinear uncertain
systems which guarantees the asymptotic stability of the states. In [35], an adaptive GSMC
combined with an RBF neural network is suggested for the system identification, angular
velocity estimation and tracking control of gyroscope system. In [36], an adaptive fast
terminal SMC method combined with a GSMC scheme is proposed for the robust tracking
control of uncertain third-order nonlinear systems. In [37], a solution to the design problem
of adaptive GSMC based on dynamic nonlinear sliding function is proposed for linear
helicopter systems with actuator faults and time-delays. To the best of our knowledge,
no adaptive control method has been investigated to design a GSMC law for the tracking
control of buck converters. This paper considers the tracking control problem of DC-DC
buck converters with time-varying disturbances. To this aim, a robust controller is designed
for the worst-case scenario and with the focus on the steady state response of the DC-DC
buck converter (regulated DC value). The sliding mode control approach was used for
its inherent robustness to input disturbances and the nature of its discontinuous control,
which makes its implementation to power converters trivial [38]. Its main contributions
are as follows:

• An adaptive GSMC approach based on the Lyapunov stability theorem to ensure the
system is entirely invariant to the uncertainties and disturbances.

• A new switching surface that eliminates the reaching phase and ensures the existence
of the sliding action from the start.

• A chattering-free robust control law that improve the robustness and stability of
DC-DC buck converters.

It is emphasized that the transient behavior, intrinsic dynamics of the IGBT, and
current and voltage fluctuations as a result of the inherent switching action of the buck
converter were not the focus of this study. Nonetheless, the subject matter was the focus of
various publications [39–41]. Moreover, most existing chips have mechanisms in place to
counteract those ripples and over currents [42,43]. This paper is organized as follows. The
dynamical model of DC-DC buck converter is briefly described in Section 2. The proposed
adaptive global sliding mode controller is detailed in Section 3. The effectiveness of the
proposed control scheme is illustrated in Section 4. Concluding remarks are finally given
in Section 5.
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2. Dynamical Model of DC-DC Buck Converter

The dynamical equations of the DC-DC buck converters for the switching situations
ON and OFF are described as:

i̇L(t) = 1
L (vin(t)− vo(t)),

v̇o(t) = 1
C

(
iL(t)− vo(t)

R

)
,

(1)

and
i̇L(t) = − vo(t)

L ,
v̇o(t) = 1

C

(
iL(t)− vo(t)

R

)
,

(2)

where R is the load resistor, C is the filter capacitor, L is the filter inductor, vin(t) denotes
the DC input voltage, iL(t) represents the inductor current and vo(t) indicates the output
voltage. Figure 1 displays the electrical circuit of the DC-DC buck converter.

Figure 1. The DC-DC buck converter model in Simscape.

Considering (1) and (2), the dynamical model of DC-DC buck converter in both of the
situations is given as:

i̇L(t) = 1
L (u(t)vin(t)− vo(t)),

v̇o =
1
C

(
iL(t)− vo(t)

R

)
,

(3)

where u signifies the control input which takes 0 for OFF situation and 1 for ON situation
of the switch (Sw). Now, considering the difference of the output voltage v0(t) and a
continuous piecewise linear reference voltage vre f (t), we define the first state signal e1(t) as:

e1(t) = v0(t)− vre f (t). (4)

Then, the second state variable is defined as:

e2(t) = ė1(t) = v̇0(t)− v̇re f (t). (5)

Then, considering that v̈re f (t) = 0 (since vre f (t) is a continuous piecewise linear func-
tion), then dynamic model of the system’s error in the state-space form can be expressed as:

ė1(t) = e2(t),
ė2(t) = − e2(t)

RC + ω2
(

u(t)vin(t)− vre f (t)− e1(t)
)
+ d(t),

(6)

where ω = 1√
LC

and d(t) denotes an unknown disturbance signal with bounded amplitude,
i.e., |d(t)| ≤ Q. From practical point of view it is important to note that the values of
resistors, capacitors and inductors used in the converter are not known exactly. This will
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imply some uncertainties in the system’s dynamic and should be considered in the design
procedure to achieve more accurate and robust results. To this aim and assuming that the
uncertainties are bounded we can represent the overall effects of those uncertainties by an
uncertainty function ψ(e1, e2, t) as:

ė1(t) = e2(t),
ė2(t) = − e2(t)

R0C0
+ ω2

0

(
u(t)vin(t)− vre f − e1(t)

)
+

ψ(e1, e2, t) + d(t),
(7)

where R0, C0 and L0 are the nominal known values of the components, ω0 = 1√
L0C0

and it
is assumed that the function ψ(e1, e2, t) is unknown but bounded, i.e., |ψ(e1, e2, t)| ≤ Ψ.

3. Main Results

In the DC-DC buck converters, the main goal is to regulate the output voltage at a
desired value despite the existing disturbances/uncertainties. To this aim, we use the idea
of global sliding mode control technique which is not only robust to perturbations such
as the common sliding mode control approach, but also removes the reaching phase right
from beginning. The following theorem characterizes the main results and provides the
control law which guarantees the asymptotic convergence of the closed-loop system.

Theorem 1. Consider the state-space model of DC-DC buck converter (3). If the control law is
defined as follows, then the global asymptotic stability of the system is guaranteed and the output
voltage regulation is achieved:

u(t) = − 1
vinω2

0


K
gσ

sgn(e2(t) + φe1(0)e−φt)− e2(t)
R0C0
−

ω2
0

(
vre f + e1(t)

)
− φ2e1(0)e−φt+

gs
2

gσ
2

(
e1(t)− e1(0)e−φt)

 (8)

where φ, gs and gσ are the positive constants, and K is a positive coefficient with K > gσ(Q + Ψ).

Proof. Considering the output voltage regulation goal, the following sliding surfaces
are defined:

s = gs
(
e1(t)− e1(0)e−φt)

σ = gσ

(
e2(t) + φe1(0)e−φt). (9)

The time-derivative of the above sliding surfaces are written as

ṡ = gs
(
ė1(t) + φe1(0)e−φt)

σ̇ = gσ

(
ė2(t)− φ2e1(0)e−φt). (10)

Substituting (7) into (10), one achieves

ṡ = gs
(
e2(t) + φe1(0)e−φt)

σ̇ = gσ

(
ω2

0

(
u(t)vin(t)− vre f − e1(t)

)
− e2(t)

R0C0

+ψ(e1, e2, t) + d(t)− φ2e1(0)e−φt

)
.

(11)

Now, consider the following Lyapunov candidate function:

V =
1
2
(s2 + σ2) (12)



Energies 2021, 14, 1249 5 of 12

where differentiating V and using (11) yields

V̇ = gs
(
e2(t) + φe1(0)e−φt)s

+gσ

(
ω2

0

(
u(t)vin(t)− vre f − e1(t)

)
− e2(t)

R0C0

+ψ(e1, e2, t) + d(t)− φ2e1(0)e−φt

)
σ

(13)

Substituting the suggested control law (8) into (13) and taking the definitions in (9)
into account, one obtains

V̇ = gs
(
e2(t) + φe1(0)e−φt)︸ ︷︷ ︸

≡ σ
gσ

s− Ksgn(σ)σ− gs
gσ

sσ

+gσψ(e1, e2, t)σ + gσd(t)σ

= gs
gσ

σs− Ksgn(σ)σ− gs
gσ

sσ + gσψ(e1, e2, t)σ

+gσd(t)σ

= (gσ(ψ(e1, e2, t) + d(t))− Ksgn(σ)σ)

≤ gσ|σ|.|ψ(e1, e2, t) + d(t)| − K sgn(σ)σ︸ ︷︷ ︸
|σ|

≤ (gσ(Q + Ψ)− K)|σ|

(14)

where considering the condition K > gσ(Q + Ψ) in (8), one obtains the asymptotic stability
condition V̇ < 0.

Remark 1. Compared to the common sliding surface sc = gse1(t), the global sliding surface s
in (9) forces the states of the system to arrive at the surface right from the beginning. Thus, the
reaching mode is omitted, and the global robustness is fulfilled.

In practice, the upper bounds of disturbances and uncertainties are often unknown
and hence |d(t)| and |ψ(e1, e2, t)| are difficult to determine. Assume that disturbance and
uncertainty terms are bounded, i.e., Q > |d(t)|, Ψ > |ψ(e1, e2, t)|, where Ψ and Q are two
unknown positive constants. Moreover, assume that Q̂ is the estimation of Q, Ψ̂ is the
estimation of Ψ, and K̂ is the estimation of K with K̂ > gσ

(
Q̂ + Ψ̂

)
which is proposed by

the subsequent adaptation law:
˙̂K = µgσ|σ| (15)

where µ is a positive constant.

Theorem 2. Consider the dynamical model of DC-DC buck converter (3). Let the sliding surface
be in the form of (9) and suppose that the adaptation law (15) is satisfied. Using the adaptive control
law specified by:

u(t) = − 1
vinω2

0

 K̂
gσ

sgn(σ)− e2(t)
R0C0
−ω2

0

(
vre f + e1(t)

)
−φ2e1(0)e−φt + gs

gσ
2 s

 (16)

then the global finite-time stability of the system is satisfied, and the output voltage regulation
is achieved.

Proof. The positive-definite Lyapunov function candidate is considered to be:

V =
1
2
(s2 + σ2) +

1
2

χK̃2 (17)
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where χ > 0 and K̃ = K̂− K. Taking the time-derivative of V and using (15) and (16) gives

V̇ = sṡ + σσ̇ + χK̃ ˙̂K

= gs
gσ

σs + χK̃ ˙̂K− gs
gσ

σs + gσψ(e1, e2, t)σ+

gσd(t)σ− K̂|σ|
= χK̃µgσ|σ|+ gσψ(e1, e2, t)σ + gσd(t)σ− K̂|σ|.

(18)

Equation (18) can be expressed as

V̇ ≤ µgσχ
(
K̂− K

)
|σ|+ gσ|ψ(e1, e2, t)||σ|+

gσ|d(t)||σ| − K̂|σ|+ K|σ| − K|σ|
≤ −(1− µgσχ)

(
K̂− K

)
|σ| −

(K− gσ|ψ(e1, e2, t)| − gσ|d(t)|)|σ|.

(19)

Since K > gσ(|ψ(e1, e2, t)|+ |d(t)|) and µgσχ < 1, then Equation (19) can be repre-
sented as

V̇ ≤ −(1− µgσχ)
(
K̂− K

)
|σ| − gσ(Q− |d(t)|)|σ|

−gσ(Ψ− |ψ(e1, e2, t)|)|σ|

≤ −
√

2
χ (1− µgσχ)|σ| (K̂−K)√

2
χ

−
√

2gσ(Q− |d(t)|) |σ|√2

−
√

2gσ(Ψ− |ψ(e1, e2, t)|) |σ|√
2

≤ −Ξ

(
|s|√

2
+ |σ|√

2
+ K̃√

2
χ

)
= −ΞV

1
2 ,

(20)

with Ξ = min{
√

2gσ(Ψ− |ψ(e1, e2, t)|),
√

2gσ(Q− |d(t)|),
√

2
χ (1− µgσχ)|σ|} > 0. There-

fore, the adaptive global finite-time stability of the system is achieved, and the output
voltage regulation is fulfilled.

When the error trajectory is below the sliding surface, i.e., S(e(t)) < 0, the control
signal must be applied (u = 1) such that it steers the error trajectory towards the sliding
surface. In this situation (Sw : ON), to satisfy the reaching condition S(e(t))Ṡ(e(t)) < 0,
one obtains from (11) that:

gs
(
e2(t) + φe1(0)e−φt)+

gσ

(
− e2(t)

R0C0
+ ω2

0(vin(t)− vre f − e1(t))+

ψ(e1, e2, t) + d(t) + φe2(0)e−φt

)
> 0.

(21)

On the other hand, when the error trajectory is above the sliding surface, i.e., S(e(t)) >
0, the control input must be disconnected (u = 0) such that it forces the error trajectory
to move towards the sliding surface. In this situation (Sw : OFF), to fulfill the reaching
condition, we achieve from (11) that:

gs
(
e2(t) + φe1(0)e−φt)+

gσ

(
− e2(t)

R0C0
−ω2

0

(
e1(t) + vre f

)
+

φe2(0)e−φt + ψ(e1, e2, t) + d(t)

)
< 0.

(22)
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The overall control law which adapts such switching conditions is simplified as:

u(t) = 1
2 (1− sgn(S(e(t))))

=

{
1, S(e(t)) < 0

0. S(e(t)) > 0

(23)

The direct realization of the controller (23) implies that the buck converter will operate
at an infinite switching frequency which is not desirable in practice. Then, a hysteresis
bandwidth h is employed for the control input:

u(t) =

{
1, S(e(t)) < −h

0, S(e(t)) > h
(24)

where if S(e(t)) is less than −h, the switch Sw will turn ON, and if S(e(t)) is more than h,
the switch will turn OFF. The hysteresis modulation method limits the operating frequency
of the switch. Considering the positive slope of the sliding surface by Ṡ(e(t))+ and the
negative slope of it by Ṡ(e(t))−, the ON and OFF periods of the switch Sw are obtained as:

TON =
2h

Ṡ(e(t))+
, (25)

TOFF =
−2h

Ṡ(e(t))−
. (26)

Now, assuming that the state errors e1(t) and e2(t) are negligible and the effect of the
disturbance d(t) and uncertainty ψ(e1, e2, t) is removed, Equation (11) can be written as:

Ṡ(e) ≈ gsφe1(0)e−φt+

gσ

(
ω2

0(u(t)vin − vre f ) + φe2(0)e−φt
)

,
(27)

where using (27), the ON and OFF periods (25) and (26) are calculated as:

TON =
2h

gsφe1(0)e−φt + gσ

(
ω2

0(vin − vre f ) + φe2(0)e−φt
) , (28)

TOFF =
−2h

gsφe1(0)e−φt + gσ

(
−ω2

0vre f + φe2(0)e−φt
) . (29)

Thus, the switching frequency can be achieved by:

fs =
1

TON + TOFF

=


φgσω2

0GE(0)e−φt
(

2vre f − vin

)
+

g2
σω4

0vre f

(
vin − vre f

)
−

φ2(GE(0))2e−2φt


2gσhω2

0vin
.

(30)

Considering lim
t→∞

e−φt = 0 in the steady state, then (28) and (29) can be simplified as:

TON =
2h

gσω2
0(vin − vre f )

(31)

TOFF =
2h

gσω2
0vre f

. (32)
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Finally, using (31) and (32), the switching frequency is obtained by:

fs =
gσω2

0vre f

2h

(
1−

vre f

vin

)
, (33)

This result signifies that the switching frequency is directly proportional to the sliding
gain gσ and inversely proportional to the hysteresis bandwidth h. These parameters can be
chosen such that an appropriate switching frequency is obtained.

4. Simulation Results

In this section, the proposed GSMC design framework is implemented to control a
DC-DC buck converter and its effectiveness and performance are verified. The verifications
are performed using Simscape of the MATLAB software which is a high-fidelity simulation
environment of the physical systems. The nominal parameters of DC-DC buck converter
and its controller are presented in Table 1. In the following simulations, the total effects of
the dynamic uncertainties and external disturbances are supposed as ψ + d = 200 sin(2πt).
These are additive disturbances that are modeled as entering the system in the same manner
as the control input. They are implemented using an additional/summing block located at
the input of the DC-DC block. It also assumed that the parameters of the converter have
uncertainties with the magnitude of 10–20%, and the measurements of the DC-DC buck
converter are contaminated with a Gaussian noise with zero mean, standard deviation
of 0.1. First, the effects of load variation and the performance of the proposed controller
to handle such situation is investigated. To this aim it is assumed that the output load is
increased 100% at time 0.2 s, i.e., the output resistance changed from R = 20 Ω to R = 10 Ω.
The corresponding results of the converter output voltage (vo(t)), the inductor current
(iL(t)) and the control signal (u(t)), are shown in Figure 2. The results demonstrate that
the proposed method is able to stabilize very quickly the output voltage at the desired
value Vre f = 15 volt, even for a large load variation. It is also observed from this figure that
the inductor current varies from 0.75 to 1.5 ampere which itself determines the load current.
Noticeably, the simulation results confirm the theoretical anticipations. In the second
scenario, we investigate the performance of the proposed approach in the presence of load
variations as well as disturbances and dynamic uncertainties, which will be introduced
at time 0.4 s. The obtained results, in this case, are illustrated in Figure 3. The results
demonstrate that the proposed method is able to robustly regulate the output voltage at
the desired value Vre f = 15 volt in the presence of large load variation, uncertainties and
disturbances. Finally, in the third scenario, it is assumed that the system is subject to the
external disturbance of d = 200 sin(2πt), ∀t >= 0.4 s, the uncertainties in the converter’s
parameters (10–20%), and 100% output load variation (from 10 to 20 ohm). Then, assuming
the desired output voltage Vre f = 6 volt, the simulation results are shown in Figure 4. It is
seen that the proposed method is able to efficiently cope with all undesirable source of error
affecting the system, i.e., load large variation, disturbances and parameter uncertainties.

Table 1. Parameters of DC-DC buck converter.

Param. Value Param. Value Param. Value

C 1000 µF gs 60 χ 0.7
L 150 µH gσ 0.1 Q 3
R 20 Ω φ 50 h 80

Vin 20 v µ 0.5 K 10 × 103
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Figure 2. Time trajectories of the output voltage vo(t), inductor current iL(t), control signal u(t), and
the Lyapunov function (Load variation).

Figure 3. Time trajectories of the output voltage vo(t), inductor current iL(t), control signal u(t), and
the Lyapunov function (Load variation + disturbances).
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Figure 4. Time trajectories of the output voltage vo(t), inductor current iL(t), control signal u(t), and
the Lyapunov function (Load variation + disturbances + uncertainties).

5. Conclusions

This paper proposed a novel adaptive GSMC approach for DC-DC buck converters
with time-varying uncertainties. The design was derived using a new switching surface
and aimed at eliminating the reaching phase and ensuring system’s global robustness and
chattering-free dynamics. High-fidelity simulations conducted using Simscape simulation
environment in MATLAB showed satisfactory tracking accuracy and high robustness
against uncertainties/disturbances. Additionally, the design successfully suppressed the
chattering phenomenon in the control input. It is worth noting that though in this paper
we considered DC-DC buck converters, the proposed control framework is applicable to
any high-order nonlinear system with bounded uncertainties.
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