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Robust Control for PWM-Based DC–DC Buck
Power Converters With Uncertainty Via

Sampled-Data Output Feedback
Chuanlin Zhang, Junxiao Wang, Shihua Li, Senior Member, IEEE, Bin Wu,

and Chunjiang Qian, Senior Member, IEEE

Abstract—This paper investigates the sampled-data output feed-
back control problem for dc–dc buck power converters taking con-
sideration of components uncertainties. A reduced-order observer
and a robust output feedback controller, both in the sampled-data
form, have been explicitly constructed with strong robustness in
the presence of uncertain parameters. A delicate stability analysis
process is presented to show that, by carefully selecting the de-
sign gains and the tunable sampling period, the output voltage of
the hybrid closed-loop dc–dc buck converter system will globally
asymptotically tend to the desired value even though the separation
principle is out of reach and the controller is only switched at the
sampling points. The proposed controller consists of a set of linear
difference equations which will lead to direct and easier digital
implementation. Numerical simulations and experimental results
are shown to illustrate the performance of the proposed control
scheme.

Index Terms—DC–DC buck converters, output feedback con-
trol, reduced-order observer, sampled-data control, uncertainty
attenuation.

I. INTRODUCTION

DC–DC switched power converters, which are employed
to adapt energy sources to the load requirements (or vice

versa), are intensively used in direct current (DC) supply appli-
cations [1]–[3]. These devices present several challenges re-
garding their control issue since modern electronic systems
such as computer systems, communication equipments, med-
ical instruments, etc. deeply require high-quality, lightweight,
reliable, adaptive, and efficient power supplies [4]–[10]. Early
control efforts for these systems are contributed to the linear
control methods based on linearized models [11], but it is clear
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that those control performances deteriorate under various dis-
turbances in the dc–dc converter circuit. Later research results
are devoted to nonlinear control strategies which are frequently
studied as applications into different types of dc–dc convert-
ers in the literature, such as backstepping control [12], [13],
adaptive control [14], model predictive control [15] and slid-
ing mode control [16]–[19], fuzzy logic control [20], optimal
control [21], [22], time-domain design [23], etc.

As is well known that dc–dc converters are typical nonlinear
time-varying systems, but the system uncertainties are com-
monly neglected in the controller design. From a practical point
of view, the magnetic characteristics of some components are
actually uncertain and nonlinear especially in the presence of
large magnetic flux density in the ferromagnetic core in the
circuit as studied in [13], [24], and [25]. On the other hand,
the parameter uncertainties in system models are inevitable
in practical control problems caused by modeling errors, un-
certain sensor measurement, different operating circumstances,
and so on [26]–[28]. Hence, high efficient controllers which pur-
sue smaller steady-state error, faster dynamical response, lower
overshoot, and milder noise susceptibility are deeply needed.
Besides these common requirements, the closed-loop control
performance of the converter system should also perform good
uncertainty attenuation ability when affected by uncertainties in
its involved components or by input/output disturbances.

Comparing to various results aforementioned focusing on the
design of state-feedback control laws for dc–dc power convert-
ers, fewer attentions are paid to the output feedback control
strategies which utilize a sensor-less observer to reconstruct
the current or voltage states. Whereas current-mode approaches
are extensively studied by the power electronics engineers [29],
in which current sensing in the state feedback is mandatory.
In addition, the sensing procedures always suffer from noise,
since in some cases such as in peak current control, the cur-
rent waveform must be sensed accurately [30]. Therefore, a
plain output-feedback approach is of interest in certain cases, in
which a simple control is required while the sensing of all the
states in the dc–dc converter is not easy to be reached. More-
over, output feedback control strategy distinguishes itself to its
state feedback control counter-case mainly exists on its reli-
able and cost reducible features. It is depicted in [31] that the
sensor-less control method has significant advantages over both
conventional peak and average current-mode control techniques
in noise susceptibility and dynamic range, in both continuous
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mode and discontinuous mode. And later in [32], a robust adap-
tive output feedback control law is addressed to regulating the
output voltage of dc–dc series resonant converters.

The objective of this paper is to design a global robust track-
ing law for the dc–dc buck converters with consideration of
the uncertainties presented with the capacitance and inductance
via sampled-data output feedback, which provides direct digital
implementation. Different from the typical direct discretization
method whose controller design is based on the approximation
discrete-time system model [33], [34], this paper uses the nonlin-
ear emulation method [35]–[38] to take fully advantages of the
nonlinear recursive design techniques [39], [40] along with the
output domination technique [41]. To this direction, first a novel
discrete-time reduced-order observer is constructed to observe
the unmeasurable state in the sampling points. Different from
conventional full-dimensional high-gain observers [42], [43],
the proposed robust reduced-order observer is still effective un-
der the perturbation from the system uncertainties. Then by
extending the output domination approach and restraining the
state growth under a zero-order-hold input, a delicate stability
analysis is presented to show that with a carefully selected sam-
pling period, the global attractivity of the hybrid closed-loop
system, while the sampled-data controller is dormant during the
sampling instants can be guaranteed. Comparing to the previous
related results concerning on the robust control issue for dc–dc
buck converters, the main contributions of this paper exist on
the following three aspects:

1) In the presence of uncertain parameters, the proposed
sensor-less control design adopts a sampled-data reduced-
order observer, rather than a full-order observer, to esti-
mate the unmeasurable state information in the sampling
point; hence, the implementation cost is reduced.

2) The explicit design procedure of the control law builds a
detailed analytic relationship among the hybrid closed-
loop system performance, the selection of the scaling
gains, and the calculation of the sampling period.

3) The proposed control scheme exists on the fact that it
consists of a set of linear difference equations without
losing its high-precision tracking performance and strong
robustness; hence, it provides the engineers direct and
easier implementation via digital computers.

The paper is organized as follows. Section II introduces the
system model and the problem statement. Section III gives the
explicit control law construction procedure. In Section IV, the
numerical simulations and experimental results will show the
effectiveness of the proposed controller. And, then a conclusion
and a reference list end the paper.

II. SYSTEM MODEL DESCRIPTION AND PROBLEM STATEMENT

Fig. 1 shows a typical dc–dc switched buck power converter
circuit, where iL is the average inductor current, and vo the
average output capacitor voltage, R is the load resistance of the
circuit, Vin is a dc input voltage source, the duty ratio function
μ ∈ [0, 1] represents the control signal and the desired output
voltage is depicted by Vd . The average system model for dc–

Fig. 1. DC–DC Buck converter circuit.

dc buck power converter, as described in [44] and [18], can be
written as follows:

diL
dt

=
1
L

μVin − 1
L

vo

dvo

dt
=

1
C

iL − 1
CR

vo. (1)

As discussed in the introduction that the involved components
always subject to uncertainties and may be nonlinear in practical
situations, to cover a more general control result for the dc–dc
buck power converters, this paper takes consideration of the
case that the involved components L, C may be time-varying,
not fixed. In an analytical way, L and C can be formulated with
uncertainties as the following form

1
L

= θL (t)
1
L0

,
1
C

= θC (t)
1
C0

(2)

where L0 , C0 are exactly known nominal values of the capac-
itance and inductance, respectively. θL (t), θC (t) represent the
time-varying uncertain nonlinear parameters which satisfy the
following assumption.

Assumption 2.1: There exist positive constants θ̄L , θL , θ̄C ,
θC , θ̄∗C , such that the following inequalities hold:

θL ≤ θL (t) ≤ θ̄L

θC ≤ θC (t) ≤ θ̄C
∣
∣
∣
∣

dθC (t)
dt

∣
∣
∣
∣
≤ θ̄∗C .

Remark 2.1: In practice, the inductance and capacitance in
the circuit may continually change subject to uncertain outer
circumstances or other disturbances, such as the temperature,
magnetic coil saturation, production materials, etc. [13], [25].
Only the nominal (approximate) values of L and C in a circuit
are assumed to be available, namely L0 and C0 , but their vary-
ing amplitudes are relatively milder compared to there nominal
values. This fact implies the formulation of the form (2) as well
as Assumption 2.1 are quit reasonable.

With the presence of the uncertain parameters, (1) can be
modified as the following form:

diL
dt

= θL (t)
1
L0

μVin − θL (t)
1
L0

vo

dvo

dt
= θC (t)

1
C0

iL − θC (t)
1

C0R
vo. (3)
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In this paper, the authors are aiming to solve the global track-
ing control problem for the modified uncertain dc–dc buck con-
verter (3) via sampled-data output feedback. Now, we present
the main theorem of this paper whose proof will be introduced
in Section III.

Theorem 2.1: Under Assumption 2.1, there exist a series of
appropriate constant gains M,N, β1 , β2 and a tunable sampling
period T , such that the following robust sampled-data output
feedback control law with a discrete-time reduced-order ob-
server

ẑ(tk+1) = e−M N T ẑ(tk ) + N(1 − e−M N T )y(tk ) (4)

μ(t) =
(

Vd − M 2β2
(

ẑ(tk ) + (N + β1)y(tk )
))

/Vin ,

t ∈ [tk , tk+1), tk = kT, k ∈ N (5)

where ẑ(tk ) is the estimated state denoted by ẑ(tk ) = x̂2(tk ) −
Ny(tk ), and y(tk ) = vo(tk ) − Vd represents the output signal,
will render the output voltage vo in the uncertain dc–dc buck
converter system (3) globally asymptotically track the desired
output voltage value Vd .

Remark 2.2: In most practical implementation processes, it is
common that the continuous-time controllers can be discretized
directly which exists on the fact that the closed-loop system
performance can always be guaranteed while the sampling fre-
quency is fast enough. And, it is clear that the closed-loop system
performance deteriorates with respect to an increasing sampling
period. However from a theoretical point of view, there are few
results concerning on the feasibility analysis of such a proce-
dure. In other words, the formulated restrictions of the sampling
period T (i.e., the selectable margin of T ), the relationship be-
tween T and control gains or other involved parameters and how
the selection of T affects the controlled system performance are
actually not clear. Aiming to narrow the gap between the control
theory and control applications, this paper presents the engineers
a sampled-data control law design where explicit formulas to
select the control gains and the tunable sampling period based
on a detailed stability analysis for the hybrid closed-loop uncer-
tain DC-DC buck converter system are presented. Hence, it will
be a helpful guideline for direct digital implementation.

Remark 2.3: In most of the existing results concerning on the
sensor-less control problem for dc–dc power converters, full-
order observers are always utilized which rely on the fact that
the system information should be precisely known. As a matter
of fact, the unknown parameters θC (t) and θL (t) in system
(3) will be an obstacle when designing observers which should
utilize the exact information from the original system. Even
those observers designed neglecting the system uncertainties are
sometimes still useful in the practical cases, but the robustness
of the output feedback controllers cannot be guaranteed. In this
paper, utilizing a novel sampled-data reduced-order observer of
the form (4), which performs strong robustness in the presence of
those uncertain parameters, a global robust sampled-data output
feedback controller in the form of (5) can be explicitly designed.

III. SAMPLED-DATA OUTPUT FEEDBACK CONTROL

LAW DESIGN

A. Explicit Design Procedure

In this section, an explicit design procedure divided into sev-
eral steps is provided. First, a change of coordinates is intro-
duced to bring a scaling gain into the system. Second, we con-
struct a discrete-time reduced-order observer to estimate the
unmeasurable state information in the sampling point. Then, a
state-feedback control law are designed using a recursive de-
sign technique [39]. Followed by the stability analysis for the
controlled hybrid closed-loop system, an explicit formula of
the assignment of the gains and the computation of the tunable
sampling period are given in the last step.

Step 1: Change of Coordinates
With the following change of coordinates:

y=x1 = vo − Vd, x2 = ẋ1/M = v̇o/M, u = (μVin − Vd)/M 2

where the constant scaling gain M ≥ 1 will be determined later,
(3) can be rewritten as

ẋ1(t) = Mx2(t)

ẋ2(t) = θL (t)θC (t)
M

L0C0
u(t) − 1

M
θL (t)θC (t)

1
L0C0

x1(t)

−
(

θC (t)
C0R

− θ̇C (t)
θC (t)

)

x2(t)

y(t) = x1(t). (6)

Step 2: Sampled-Data Reduced-Order Observer Design
In what follows, a reduced-order observer for system, (6) will

be built using the sampled-data information from the output
in the sampling point y(tk ) = x1(tk ), and the continuous-time
state x2(t) defined in the time region t ∈ [tk , tk+1)

˙̂z(t) = −MNẑ(t) − MN 2y(tk ) (7)

where N is a constant gain to be assigned later and x̂2(t) =
ẑ(t) + Ny(t).

Integrating the continuous-time observer (7) from tk to tk+1 ,
one can conclude that (7) will generate the same ẑ(tk+1) at
the sampling point tk+1 for the same initial condition with the
following sampled-data observer

ẑ(tk+1) = e−M N T ẑ(tk ) +
∫ T

0
e−M N sdsMN 2y(tk )

= e−M N T ẑ(tk ) + N(1 − e−M N T )y(tk ). (8)

Thus, in the remainder of this paper, we will use the continuous-
time form of the observer for the convenience of stability anal-
ysis.

Denote the error e(t) = z(t) − ẑ(t), where z(t) = x2(t) −
Ny(t). We can deduce from (6) and (7) that the error dynamics
are

ė(t) = −MNe(t) + θL (t)θC (t)
M

L0C0
u(t)

− 1
M

θL (t)θC (t)
1

L0C0
x1(t)
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−
(

θC (t)
C0R

− θ̇C (t)
θC (t)

)

x2(t) − MN 2(y(t) − y(tk )),

t ∈ [tk , tk+1). (9)

Construct a positive definite and proper Lyapunov function
W (e(t)) = 1

2 e2(t). The derivative of W (e(t)) along the error
dynamics (9) satisfies the following inequality

Ẇ (e(t)) ≤ −MNe2(t) + θL (t)θC (t)
M

L0C0
|e(t)‖u(t)|

+ |e(t)|
∣
∣
∣
∣
∣
θL (t)θC (t)

x1(t)
ML0C0

+

(

θC (t)
C0R

− θ̇C (t)
θC (t)

)

x2(t)

∣
∣
∣
∣
∣

+ MN 2 |e(t)‖y(t) − y(tk )|, t ∈ [tk , tk+1). (10)

Step 3: Linear Continuous-Time State Feedback Control Law
Design

Choose a Lyapunov function which is positive definite and
proper V1(x1(t)) = 1

2 x2
1 . The derivative of V1(x1(t)) along sys-

tem (1) is

V̇1(x1(t)) = Mx1(t)x2(t)

= Mx1(t)x∗
2(t) + Mx1(t)(x2(t) − x∗

2(t)). (11)

The virtual controller is chosen as x∗
2(t) = −β1x1(t), where

β1 ≥ 1. Equation (6) becomes

V̇1(x1(t)) ≤ −Mx2
1(t) + M |x1(t)‖x2(t) − x∗

2(t)|. (12)

Denote ξ1(t) = x1(t) and ξ2(t) = x2(t) − x∗
2(t). Construct

a positive definite and proper Lyapunov function

V2(x1(t), x2(t)) =
1
2

(

ξ2
1 (t) + ξ2

2 (t)
)

.

One can easily calculate the derivative of V2(x1(t), x2(t)) along
system (1) which satisfies

V̇2 ≤ −Mξ2
1 (t) + M |ξ1(t)ξ2(t)| + θL (t)θC (t)

M

L0C0
ξ2(t)u(t)

+ θL (t)θC (t)
1
M

1
L0C0

|ξ1(t)‖ξ2(t)|

+

∣
∣
∣
∣
∣

θC (t)
C0R

− θ̇C (t)
θC (t)

∥
∥
∥
∥
∥

x2(t)‖ξ2(t)| + Mβ1 |x2(t)‖ξ2(t)|.

(13)

With the help of Lemma A.1, we have

M |ξ1(t)ξ2(t)| ≤
M

4
ξ2
1 (t) + Mξ2

2 (t). (14)

With Assumption 2.1 in mind and notice that M > 1, by uti-
lizing Lemma A.1, there exists a positive constant d1 > 0, such
that the following inequality holds:

θL (t)θC (t)
1
M

1
L0C0

|ξ1(t)‖ξ2(t)| +
∣
∣
∣
∣
∣

θC (t)
C0R

− θ̇C (t)
θC (t)

∥
∥
∥
∥
∥

x2(t)‖ξ2(t)|

≤ θ̄L θ̄C

L0C0
|ξ1(t)‖ξ2(t)|+

(∣
∣
∣
∣

θ̄C

C0R

∣
∣
∣
∣
+

∣
∣
∣
∣

θ̄∗C
θC

∣
∣
∣
∣

)

|ξ2(t) + β1ξ1(t)‖ξ2(t)|

≤ 1
4
d1(ξ2

1 (t) + ξ2
2 (t)). (15)

Similarly, one can also have

Mβ1 |x2(t)‖ξ2(t)| ≤ Mβ1 |ξ2(t) + β1ξ1(t)‖ξ2(t)|

≤ M

4
ξ2
1 (t) + d2Mξ2

2 (t) (16)

where d2 > 0 is a constant.
Substituting (14), (15), and (16) into (13) yields

V̇2 ≤ −1
2
(M − d1

2
)ξ2

1 (t) +
(

(1 + d2)M +
d1

4
)

ξ2
2 (t)

+ θL (t)θC (t)
M

L0C0
ξ2(t)uc(t)

+ θL (t)θC (t)
M

L0C0
|ξ2(t)‖u(t) − uc(t)|, t ∈ [tk , tk+1).

(17)

We choose the following continuous-time state-feedback con-
troller

uc(t) = −β2ξ2(t) = −β2(x2(t) + β1x1(t)),

β2 ≥
(d2 + 3

2 )L0C0

θLθC

. (18)

With Assumption 2.1 in mind, substituting (18) into (17) yields

V̇2 ≤ −1
2

(

M − d1

2

)

(ξ2
1 (t) + ξ2

2 (t))

+ θL (t)θC (t)
M

L0C0
|ξ2(t)‖u(t) − uc(t)|, t ∈ [tk , tk+1).

(19)

Step 4: Sampled-Data Output Feedback Controller Design
With the sampled-data observer (8), after a discretization pro-

cess for the continuous-time controller (18) and by replacing the
unmeasurable states with the estimated information in the sam-
pling point tk , the sampled-data output feedback controller for
the dc–dc buck converter can be constructed as

u(t) = u(tk ) = −β2(x̂2(tk ) + β1x1(tk )), t ∈ [tk , tk+1),
(20)

i.e., the duty ration μ(t) as the control signal in the sampled-data
form is formulated by

μ(t) =
(

Vd − M 2β2
(

ẑ(tk ) + (N + β1)y(tk )
))

/Vin ,

t ∈ [tk , tk+1). (21)

Denote Z(t) = (x1(t), x2(t), ẑ(t))T and construct a Lyapunov
function U(Z(t)) = V2(x1(t), x2(t)) + W (e(t)). Combining
(12) and (5) together yields

U̇ (Z(t))

≤ −1
2
(M − d1

2
)(ξ2

1 (t) + ξ2
2 (t)) − MNe2(t)

+ |e(t)|
∣
∣
∣
∣
∣

1
M

θL (t)θC (t)
1

L0C0
x1(t) +

(

θC (t)
C0R

− θ̇C (t)
θC (t)

)

x2(t)

∣
∣
∣
∣
∣

+ θL (t)θC (t)
M |e(t)‖u(t)|

L0C0
+

MθL (t)θC (t)
L0C0

|ξ2(t)‖u(t) − uc(t)|

+ MN 2 |e(t)‖y(t) − y(tk )|, t ∈ [tk , tk+1). (22)
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The following propositions whose proofs can be found in the
Appendix will help us to estimate the items on the right hand of
(22) using mathematical restraining technique.

Proposition 3.1: There exist constants d3 > 0, d4 > 0, such
that the following inequality holds:

θL (t)θC (t)
M

L0C0
|e(t)‖u(t)| + MθL (t)θC (t)

L0C0
|ξ2(t)‖u(t) − uc(t)|

≤ M

4
(ξ2

1 (t) + ξ2
2 (t)) + Md3e2(t)

+ d4MN (|ξ2(t)| + |e(t)|) · ‖Z(t) −Z(tk )‖, t ∈ [tk , tk+1).

(23)

Proposition 3.2: There exists constants γ > 0, γ̄ > 0, such
that the following inequality holds:

‖Z(t) −Z(tk )‖ ≤ γ̄
√

U(Z(tk ))
(

eγM (t−kT ) − 1
)

,

t ∈ [tk , tk+1). (24)

Noting that M > 1, one can also obtain the following esti-
mation with Assumption 2.1 and Lemma A.1:

|e(t)|
∣
∣
∣
∣
∣

1
M

θL (t)θC (t)
1

L0C0
x1(t) +

(

θC (t)
C0R

− θ̇C (t)
θC (t)

)

x2(t)

∣
∣
∣
∣
∣

≤ |e(t)|
(

1
M

θ̄L θ̄C
1

L0C0
|ξ1(t)|

+
(

θ̄C

C0R
+

θ̄∗C
θC

)

|ξ2(t) + β1ξ1(t)|
)

≤ 1
4
d5

(

ξ2
1 (t) + ξ2

2 (t) + e2(t)
)

(25)

with a constant d5 > 0.
Using Propositions 3.1–3.2 and substituting (25) into (22)

yields

U̇(Z(t))

≤ −1
4
(M − d1 − d5)(ξ2

1 (t) + ξ2
2 (t))

− 1
4
(

4M(N − d3) − d5
)

e2(t)

+
(

d4MN(|e(t)| + |ξ2(t)|) + MN 2 |e(t)|
)

‖Z(t) −Z(tk )‖

≤ −1
4
(M − d1 − d5)(ξ2

1 (t) + ξ2
2 (t))

− 1
4
(

4M(N − d3) − d5
)

e2(t)

+ d6MN 2 γ̄
√

U(Z(t))
√

U(Z(tk ))
(

eγM (t−kT ) − 1
)

,

t ∈ [tk , tk+1) (26)

where d6 > 0 is a constant.
Choose the observer gain N and the scaling gain M as the

following form:

N ≥ d3 +
1
4
, M ≥ max{d1 + d5 + 2r∗, 1} (27)

Fig. 2. Structure of dc–dc buck converters based on sampled-data output
feedback controller.

where r∗ is any positive constant and the tunable sampling
period T should satisfy the following formula:

T <
1

γM
ln

(

r∗ +
1

d6MN 2 γ̄

)

. (28)

With the choices of (27) and (28), now we are ready to prove
Theorem 2.1.

B. Proof of Theorem 2.1

With the help of (27), one can rewrite (26) as

U̇(Z(t)) ≤ −r∗U(Z(t)) + d6MN 2 γ̄
√

U(Z(t))
√

U(Z(tk ))

×
(

eγM (t−kT ) − 1
)

, t ∈ [tk , tk+1). (29)

Define ζ(t) =
√

U (Z(t))√
U (Z(tk ))

. Equation (29) equals to the follow-

ing inequality:

ζ̇(t) ≤ −r∗

2
ζ(t) +

d6MN 2 γ̄

2

(

eγM (t−kT ) − 1
)

≤ −r∗

2
ζ(t) +

d6MN 2 γ̄

2
(

eγM T − 1
)

, t ∈ [tk , tk+1).

(30)

Solving the above inequality together with the fact that ζ(tk ) =
1, one can have

ζ(tk+1) ≤ d6MN 2 γ̄
(

eγM T − 1
) (

1 − e−r ∗T /2
)

+ e−r ∗T /2 := ρ(T ). (31)

For a fixed sampling period T satisfying (28), it is clear that
ρ(T ) < 1, which leads to

ζ(tk+1) ≤ ρ(T ) ⇒ U(Z(tk+1)) ≤ ρ(T )U(Z(tk )). (32)

Hence, V
(

Z(tk )
)

converges to zero as k goes to infinity. As
a conclusion, the closed-loop hybrid system (1), (8), and (15)
is globally asymptotically stable. This completes the proof of
Theorem 2.1.

Remark 3.1: Fig. 2 depicts the implementation structure of
dc–dc buck converters with the proposed sampled-data output
feedback controller (4)–(5). What is worth pointing out here
is that the proposed sampled-data controller of the form (5)
consists of a set of linear difference equations which is not
losing its high precision tracking performance and robustness;
hence, it will lead to direct and simpler digital implementation.
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(a) (b)

(c) (d)

Fig. 3. Response curves of the system states under sampled-data output control law (5) with the presence of uncertain parameters. (a) Output voltage vo . (b)
Current iL . (c) ẑ(kT ) generated from the observer (4). (d) Time history of the sampled-data control signal, duty ratio μ(t).

Remark 3.2: The main challenges in the above controller
design exist due to the following two aspects. First, noting that
the existing results rely on full-dimensional observers which
can not handle the uncertain parameters θC (t) and θL (t). In
our design procedure, we utilize a reduced-order observer in the
sampled-data form to avoid the hurdle caused by those uncertain
nonlinear terms in system (3). The modified output domination
approach [41] is used in the design where a tunable scaling gain
is introduced to the compensator and controller to dominate
the uncertain perturbing nonlinearities which are not exactly
known. Moreover, since the sampled-data controller is dormant
during the sampling instants, it may not effectively restrain the
states between two neighbor sampling points, i.e., the famous
separation principle is out of reach in this situation. To overcome
this obstacle, a delicate stability analysis process is presented
to show that, by carefully selecting the design gains and the
tunable sampling period, the states of the system will globally
asymptotically tend to the equilibrium even though we only
change the control input values at the sampling points tk .

Remark 3.3: From the design procedure, we should first
choose the sampled-data observer gains N , and then the scaling
gain M can be fixed. By the formulas (27), it seems that we
can choose N and M to be arbitrary large. However, one can
observe from (27) and (28) that the relation between the allow-
able tunable sampling period T and the scaling gain M can be
represented as follows:

T <
1

γM
ln

(

1 +
M − d1 − d5

d6MN 2 γ̄

)

(33)

which implies that the allowable sampling period T may be
more conservative while M is increasing. On the other hand,
numbers of nonlinear mathematical calculations and estimations
for better neatness are included in the design procedure, and
some guidelines on how to choose the gains M,N, β1 , β2 have
been given, but frankly speaking, the selection guidelines (27)
and (28) are somewhat conservative. Hence in the practical
application, the parameters are not necessarily required to be
as large as those values determined by the sufficient conditions.

IV. NUMERICAL SIMULATIONS AND EXPERIMENTAL RESULTS

In this section, numerical simulations and experiments results
are shown in this section to illustrate the performance of the
closed-loop system under the proposed sampled-data output
feedback control law.

A. Numerical Simulations

The involved components values are selected as shown in
Table I, the load resistance is set to be R = 10(Ω) and the
uncertain parameters θL (t), θC (t) in system (3) are assumed
to be formulated by θL (t) = θC (t) = 3

2 + 1
2 sin(10t) and the

step size taken is 0.01s. Fig. 3 shows the closed-loop perfor-
mance under the sampled-data output feedback control law (5).
It can be observed from the dynamic response curves that the
controller performs well in the presence of those uncertain pa-
rameters, and high-efficient tracking task can also be achieved.
More specifically, Fig. 4 shows the error between the estimated
discrete-time state x̂2(kT ) and the system state x2(t) (i.e.,
dvo

dt ). The proposed robust reduced-order observer performs nice
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Fig. 4. Response curves of the estimated sampled-data state x̂2 (kT ) and the
system state x2 (t) with the presence of uncertain parameters.

TABLE I
COMPONENTS VALUES OF THE DC–DC BUCK CONVERTER

uncertainties attenuation, while the system state x2(t) is suf-
fering from the involved components’s periodically changing.
In this simulation, the control parameters in the sampled-data
controller (5) are selected as β1 = 2.0, β2 = 1.0 × 10−5 ,M =
50, N = 1.5, and the sampling period is set to be T = 0.02s.

Next, we show by simulation results that different closed-loop
performances are related to different choices of sampling period
T with the same selection of other control parameters. Fig. 5
compares the performance of the closed-loop dc–dc buck system
under the proposed sampled-data output feedback control law
(4) and (5) with three choices of T = 0.02s (the solid line), 0.1s
(the dashed line), 1s (the dotted line), respectively. It is clear that
the dynamic response performance of the hybrid closed-loop
system becomes worse when the sampling period T changes
from 0.02 to 0.1s but still effective to achieve the desired output
values. When T is selected to be T = 1s, the output voltage
fails to achieve the desired value Vd = 15(V) which indicates
that T = 1s has exceeded the boundary of allowable sampling
periods. The time history of the sampled-data duty ratio μ(t) is
shown in Fig. 6.

Utilizing the linear control theory, one can easily construct the
following linear continuous-time full-order observer designed
for system (3) without consideration of the parameter uncertain-
ties

˙̂x1(t) = x̂2(t) − a1(x̂1(t) − x1(t))

˙̂x2(t) =
1

L0C0
(μ(t)Vin − Vd) −

1
L0C0

x̂1(t)

− 1
C0R

x̂2(t) − a2(x̂1(t) − x1(t)) (34)

where a1 > 0, a2 > 0, hence the continuous-time PD output
feedback controller can be designed as

μ(t) = (Vd − k1 x̂1(t) − k2 x̂2(t))/Vin (35)

(a)

(b)

Fig. 5. Response curves of the system states under sampled-data output control
law (5) with T = 0.02s (the solid line), T = 0.1s (the dashed line) and T = 1s
(the dotted line). (a) Output voltage vo . (b) Current iL .

Fig. 6. Time history of the sampled-data control signal, duty ratio μ(t).

where k1and k2 are positive constants. In what follows, we
compare the control performances between the proposed
sampled-data output feedback control law (5) and the PD type
output feedback controller (35). By spending time on regulating
the control parameters for these two controllers to make the
performances of the closed-loop systems as good as possible
for the sake of fair comparison. In this simulation, we set the
uncertain parameter θL (t) = θC (t) = 55

2 + 53
2 sin(10t) for

clear affection, and the control parameters are assigned to be
β1 = 1.0, β2 = 1.5 × 10−6 ,M = 50, N = 1.5, T = 0.02s for
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(a)

(b)

Fig. 7. Response curves of the system states comparison under sampled-data
output control law (5) (the solid line) and PD output feedback control law (35)
(the dotted line): (a) the output voltage vo , (b) the current iL .

Fig. 8. Estimated states comparison between the robust sampled-data reduced-
order observer (4) and the continuous-time full-order observer (34).

Fig. 9. Time history of the control signal, duty ratio μ(t): sampled-data output
feedback control law (5) (the solid line), PD output feedback control law (35)
(the dotted line).

Fig. 10. Configuration of the experimental system.

Fig. 11. Experimental test setup.

Fig. 12. Experimental behavior of the output voltage vo under sampled-data
output control law (5) with T = 0.001s, T = 0.05s and T = 1s.

the proposed sampled-data output feedback controller (4) and
(5), a1 = 1, a2 = 5, k1 = 0.03, k2 = 0.0005 for the PD output
feedback controller (34) and (35), respectively. The tracking
control performances of the output voltage vo and the current
iL between these two controllers are shown in Fig. 7. The esti-
mated system states information x̂2(kT ) from the sampled-data
reduced-order observer (4) (the solid line) and x̂1(t), x̂2(t) from
the continuous-time full-order observer (34) (the dotted line) is
shown in Fig. 8. It is obvious that the time responding curves
of the output voltage vo and current iL under both controllers
are much similar since their state feedback control laws utilize
the same PD type control method. But from the magnified part
in Figs. 7 and 8, one can see clearly that the sampled-data output
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(a) (b) (c)

Fig. 13. Experimental behavior of the current iL under sampled-data output control law (5) with T = 0.001s (a), T = 0.05s (b) and T = 1s (c).

(a) (b) (c)

Fig. 14. Experimental time history of the PWM control signal (5) with T = 0.001s (a), T = 0.05s (b) and T = 1s (c).

Fig. 15. Experimental behavior of the system states comparison under
sampled-data output control law (5)(solid line) and PD output feedback control
law (35)(dotted line).

feedback controller proposed in this paper performs much bet-
ter steady-state robustness in the presence of perturbations from
components uncertainties due to the effectiveness of the robust
sampled-data observer designed in this paper. As one can ob-
serve from Fig. 9, the control amplitudes of both control laws
(5) (the solid line), (35) (the dotted line) are almost in the same
level.

B. Experimental Results

To evaluate the performance of the proposed method, the ex-
perimental setup system for the proposed sampled-data output
feedback control law has been built. The configuration and ex-
perimental test setup are shown in Figs. 10 and 11, respectively.
The nominal values of the involved electronic components are
shown in Table I and the load resistance in the experiment is

(a)

(b)

Fig. 16. (a) Experimental behavior of the current iL under sampled-data
output control law (5), and (b) PD output feedback control law (35) .
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(a)

(b)

Fig. 17. (a) Experimental time history of the PWM control signal (5) and (b)
PD output feedback control law (35).

chosen as R = 100(Ω). The control algorithm is implemented
using a Labview program. In the following experiments, the con-
trol parameters in the sampled-data controller (5) are selected
the same with β1 = 1, β2 = 0.001,M = 2, N = 2.3, and the
switching frequency is set to be 3.6kHZ.

Figs. 12 and 13 show us the experimental behavior of the out-
put voltage vo under sampled-data output control law (5) with
different choices of the sampling period T = 0.001, 0.05, and
1s, respectively. The time history of the PWM control signal is
shown in Fig. 14. One can clearly observe that both the simula-
tion and experimental results have consistent illustrations of the
relationship between the closed-loop system performance and
different choices of the sampling period T .

In what follows, we use experimental results to compare the
control performances between the proposed sampled-data out-
put feedback control law (4) and (5) and the continuous-time PD
type output feedback controller (34) and (35) in which the pa-
rameters are selected as a1 = 1, a2 = 5, k1 = 0.01, k2 = 0.005.
From Figs. 15 and 16, we observe that the steady-state error
of the closed-loop system under sampled-data output feedback
controller is smaller than that under the PD controller while
both control amplitudes are almost in the same level as one can
observe from Fig. 17.

V. CONCLUSION

This paper studies the global sampled-data output feedback
control problem for the uncertain dc–dc buck power converters.

By utilizing a sampled-data reduced-order observer to deal with
the unknown parameters, a robust sampled-data output feedback
control law has been developed to achieve global tracking con-
trol performance in high precision for dc–dc buck converters.
Sampled-data control will give support to easier and cheaper im-
plementation and hence is of significance in both theoretical and
practical point of view. Numerical simulations and experimental
results show the effectiveness of the proposed method.

APPENDIX

First, we list the following lemmas which play key roles in
the proof of the main theorem.

Lemma A.1: Given any positive smooth function π(x, y), the
following holds:

|x‖y| ≤ 1
2
π(x, y)|x|2 +

1
2
π−1(x, y)|y|2 .

Proof: It can be easily proved by completing the square and
hence the details are omitted here. �

Lemma A.2: [45] (Gronwall-Bellman Inequality) For real
continuous functions η(t), α(t), and β(t) ≥ 0 defined in a real
regionD := [a, b] ⊂ R, if η(t) satisfies the following inequality:

η(t) ≤ α(t) +
∫ t

a

β(s)η(s)ds,

the following holds for t ∈ D:

η(t) ≤ α(t) +
∫ t

a

α(s)β(s)e
∫ t

s β (r)drds.

Second, the following part collects the detailed proofs of the
propositions.

Proof of Proposition 3.1: By Assumption 2.1 and (20), one
can obtain

θL (t)θC (t)
M

L0C0
|e(t)‖u(t)|

≤ θ̄L θ̄C M

L0C0
β2β1 |e(t)|

(

|x̂2(tk )| + |y(tk )|
)

≤ θ̄L θ̄C M

L0C0
β2β1 |e(t)|

(

|x̂2(t) − x̂2(tk )| + |x̂2(t) − x2(t)|

+ |x2(t)| + |y(t) − y(tk )| + |y(t)|
)

≤ θ̄L θ̄C M

L0C0
β2β1 |e(t)|

(

|ẑ(t)− ẑ(tk )|+(N + 1)|y(t) − y(tk )|

+ |e(t)| + |x2(t)| + |y(t)|
)

≤ +
θ̄L θ̄C M

L0C0
β2β1e

2(t)+
θ̄L θ̄C M

L0C0
β2β1 |e(t)|

(

|x2(t)|+|y(t)|
)

+
θ̄L θ̄C M

L0C0
(N + 1)β2β1 |e(t)| · ‖Z(t) −Z(tk )‖,

t ∈ [tk , tk+1).

(B.1)
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From the definition of ξ2 = x2 − x∗
2 = x2 + β1ξ1 , applying

Lemma A.1, the following inequality can be concluded:

θ̄L θ̄C M

L0C0
β2β1 |e(t)|

(

|x2(t)| + |y(t)|
)

=
θ̄L θ̄C M

L0C0
β2β1 |e(t)|

(

|ξ2(t)| + (β1 + 1)|ξ1(t)|
)

≤ M

8
(ξ2

1 (t) + ξ2
2 (t)) + Md̃3e

2(t) (B.2)

where d̃3 > 0 is a constant. Hence, (B.1) becomes

θL (t)θC (t)
M

L0C0
|e(t)‖u(t)|

≤ M

8
(ξ2

1 (t) + ξ2
2 (t)) + Md̃3 |e(t)|2

+ d̃4MN |e(t)| · ‖Z(t) −Z(tk )‖, t ∈ [tk , tk+1) (B.3)

with a constant d̃4 > 0.
From (18), (20), and Assumption 2.1, applying Lemma A.1,

we have

MθL (t)θC (t)
L0C0

|ξ2(t)‖u(t) − uc(t)|

≤ Mθ̄L θ̄C

L0C0
|ξ2(t)|(β2 |x2(t) − x̂2(tk )| + β1β2 |y(t) − y(tk )|)

≤ Mθ̄L θ̄C

L0C0
|ξ2(t)|

(

β2(|e(t)| + |ẑ(t) − ẑ(tk )|)

+ β2(β1 + N)|y(t) − y(tk )|
)

≤ M

8
ξ2
2 (t) + Md̄3e

2(t) + d̄4MN |ξ2(t)| · ‖Z(t) −Z(tk )‖,

t ∈ [tk , tk+1) (B.4)

where d̄3 > 0, d̄4 > 0 are two constants.
Combing (B.3) and (B.4) yields

θL (t)θC (t)
M

L0C0
|e(t)‖u(t)| + MθL (t)θC (t)

L0C0
|ξ2(t)‖u(t) − uc(t)|

≤ M

4
(ξ2

1 (t) + ξ2
2 (t)) + Md3e2(t)

+ d4MN (|ξ2(t)|+|e(t)|) · ‖Z(t) −Z(tk )‖, t ∈ [tk , tk+1) (B.5)

with constants d3 = d̃3 + d̄3 and d4 = d̃4 + d̄4 .
Proof of Proposition 3.2: Denote the hybrid closed-loop sys-

tem (6), (2), and (20) to be Ż(t) = Ψ
(

M,Z(tk ),Z(t)
)

. The
following inequality holds for a constant γ > 0:

‖Z(t) −Z(tk )‖

≤
∫ t

tk

‖Ψ
(

M,Z(tk ),Z(s)
)

‖ds

≤
∫ t

tk

γM
(

‖Z(s) −Z(tk )‖ + ‖Z(tk )‖
)

ds

≤ γM(t − kT )‖Z(tk )‖ +
∫ t

tk

γM‖Z(s) −Z(tk )‖ds,

t ∈ [tk , tk+1).

Applying Lemma A.2, one can obtain

‖Z(t) −Z(tk )‖
≤ γM(t − kT )‖Z(tk )‖ + γ2M 2‖Z(tk )‖

×
∫ t

kT

(s − kT )eγM (t−s)ds,

≤ ‖Z(tk )‖
(

eγM (t−kT ) − 1
)

≤ γ̄
√

U(Z(tk ))
(

eγM (t−kT ) − 1
)

, t ∈ [tk , tk+1) (B.6)

where γ̄ > 0 is a constant.
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