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Abstract— In this paper, four control strategies for DC-DC
buck converters are proposed, compared and analyzed:
a single-loop adaptive control strategy (SA), a double-loop
adaptive control strategy (DA), a single-loop disturbance
observer-based control strategy (SDOB) and a double-loop dis-
turbance observer-based control strategy (DDOB). First, the
nominal system without considering the parametric uncertainties
of the DC-DC buck converter is built to help develop the SA
and DA. The SA is built by adaptive and backstepping control
approaches, and the DA is set up by adaptive and sliding mode
control approaches. Additionally, a model considering parametric
uncertainties is introduced, giving the opportunity to develop the
SDOB and DDOB. The SDOB is developed using a designed
disturbance observer and backstepping control technique, and
the DDOB is synthesized using a designed disturbance observer
and sliding mode control method. Finally, the advantages and dis-
advantages of the four proposed control strategies are compared
and analyzed through experiments.

Index Terms— DC-dc buck converters, adaptive control, sliding
mode control, disturbance observer.

I. INTRODUCTION

DC-DC converters are broadly used to achieve power con-
version in a large variety of applications, such as hybrid

electric vehicles, electrical equipment in medical systems,
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portable recharging systems and power supplies. However, it is
important to note that different application scenarios present
specific requirements for the output voltage of the DC-DC con-
verter [1]–[3]. For instance, some applications require DC-DC
converters with a fast dynamic response and/or a small ripple
in the output voltage. Other applications require a stable output
voltage in the presence of load variations and parametric
uncertainties. The comprehensive design of the most effective
control strategy for every specific application has been the
focus of industry and academia in recent decades [4]–[6].

Typically, there are two kinds of control structures, as shown
in Fig. 1, i.e., single-loop and double-loop structures to
control the DC-DC buck converter [7], [8]. Compared with
the double-loop control strategy, the single-loop does not need
to measure the current, leading to simple implementations in
practice. Thus, the single-loop control is also called direct out-
put control or voltage-mode control. The double-loop control
structure consists of a voltage regulation loop and a current
tracking loop. This approach is also called indirect output
control. Since the double-loop control structure adopts the
intermediate measured signal to quickly respond to the control
requirements, it can provide tighter control and improve the
system dynamic performance. Moreover, the double-loop con-
trol structure has a strong anti-interference ability because it
allows the internal loop to control disturbances before affecting
the primary control objective. Note that the process dynamics
of the current tracking loop must act much faster than the
dynamics of the voltage regulation loop [9].

Based on single-loop and double-loop control structures,
numerous control strategies have been proposed to control
DC-DC power converters in the past few decades [10]–[15].
First, based on the linear modeling, some linear control
strategies were designed to control the buck converters [4].
However, it has been demonstrated that, the traditional lin-
ear controllers have worse dynamic performance than with
nonlinear control schemes, [16]. In this way, various non-
linear control algorithms have been applied to DC-DC buck
converters. To name a few, based on the single-loop control
structure, a traditional sliding mode control (SMC) scheme
was designed in [17]; a second-order sliding-mode (SOSM)
controller was applied to DC-DC buck converters to regulate
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Fig. 1. Control structures for DC-DC buck converters.

the output voltage in [13], [18], [19]; in [20], based on
the double-loop control structure, SOSM controllers were
designed in the voltage regulation loop and current tracking
loop, respectively; in [21]–[23], adaptive control technology
was implemented in the converters; [24] constructed a fuzzy
logic controller for dc–dc converters. Although these nonlinear
control methods can improve the performance of the converter,
most of the reported works assume that the nominal values
of the filter inductor and output capacitor are the same as
their actual values. However, there inevitably exist parameter
uncertainties of the filter inductor and output capacitor in
practice, which affect the control performance of the con-
verter system. Moreover, some control strategies are highly
nonlinear and complicated and have many control parameters,
such as SOSM and intelligent control algorithms. Thus, they
are difficult to analyze, design and implement. In addition,
some control strategies are designed based on a single-loop
control structure, and some are based on a double-loop control
structure. Nevertheless, few works present an evaluation of the
performance differences between these two classes of control
structures through experiments.

To this end, four control strategies, a single-loop adaptive
control strategy (SA), a double-loop adaptive control strategy
(DA), a single-loop disturbance observer-based control strat-
egy (SDOB) and a double-loop disturbance observer-based
control strategy (DDOB), to regulate the output voltage of a
DC-DC buck converter are proposed, compared and analyzed
in this paper. The main contributions of this paper are as
follows. First, to design the control strategies, the models
of the system without and with parametric uncertainties of
the DC-DC buck converter are reformulated. Then, based on
these models, the SA, DA, SDOB and DDOB are designed.
The SA is designed using an adaptive and backstepping
control approach, which is the simplest structure among the
four proposed control strategies. The DA applies an adaptive
controller in the external loop, and the SMC is utilized in
the internal loop. SA and DA have fewer control parame-
ters and simpler control structure than the existing control
strategies, which make them easier to design and implement
in practice. The SDOB is built via a backstepping technique
combined with a disturbance observer designed to estimate the

Fig. 2. DC-DC buck converter under study.

parametric uncertainties and unknown disturbances. Finally,
for the DDOB, a disturbance observer-based controller is
applied in the external loop to regulate the output voltage and
an SMC plus a disturbance observer is utilized in the internal
loop to force the inductor current tracking its reference. Com-
pared with other works, a disturbance observer is constructed
in SDOB and DDOB to estimate parametric uncertainties
and disturbances, which can expand the application scope of
control strategies.

The rest of the paper is organized as follows. In section II,
the nominal and uncertain systems of the DC-DC buck
converter and the control objectives are presented. The SA,
DA, SDOB and DDOB control strategies are designed in
sections III and IV, respectively. The main noticeable features
of the four control strategies are discussed in section V.
To compare and analyze the effectiveness of the four proposed
control strategies, experimental results are given in section VI.
Concluding remarks are summarized in section VII.

II. DC-DC BUCK CONVERTER MODEL

The circuit diagram of a DC-DC buck converter is depicted
in Fig. 2, where vin is the input voltage, L is the filter
inductor, C is the output capacitor and R is the equivalent
load considered the unknown disturbance. The averaged model
of the buck converter in continuous conduction mode can be
given as [17],

ẋ1 = x2

C
− x1

RC
, (1)

ẋ2 = − x1

L
+ vin

L
uav, (2)

where x1 is the output voltage vout , x2 is the current through
the inductor iL and uav is the control input. It should be
noted that a study of the discontinuous conduction mode is not
included in this paper for the sake of simplicity. The above
system (1)-(2) is the nominal system for the converter without
considering the parametric uncertainties of the filter inductor
and output capacitor. However, in some practical applications,
accurate values of the inductor and capacitor are not known.
Taking this fact into account, the actual inductor and capacitor
values are defined as follows:

L̄ = L + �L, C̄ = C + �C, (3)

where L and C are the nominal values of the filter inductor
and output capacitor, respectively, and �L and �C are the
parametric uncertainties of filter inductor and output capacitor,
respectively, which are considered unknown values.
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Then, the uncertain system of the DC-DC buck converter
can be written as,

ẋ1 = x2

C̄
− x1

RC̄
, (4)

ẋ2 = − x1

L̄
+ vin

L̄
uav . (5)

The dynamics of converters (4) and (5) can be rewritten as

ẋ1 = x2

C
+ d1, (6)

ẋ2 = − x1

L
+ vin

L
uav + d2, (7)

where

d1 = − �Cx2

C(C + �C)
− x1

R(C + �C)
,

d2 = �Lx1

L(L + �L)
− �Lvinuav

L(L + �L)
.

Furthermore, the dynamics of converters (6) and (7) can be
expressed as,

ẋ = Ax + Buav + d, (8)

where x = [x1, x2]T and

A =
[

0 1
C− 1

L 0

]
, B =

[
0
vin
L

]
, d =

[
d1
d2

]
.

The objective of this paper is to regulate the output voltage
to its desired reference in the presence of unknown distur-
bances and parametric uncertainties.

In the following section, based on the above dynamic
models four control strategies will be designed to achieve the
control objective. Before proceeding, the following lemma is
presented.

Lemma 1: [25] If F ∈ R
n×n is the Hurwitz matrix, then

there exists a positive scalar ε, such that
∥∥eFt

∥∥ ≤ εe
λmax

2 t ,
where λmax is the largest eigenvalue of F.

III. CONTROL STRATEGIES DESIGN FOR NOMINAL

SYSTEM

In this section, based on the nominal system (1)-(2) the SA
and DA controllers will be designed to achieve the control
target. Next, the detailed design procedures will be given.

A. Single-Loop Adaptive Control Strategy

The voltage tracking error can be defined as

z1 = x1 − x∗
1 , (9)

where x∗
1 is the desired output voltage. Taking the derivative

of (9) along with (1), one can obtain

ż1 = x2

C
− θx1 − ẋ∗

1 , (10)

where θ = 1
RC is the unknown parameter. Here it is assumed

that the equivalent load R is unknown and changes in steps
[13]. Thus θ is also unknown and changes in steps. Defining
θ̃ = θ̂ −θ , one can construct the following Lyapunov function
for the system (10), where θ̂ is the adaptive law to be designed,

Vs11 = 1

2
z2

1 + 1

2η
θ̃2. (11)

Then, the time derivative of (11) is

V̇s11 = z1(
x2

C
− θx1 − ẋ∗

1 ) + 1

η
θ̃ ˙̃θ. (12)

Based on (12), one can design the virtual control α1, error
variable z2 and adaptive law θ̂ as follows:

α1 = −ks11z1 + ẋ∗
1 + θ̂x1, (13)

z2 = x2

C
− α1, (14)

˙̂
θ = −ηz1x1, (15)

where ks11 and η are positive scalars. Then, substituting
(13)-(15) into (12) yields

V̇s11 = z1(z2 + α1 − θx1 − ẋ∗
1 ) + 1

η
θ̃ ˙̃θ

= z1(−ks11z1 + θ̂x1 + z2 + ẋ∗
1 − θx1 − ẋ∗

1 ) + 1

η
θ̃

˙̂
θ

= −ks11z2
1 + z1z2 + θ̃z1x1 + 1

η
θ̃(−ηz1x1)

= −ks11z2
1 + z1z2. (16)

Next, using (14), one can obtain the dynamic of z2,

ż2 = − x1

LC
+ vin

LC
uav − α̇1. (17)

The following Lyapunov function Vs12 for the error system
z = [z1, z2]T can be constructed:

Vs12 = Vs11 + 1

2
z2

2. (18)

Differentiating (18) yields

V̇s12 = −ks11z2
1 + z1z2 + z2 ż2

= −ks11z2
1 + z2(z1 − x1

LC
+ vin

LC
uav − α̇1). (19)

The control uav which is designed so that V̇s12 < 0 is satisfied,
is given by

uav = LC

vin
(−z1 + x1

LC
+ α̇1 − ks12z2). (20)

By substituting (20) into (19), it can be obtained that

V̇s12 = −ks11z2
1 − ks12z2

2 ≤ 0, (21)

which means that the error system (z1, z2) tends to zero, i.e.,
the controller (20) can regulate the output voltage to its desired
reference. Here, it should be noted that the way in which
adaptive control technology is used in this paper is different
from that used in [26], where the adaptive laws are designed
using a state observer. The control structure of the SA is shown
in Fig. 3.

B. Double-Loop Adaptive Control Strategy

1) External Loop: The aims of the external loop are to
regulate the output voltage and provide the current command
for the internal loop. It is assumed that the dynamics of the
inner loop are faster than those of the outer loop; then, in line
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Fig. 3. The control structure of the SA.

with the singular perturbation theory [27], the dynamics of z1
can be obtained as:

ż1 = x∗
2

C
− θx1 − ẋ∗

1 , (22)

where x∗
2 is the reference of x2. To achieve the control

objective, the same Lyapunov function can be constructed as
per (11). Then the reference of x2 is designed as,

x∗
2 = C(−kd1z1 + ẋ∗

1 + θ̂x1), (23)

where kd1 is a positive scalar and the same adaptive law as
per (15) is used.

2) Internal Loop: A sliding mode controller is employed in
the internal loop to drive the inductor current to its reference
provided from the external loop. From (2) one obtains the
following derivative with x̃2 = x2 − x∗

2 ,

˙̃x2 = − x1

L
+ vin

L
uav − ẋ∗

2 , (24)

where ẋ∗
2 satisfies the condition that ‖ẋ∗

2‖ is less than or equal
to the positive constant �. Next, the sliding mode controller
uav will be designed to drive the state trajectories onto the
sliding surface x̃2 in finite time. The Lyapunov function is
constructed as

Vd12 = 1

2
x̃2

2 . (25)

The following derivative can be obtained by using (24),

V̇d12 = x̃2(− x1

L
+ vin

L
uav − ẋ∗

2 ). (26)

One can design the following sliding mode controller:

uav = − L

vin
(cd12x̃2 + Dd12sign(x̃2) − x1

L
), (27)

where cd12 and Dd12 ≥ � are positive constants. Applying
the controller (27) in (26) yields

V̇d12 = x̃2(−cd12x̃2 − Dd12sign(x̃2) − ẋ∗
2 )

≤ −cd12x̃2
2 − Dd12 | x̃2 | −�x̃2 ≤ 0. (28)

Thus the inductor current x2 can track its reference x∗
2 in finite

time. The control structure of the DA is shown in Fig. 4.

Fig. 4. The control structure of the DA.

IV. CONTROL STRATEGIES DESIGN FOR AN

UNCERTAIN SYSTEM

In this section, the SDOB and DDOB controllers are applied
to regulate the output voltage for an uncertain system in the
presence of model parameter uncertainties and disturbances,
respectively. The parametric uncertainties and unknown dis-
turbances will be estimated by the disturbance observer.

A. Disturbance Observer Design

The disturbance observer that can estimate the disturbance
d is presented as follows [28]:

d̂ = ζ − Fx,

ζ̇ = F(Ax + Buav + d̂), (29)

where d̂ = [d̂1, d̂2]T is the estimate vector of d , ζ = [ζ1, ζ2]T

is the internal state vector of the observer and

F =
[− f11 0

0 − f22

]
,

with positive constants f11 and f22 to be designed, which
means that F is the Hurwitz matrix. It can be derived
from (8) and (29) that

˙̂d = ζ̇−Fẋ

= F(Ax + Buav + d̂) − F(Ax + Buav + d)

= −Fd̃, (30)

where d̃ = d − d̂ is the estimated error vector.
Using (30), the following derivative can be obtained follow-

ing derivative,

˙̃d = ḋ + Fd̃, (31)

and its solution can be written as

d̃ = eFt d̃0 +
∫ t

0
eF(t−τ )ḋ(τ )dτ, (32)

where d̃0 is the initial value of d̃. Assuming that ‖d‖ ≤ φ and∥∥ḋ
∥∥ ≤ ς , according to Lemma 1, one can obtain

∥∥∥d̃
∥∥∥ =

∥∥∥eFt d0

∥∥∥ +
∥∥∥∥
∫ t

0
eF(t−τ )ḋ(τ )dτ

∥∥∥∥
≤

∥∥∥eFt
∥∥∥ ‖d0‖ +

∫ t

0

∥∥∥eF(t−τ )
∥∥∥ ∥∥ḋ(τ )

∥∥ dτ
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≤ εφe
λmax(F)

2 t + ες
2

λmax(F)
(e

λmax(F)
2 t − 1)

≤ εφ − ες
2

λmax(F)
. (33)

Therefore, it can be concluded that estimate errors are ulti-
mately bounded.

B. Single-Loop Disturbance Observer-Based Control Strategy

Taking the derivative of (9) along with (6), one can obtain

ż1 = x2

C
+ d1 − ẋ∗

1 . (34)

The following Lyapunov function is constructed for the
system (34),

Vs21 = 1

2
z2

1. (35)

Then, the time derivative of (35) is

V̇s21 = z1(
x2

C
+ d1 − ẋ∗

1 ). (36)

Based on (36), one can design the virtual control α2 and
the error variable z2 as follows:

α2 = −ks21z1 + ẋ∗
1 − d̂1, (37)

z2 = x2

C
− α2, (38)

where ks21 is a positive scalar. Then, (36) becomes

V̇s21 = z1(−ks21z1 + ẋ∗
1 − d̂1 + d1 − ẋ∗

1 + z2)

= −ks21z2
1 + z1z2 + z1d̃1. (39)

The time derivative of z2 can be obtained from (7) and (38),

ż2 = − x1

LC
+ vin

LC
uav + d2

C
− α̇2. (40)

It is natural to construct the following Lyapunov function,

Vs22 = Vs21 + 1

2
z2

2. (41)

Using (39) and (40), the following derivative can be
obtained:
V̇s22 = −ks21z2

1 + z1z2 + z1d̃1 + z2 ż2

= −ks11z2
1+z2(z1 − x1

LC
+ vin

LC
uav + d2

C
− α̇2) + z1d̃1.

(42)

The control uav is designed as

uav = LC

vin
(−z1 + x1

LC
+ α̇2 − ks22z2 − d̂2

C
), (43)

where ks22 is a positive scalar.
Then (42) becomes, substituting (43) into (42),

V̇s22 = −ks11z2
1 − ks22z2

2 + z1d̃1 + z2
d̃2

C
,

= zT
[ −ks21 0

0 −ks22

]
z + zTd̃ ′, (44)

where z = [z1, z2]T and d̃ ′ = [d̃1,
d̃2
C ]T . Since the estimate

error vector d̃ is bounded, the vector d̃ ′ is also is bounded.

Fig. 5. The control structure of the SDOB.

Without loss of generality, assume that
∥∥∥d̃ ′

∥∥∥ ≤ . Moreover,
it can be obtained that

V̇s22 ≤ −zT
[

ks11 0
0 ks22

]
z +

∥∥∥zT
∥∥∥

∥∥∥d̃ ′
∥∥∥

≤ − min{ks11, ks22}‖z‖2 + ‖z‖ 

= − ‖z‖ (min{ks11, ks22} ‖z‖ − ). (45)

Thus, the ultimate bound of z is given by

‖z‖ ≤ 

min{ks11, ks22} . (46)

The control structure of the SDOB is shown in Fig. 5.

C. Double-Loop Disturbance Observer-Based Control
Strategy

1) External Loop: Using (6) and (9), the dynamic of the
external loop can be rewritten as

ż1 = x∗
2

C
+ d1 − ẋ∗

1 . (47)

Based on the disturbance observer, the composite controller
can be designed as

x∗
2 = C(−kd2z1 + ẋ∗

1 − d̂1), (48)

where kd2 is a positive scalar and d̂1 is the estimated value
of d1, which is similar to (29) and is omitted here.

Here, it should be pointed out that the disturbance observer
used in the double-loop control structure is different from that
used in the single-loop control structure. In the single-loop
control structure, the disturbances d1 and d2 are estimated
simultaneously, while the disturbances d1 and d ′

2 which will be
explained in the next subsection, are estimated in the external
loop and internal loop respectively, in the double-loop control
strategy.

Using (48), the dynamic of the external loop becomes

ż1 = −kd2z1 + d̃1, (49)

and its solution is given as

z1 = e−kd2t z10 +
∫ t

0
e−kd2(t−τ )d̃1(τ )dτ, (50)

where z10 is the initial value of z1.
It can be concluded from (32), that z1 is ultimately bounded.
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Fig. 6. The control structure of the DDOB.

2) Internal Loop: From (7) the error the dynamic of internal
loop can be rewritten as,

˙̃x2 = − x1

L
+ vin

L
uav + d ′

2, (51)

where d ′
2 = d2 − ẋ∗

2 . Here, the disturbance observer is
still utilized to estimate the disturbance d ′

2. The disturbance
observer can be designed as,

d̂ ′
2 = ξ2 + f2 x̃2,

ξ̇2 = − f2(− x1

L
+ vin

L
uav + d̂ ′

2), (52)

where d̂ ′
2 is the estimate of disturbance, d ′

2, f2 is a positive
constant and ξ2 is the internal state vector of the observer. The
process of stability and analysis of the disturbance observer
is similar to that presented in section IV-A, and it is omitted
here. The observation error d̃ ′

2 = d ′
2 − d̂ ′

2 satisfies
∥∥∥d̃ ′

2

∥∥∥ ≤ � .

Next, one can take advantage of d̂ ′
2 to design a sliding mode

controller to force the inductor current towards its reference.
Based on the Lyapunov function (25), one can obtain its

derivative from (51),

V̇d22 = x̃2(− x1

L
+ vin

L
uav + d ′

2), (53)

where x̃2 = x2 − x∗
2 is the sliding variable.

One can design the following sliding mode controller,

uav = − L

vin
(cd22x̃2 + Dd22sign(x̃2) − x1

L
+ d̂ ′

2), (54)

where cd22 is a positive scalar and Dd22 satisfies Dd22 ≥
� . Then, using (54), the Lyapunov function derivative (53)
becomes,

V̇d22 = x̃2(−cd22x̃2 − Dd22sign(x̃2) + d̃ ′
2)

≤ −cd22x̃2
2 − Dd22 |x̃2| + � x̃2 ≤ 0. (55)

This relation implies that the inductor current x2 can track its
reference x∗

2 in finite time. The control structure of the DDOB
is shown in Fig. 6.

Remark 1: Four control strategies have been proposed for
the DC-DC buck converter. For the single-loop control strate-
gies SA and SDOB, the stability of the closed-loop system
under the controllers (20) and (43) have been strictly proven

in sections III. A and IV. B by the Lyapunov function methods.
For the double-loop control strategies DB and DDOB, the
stability of the closed-loop system have been proven in many
works [7], [29]. On the other hand, it should be noted that the
application background of this paper is focused on DC-DC
buck converters. However, these control strategies also can
been extended to the other converters, such as DC-DC boost
converters and buck-boost converters.

V. DISCUSSION

In section III, the SA and DA controllers are designed to
achieve the control target for the nominal system without con-
sidering parametric uncertainties. However, in some practical
applications, the values of the inductor and capacitor of the
DC-DC buck converter are not exact. Therefore, in section IV
the SDOB and DDOB are implemented for an uncertain
system in the presence of model uncertainties and disturbances
to regulate the output voltage. Although the SA and SDOB are
developed based on a single-loop control structure, it should
be noted that the single-loop control structure of this paper is
different from the conventional single-loop control structure
that only uses the output voltage information, as shown
in Fig. 1(a). The single-loop control structure proposed in
this paper also adopts an intermediate variable to assist in
achieving the primary control objective, which is similar to
the double-loop control idea.

On the other hand, in section III, an efficient adaptive
controller is designed in the single-loop control structure and
voltage regulation loop of the double-loop control structure.
In the voltage regulation loop, based on singular perturbation
theory, variable x∗

2 is viewed as the resulting control signal.
However, in the single-loop control structure, x2 is not viewed
as the actual control input, and a new error variable z2
is introduced to compensate for variable x2. Although the
intermediate variable x2 is used in both control structures,
the way used are totally different. The former requires that
the dynamic of x2 must be much faster than that of x1. The
latter does not have this requirement, and an error variable
must be added.

In section IV, a disturbance observer is utilized to estimate
the parametric uncertainties and disturbance for the uncertain
system to improve system performance. Then, the disturbance
observer is applied in the single-loop and double-loop control
structures respectively to regulate the output voltage. Note that
compared with section III, the voltage tracking error z1 in the
single-loop control structure cannot asymptotically reach zero
since the disturbance observer cannot asymptotically estimate
the unknown disturbance. However it is based on the concept
of ultimate boundedness [30], which is also referred to as
practical stability. For the double-loop control structure, a pro-
portional controller coupled with a disturbance observer has
been designed in the external loop which also cannot guarantee
the asymptotic convergence of the voltage tracking error z1,
but rather its ultimate boundedness. However, a sliding mode
controller is implemented in the internal loop, which can
force the inductor current to asymptotically track its reference,
because the sliding mode controller is insensitive to parameter
uncertainties and disturbances.
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Fig. 7. Laboratory prototype of DC-DC buck converter.

Fig. 8. The control structure of PI control strategy.

TABLE I

NOMINAL PARAMETERS OF THE BUCK CONVERTER

VI. EXPERIMENTAL RESULTS

In this section, experimental results are shown to compare
and analyze the effectiveness of the four proposed strate-
gies for DC-DC buck converters. The laboratory prototype
of the DC-DC buck converter with the proposed controller
is shown in Fig. 7. To better compare and analyze the
four proposed controllers, a MATLAB/Simulink-compatible
dSPACE 1202 platform is selected to drive the converter
circuit. The nominal parameters of the buck converter and
the control parameters of the proposed control strategies are
presented in Table I and Table II, respectively. The control
objective is to regulate the output voltage and experimental
results are given in two cases: load resistance and reference
voltage variations. To show the advantages of the proposed
control strategies, a comparative experiment using the typical
cascaded PI controller, whose control structure is shown in
Fig. 8, is implemented as well.

A. Load Resistance Variations

In this experiment, the reference voltage is kept constant
at 15 V, and the load resistance is changed from 20 � to

TABLE II

CONTROL PARAMETERS OF THE PROPOSED CONTROL STRATEGIES

Fig. 9. Output voltage of the PI control strategy.

10 �. The dynamics of the output voltage of the PI and the
four proposed control strategies measured by an oscilloscope
are shown in the Figs. 9(a) and 10, respectively. It can
be observed from Figs. 9(a) and 10 that all the control
strategies can regulate the output voltage to its reference values
of 15 V even under the load changes. The voltage drop and
recovery time of all control strategies when the load changes
are presented in Table III. As shown in the Figs. 9(a) and 10,
compared with the four proposed control approaches, the
PI control strategy needs the longest time to recover when
the load changes. The SA has the shortest recovery time
of 15 ms when the load changes. The DA presents less output
voltage drop but longer dynamic response time than the SA.
Note that among the four control strategies the DA has the
smallest voltage drop when the load changes. The SDOB has
slower dynamic response and a larger voltage drop than the
SA and DA. In addition, among the proposed four control
strategies, the DDOB needs the longest time to recover when
the load changes. The static performances of the different
control strategies are shown in Table IV. It can be observed
that the DDOB exhibits the best static performances.

It is worth noting that both the SA and DA present smaller
voltage drops than the SDOB and DDOB when the load
changes. The reason is that SA and DA take advantage of
adaptive law to adapt the unknown parameter θ = 1

RC ;
nevertheless, the SDOB and DDOB need to estimate the
disturbance d1 = − �C x2

C(C+�C) − x1
R(C+�C) . Note that when the

load changes, the change is only in R. The best way to regulate
the output voltage is only to estimate R, rather than the total
disturbance d1. From this point, the adaptive approach achieves
a better performance than disturbance observer-based control
approaches. On the other hand, it can be observed that the
single-loop control structure has a shorter recovery time, but
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TABLE III

THE DETAILED RESULTS OF THE CONTROL STRATEGIES
WHEN THE LOAD CHANGES

TABLE IV

THE STATIC PERFORMANCE OF THE DIFFERENT CONTROL STRATEGIES

the double-loop control structure has a lower output voltage
drop when the load changes. Specifically, for SA (SDOB)
and DA (DDOB), the former has faster dynamic response, but
the latter achieves a better output voltage drop performance.
This finding means that the double-loop control structure has
stronger robustness to disturbance than the single-loop control
structure, but its dynamic response time is slower when the
load changes.

Moreover, the following experiments are provided, where
the model of the buck converter in the controller is changed,
to further investigate the robustness of the proposed control
strategies (SDOB and DDOB) to uncertain parameters. In the
first experiment, the values of the inductor and capacitor are
set to L̄ = L+20%L and C̄ = C +20%C , respectively, and in
the second experiment, the values of the inductor and capacitor
are set to L̄ = L − 20%L and C̄ = C − 20%C , respectively.
It can be observed that the dynamics of the output voltage
in Fig. 11 have the similar dynamics as those in Figs. 10(c)
and 10(d), respectively, in which the inductor and capacitor use
nominal values. The differences in the output voltage dynamics
when increasing and decreasing the values of the inductor and
capacitor are acceptable when using the SDOB and DDOB.
This finding means that the SDOB and DDOB are robust to
uncertainties in the model parameters.

B. Reference Voltage Variations

In this experiment, the reference voltage is changed
from 15 V to 12 V, and the load resistance is 20 �. The control
parameters remain unchanged. The dynamics of the output
voltage of the PI and the four proposed control strategies
measured by an oscilloscope are shown in Figs.9(b) and 12,
respectively. The voltage undershoots and recovery times of all
control strategies when the reference voltage changes are pre-
sented in Table V. It can be seen that all the control strategies

Fig. 10. Output voltage (500 mV/div) of the four control strategies when
load changes.

Fig. 11. Output voltages of the SDOB and DDOB under variations of
inductor and capacitor, i.e., (a) +20% variations in the inductor and capacitor
using SDOB, (b) +20% variations in the inductor and capacitor using DDOB,
(c) -20% variations in the inductor and capacitor using SDOB, and (d) -20%
variations in the inductor and capacitor using DDOB.

are robust to reference voltage variations and can regulate
the output voltage to its new reference value. However, they
exhibit different performances. Specifically, for PI control, the
settling time of the output voltage is the longest, and the
voltage undershoot is higher than that in the other control
strategies except the SA. The SA still has the fastest recovery
time, but its voltage undershoot is the highest among the four
control strategies. The DA has lower voltage undershoot than
the SA, but requires the longest time to recover when the
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TABLE V

THE DYNAMIC PERFORMANCE OF THE CONTROL STRATEGIES
WHEN THE REFERENCE VOLTAGE CHANGES

Fig. 12. Output voltages (1 V/div) of the four control strategies when the
reference changes.

reference voltage changes. The SDOB does not have a voltage
undershoot under reference voltage variations. The DDOB
requires a longer recovery time than the SDOB.

Therefore, depending on individual application require-
ments, one can select or switch to the most effective control
strategy for the DC-DC buck converter to achieve the best per-
formance. For example, as some applications require DC-DC
converters with fast dynamic responses when the load and
reference voltage change, one can select or switch to the SA
to meet these requirements.

VII. CONCLUSION

The problem of output voltage regulation in a DC-DC buck
converter has been investigated in this paper. Based on the
nominal and uncertain systems of the DC-DC buck converter,
four control strategies (i.e., SA, DA, SDOB and DDOB)
have been proposed. The characteristics and design procedures
of the four control strategies are compared, discussed and
analyzed. Two experimental results namely, the results of the
comparison of the controller vs. the load resistance variations
and the comparison of the controller vs. the reference voltage
variations, are provided to further compare and analyze the

advantages and disadvantages of the four proposed strategies.
The SA can ensure that the output voltage has the shortest
recovery time whenever the load or the reference voltage
changes. The output voltage has the smallest output voltage
drop under a sudden load change using the DA. The SDOB is
robust to reference voltage changes without an output voltage
undershoot. The DDOB achieves the best static performance
among the four proposed control strategies. From the present
study and analysis, one can select or switch to the most
suitable control strategy for any application scenario. In fact,
none of the existing control strategies for DC-DC converters
can be declared the “best”. Any selected control scheme should
depend on the specific application requirements and balance
the complexity of the control strategy, regulation quality of
the output voltage and robustness. Further study will focus
on the direct design of digital controllers such as discretized
quasi-sliding mode controller for DC-DC buck converters.
On the other hand, how to design an efficient controller for
DC-DC buck converters consider the practical inductor and
capacitor with parasitic resistances is still an open problem.
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