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Abstract— In this paper a hybrid control for buck converters
is proposed that is able to guarantee voltage tracking and
maximum voltage and current ripple simultaneously.
The controller is based on the piece-wise model of the
converter and it works by switching on or off once a set
of performance surfaces is reached. The controller provides
global attractiveness and asymptotic stability to a bounded set.
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I. INTRODUCTION

It is widely known that for switching power supplies
it is desirable that the output voltage remains unchanged
under disturbances either from supply voltage, load voltage
or other perturbations. That is, voltage regulators must be
able to work in operations regions, rather than in a single
operation point and they must be robust against model
uncertainty. Furthermore, in order to minimize inductance
leakage, electromagnetic interference (EMI), parasitic re-
sistances and to increase capacitor duty life, voltage and
current rippling must be limited.

Traditional control schemes have been focus only on the
problem of voltage tracking. Most commonly used control
methods are direct duty ratio control (Rashid, 1988) and
voltage (alternately current) programming control (Redl,
Sokal, 1985)-(Middlebrook, 1985). Both strategies are
based on averaged models and under the assumption of high
frequency switching leads to continuous time controllers.
Nevertheless, it has been shown that this procedure has
some limitations in the exact estimation of the DC output
voltage and harmonics components in open loop. Although,
some improved control methods have been proposed us-
ing non linear techniques, such as sliding mode control
(SMC) (Sira-Ramirez, 1987), fuzzy logic (Gupta et al., ),
linear quadratic regulators (Garofalo et al., 1994)-(Leung
et al., 1993), and feed-forward regulator (Kazimierczuk,
et al., 1997), (Kazimierczuk, et al,, 1999), there is still a
truly need to develop new families of controllers, due to the
highly demand environments of modern power electronics
applications and the additional requirement of developing
controllers easy to implement.

In this paper, a hybrid controller is proposed that is
able to regulate voltage and to ensure maximum voltage
and current ripples. The control methodology used in this
work has the advantage of being simple even for multi-
layer (parallel) converters. The controller decides if switches
go on or off depending if a set of performance surfaces
is reached. Such surfaces are defined based on estimated
system parameters and performance requirements. It is show
that the controller is able to provide global attractiveness
and asymptotic stability to a user-defined set which depends
on the desired ripple. Furthermore, the controller has the
feature of being easy to implement on digital processors. A
100 W traditional buck converter and a 300 W three cell
interleaved converter are taken as a benchmark to illustrate
advantages and features of the proposed control strategy.

II. SYSTEM AND CONTROLLER DESCRIPTION

Let us consider a buck converter working under contin-
uous conduction mode (CCM). In this way, the piece-wise
continuous equations describing the converter dynamics are
the following:

ẋ = Ax+B (1)

where x ∈ R2, is the vector of inductor current (i = x1)

and output voltage (v = x2), and A =
[

0 −1/L
1/C −1/CR

]
,

is a state matrix. The continuous system is subjected to
the discrete time event S that defines the translation vector
B ∈ R2 that accounts for the input voltage

B =
{

B1 if S = 0 (On)
B2 if S = 1 (O f f ) (2)

where S is an index that stands for the switch between
stages, B1 =

[
E/L, 0

]T
, B2 =

[
0, 0

]T and E,L,C,R
are the input voltage, inductance, capacitance and resistive
load values respectively.

Remark 1 If the source voltage is constant and the time
constant due to the load resistor and the filter capacitor
is very large compared to the design switching frequency
( fs), the output voltage remains constant for short times
(O(1/ fs)). Hence by solving Eq. (1), it can be seen that
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inductor current evolves describing a piece-wise linear tra-
jectory as shown in Figure 1, where mon = m1 = E−x2

L > 0,
and mo f f = m2 =− x2

L 6 0.

Figura 1: Inductor current trajectories for on and off stages.

On the other hand, given the structure of Eq. (1) it can
be observed that the voltage dynamics is always the same
(irrespective if switch is on or off) and is given by

.
x2 =

x1

C
− x2

RC
(3)

From inspecting this equation it is clear that if the state
x1 can be confined in a region of measure β e.g. B(̂i,β) (i.e.
a ball centered in î and radius β), voltage trajectories will be
confined in an other bounded region e.g. B(̂i,γ), since the
voltage dynamics act as a stable filter (Desoer, et al., 1975),
with time constant (RC).

Inspired in (Xuping, 2004), the main contribution of this
paper is to show that by virtue of Remark 1, it is possible
to prove asymptotic stability of both current and voltage
to a given bounded set; that is, it is possible to control
current and voltage ripple. Furthermore, such bounded set
can be chosen as small as desired 1, provided the existence
of a switching sequence such that Ire f is globally attractive,
where Ire f = Ire f (Vre f ). (i.e. the voltage and the current
can be attracted to a desired reference from every initial
condition).

In order to introduce the main result of this work, the
following definition is used. Notice that such a definition is
very close to that in (Xuping, 2004).

Definition 1 (Switching Sequence) A switching sequence
σ is a set of pairs

σ = ((θ1, j1),(θ2, j2) · · ·) (3)

where θ j is the time length of stay in subsystem ji, or in
other words, it is the time the system moves along direction
ji where ji ∈ { m1,m2}.

Theorem 1 Given β > 0, there exist a switching sequence
σ such that ∑2

i=1 θimi = Ire f for θi > 0, such that the
trajectories of current and voltage are bounded and there
exists a time T such that for all t > T , x1 ∈ B(Ire f ,β) and
x2 ∈ B(Vre f ,γ).

1but bounded from below since finite switching frequency in real
applications is required

In order to sketch the proof it is worthy to notice that
condition ∑2

i=1 θimi = Ire f implies that the reference value
Ire f can be obtained by a linear combination of m1,m2.
In other words, the state x1 = Ire f can be obtained by a
switching sequence A (see Figure 2),

Figura 2: Stabilizing sequences A and B
.

this sequence guarantees that for any x1 in a Domain D
one can reach the reference value Ire f , since any current
value can be described as a function of values θi mi. This
is a key observation that will be used to define a bounded
set B(Ire f ,β). Suppose, without lost of generality that the
first time the trajectories reach Ire f , subsystem m1 is active.
At this point we have two choices, i) continue in this
subsystem or ii) switch to m2. Notice that both choices
will inevitably lead the current away from Ire f in m1 or
m2 direction. Let 0 < δ < β, then it is clear that as time
evolves, trajectories will hit the ball B(Ire f ,δ) once this
occurs we can apply again sequence A (called B if initial
conditions are in the border B(Ire f ,δ)). This sequence can
be repeated indefinitely to ensure that x1 ∈ B(Ire f ,β). Hence
such a set constitutes an invariant set where the trajectories
are confined for t > T and it is globally attractive since any
initial condition can be lead to B(Ire f ,β) by moving along
m1 and m2 directions. On the other hand the system (1), (2)
can be seen as a cascade system where x1(t) is a bounded
input2, it is clear that the system (3) is input-to-state stable
and by this reason it can be seen that x2 ∈ B(Vre f ,γ).

Remark 2 Theorem 1 basically states that any current
value in a domain D, can be leaded to a neighborhood
of Ire f of radius δ in finite time T . In this way, the set
B(i,δ) is globally attractive and system trajectories will
lead to it asymptotically. Moreover, Theorem 1 defines a
family of switching sequences σ, such that trajectories of
system (1)-(2) are confined for t > T , and ripple current
converter is guarantee to be 2β as maximum. Notice that
desired maximum ripple value 2β can be arbitrary assigned,
however if it is set very low, it may affect adversely the
switching frequency. If the system is required to operate at
fixed switching frequency, then it is also fixed the minimum
value of β (βmin). However, observe that the hybrid control
proposed ensures its obtainment.

2for sequences A and B

Congreso Anual 2010 de la Asociación de México de Control Automático. Puerto Vallarta, Jalisco, México.



The stability result in Theorem 1 can be used to derive
a family of switching control actions for which, global
attractiveness and asymptotic stability to a prescribed set
is guarantee. First, notice that a switching sequence can
be derived using the boundary of the set B(i,δ); that is,
the boundary δ can be used to define a switching surface
(i =±δ) instead of the explicit computation of the residence
times θ1,θ2, ... etc. This is very useful, since such bound-
aries constitute actually a performance ripple requirements
or deviations from a required average value. Moreover, a
set of switching surfaces which may vary on time, can also
be used instead residence times, as long as the trajectories
remain confined as shown in Figure 2. In other words,
the control Sequence B can be reformulated in terms of
switching surfaces if the surfaces constitute the boundaries
of a prescribed compact set Ω or are the boundaries of
compact sets inside Ω.

Voltage regulation can also be performed by the proposed
controller, due to observation in Remark 1. In this case,
one can modify sequence B of proposed controller to fit
the voltage requirement to ensure that V ∈ B(Vre f ,γ). That
is, a voltage regulator can be used to modify the switching
sequence by defining the proper switching criteria, which
now depends on the voltage regulation error. Since the
voltage dynamics is slow compared to that of current,
voltage regulation can be performed at slower rate (which is
actually an advantage of hybrid control, e.g. they not have
to be synchronous), providing a better transient response.
Several control strategies can be employed in the voltage
loop, in this work digital PI control is used to illustrate a
simple controller structure.

Figura 3: Schematic diagram of proposed control strategy.

Remark 3 An advantage of the proposed controller is that
it can be easily extended to parallel (multi-cell) converters.
In this case, condition of Theorem 1 can be rewritten as fol-
lows ∑2p

i=1 θi ji = Ire f for θi > 0, ji ∈ { m1,m2...m2p} where
p = No.of cells. In contrast with a single layer converter,
in which confined current trajectories move along a line, in
multi-cell converters the trajectories will describe edges of a
parallelogram (2-layer) or paralelepipeds (3 layer). On the
other hand, for parallel converters the voltage ripple may
be adversely affected by current ripple; since under worst
conditions, voltage ripple is proportional to the number of
cells. To overcome this problem, traditionally feed-forward
compensation can be used in order to get current signals out

of phase. However, an advantage of the proposed control
is that switching surfaces can be manipulated in order to
systematically control voltage ripple without compromising
switching frequency. Moreover, the current balance can also
be obtained by the proposed strategy.

III. ILLUSTRATIVE EXAMPLE

Figura 4: Experimental set-up.

In this section, performance and robustness of the pro-
posed hybrid controller is evaluated during transient and
steady state using numerical simulations (SIMULINK) and
experimental work. The examples of a single layer and a
three layer converter are taken as benchmark to illustrate ad-
vantages of the proposed controller. The simulation makes
use of a rigorous piece-wise continuous model to reflect
accurately the hybrid behavior of the overall system. In
this way, the switching device is modeled as a nonlinear
system and an on-off time delay in the actuator is consider.
Furthermore, in order to show the numerical results in
a more significant way, adimensional time τ = t/2RC is
used. The sequence of on and off times, is executed using
common integrated circuits, which constitute an additional
advantage of the proposed methodology.

In Figure 5 (a) it can be observed the time evolution of
current and output voltage for a single layer buck converter.
Notice that voltage regulation is performed successfully.
Furthermore, observe that current ripple is kept at less 5%,
while voltage rippling fits the 1-2% variation requirement.
The robustness of the proposed controller is also tested in
face of load perturbations. In this case a 40% perturbation
of the load is performed at times t = 15,30,45. Figure 5
(b) shows the results. It can be observed how the current
trajectories are changed in order to compensate the load
change and in this way, voltage regulation can be performed.
Such results are also obtained in the experimental set-up
when a load change occurs of 34% at times t = 7 and t = 35
(see Figure 6).
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(a)

(b)

Figura 5: (a) Current and output voltage for a single cell
buck converter, (b) Time evolution of the single layer buck
converter when a 20% perturbation in the load is present.

(a)

(b)

Figura 6: Experimental results for a single layer buck
converter (a) Load perturbation and (b) Voltage response.

(a)

(b)

Figura 7: From top to bottom: Current ripple, proposed
hybrid control signal, actual current control signal and
voltage ripple for (a) δ = 0.39A and (b) δ = 0.78A.

In Figure 7 it is possible to observe how with the pro-
posed hybrid control (see pulses in this figure), current and
voltage ripple can be modify according to the performance
criterion while maintaining the voltage regulation. In figure
7 (a) it can be seen how when δ = 0.39A the current ripple
is 0.78A, keeping the current ripple under the prescribed
specification, this also can be observed in figure 7 (b) for a
different value of δ.

In Figure 8 it is possible to observe the time evolution of
the output voltage and the output current when the voltage
reference is submitted to step changes, notice that the
voltage can be tracked successfully. The voltage response
of the voltage loop can be defined independently of the
current loop, and in the case of Figure 8 was selected
to get a overdamped response. On the other hand, it is
worthy to notice that the harmonic content of the output
voltage was analyzed and not significant harmonic content
was observed.
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(a)

(b)

Figura 8: Experimental results for a single layer buck
converter. (a) Output voltage and reference voltage. (b)
inductor current.

In order to illustrate the performance of the proposed
controller in parallel multi-cell converters, a three cell buck
converter is used. In this case, no restriction about the time
that every switch remains on is assumed. That is, it is not
assumed that the switches are operated in a synchronized
way, as usually is the case. Instead, the on-time of every
switch is computed by the control law giving a control
sequence that ensures both voltage regulation and maximum
ripple current in every inductor as can be seen in Figure 9
(a). Furthermore, in Figure 9 (b) it can be observed how
the currents are confined in a 3-dimensional Ball centered in
the vector reference ire f . In contrast to the control operation
discussed for a single cell, the switching surface is modified
at given instants to ensure synchronization of the three
switches to obtain a minimum voltage ripple without in-
creasing switching frequency. This fact is really interesting
and constitute an advantage of the proposed hybrid control,
since switching surfaces can be altered in long and short
term, multi-objective control can be performed.

In Figure 9 (a) the current references are Ire f1 = 1
8 A,

Ire f2 = 3
8 A, Ire f3 = 4

8 A, however in the proposed controller

(a)

(b)

Figura 9: (a) Time evolution of inductors currents and
voltage capacitor in an interleaved buck converter. (b) Phase
portraits of i1, i2.i3

it is possible also to accomplish the balanced current case
i.e. Ire f1 = Ire f2 = Ire f3 .

IV. CONCLUSIONS

In this work a hybrid control that is able to ensure voltage
regulation and maximum current and voltage rippling is
proposed. Performance and robustness of the proposed
controller is evaluated during transient and steady state con-
ditions via numerical simulations and experimental work.
The controller proposed have the advantages of being easy
to design for single or multi-cell converters as well as
of being versatile and adaptive to perform multi-objective
control.
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