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Abstract—This paper peruses the voltage control of a boost
DC-DC converter. The hybrid model of the converter is utilized
to introduce a new switching control law, which regulates the
output voltage of the converter. In this switching control law
an average dwell time constraint is considered. This suggestion
guarantees the exponential stability of a desired output voltage
value. Furthermore, in the proposed switching control law, there
exist no Zeno solutions, since the existence of the average dwell
time constraint. Moreover, in power converters, two significant
concerns are switching loss and electromagnetic interference
resulting from numerous rates of variations of voltage and
current. Therefore, the salient features of the proposed controller
are the mitigation of the switching rate as well as the regulation of
the output voltage. Finally, simulation experiments are followed
through on a boost converter to validate the effectiveness and
superiority of the proposed control strategy.

Keywords—Switched linear systems, Boost DC-DC converters,
Average dwell time.

I. INTRODUCTION

The boost DC-DC converter is the most popular converter
in energy conversion systems, due to its lightweight, com-
pact size, high efficiency, and reliability. Thereafter, a large
number of research works were focused on the improvement
of controllers for the converter [1]. The main purpose of
presented controllers is to regulate the output voltage to track
the desired value in the presence of the load and voltage source
disturbances [2]. Therefore, this paper presents a switching
control law to accomplish this task.

There are different types of models for the converter, which
can be classified into two categories; the average model, and
the hybrid model. Most of the provided methods were based
on the average model because of its simplicity. For example,
in [3], based on the average model of the converter, a LQR
controller was designed to adjust the output voltage. Besides,
in [4] an adaptive sliding mode controller was presented to
control the output voltage, and reject disturbances. Neural
network-based controller [5], fuzzy logic [6], and the combina-
tion of these two methods were utilized to control the converter
[7]. The proportional integral derivative (PID) controller is one
of the popular control technique that has been extensively used
to control the boost converter [8], [9], because of its simple
control construction and design procedure. Nonetheless, in the
highly nonlinear and uncertain systems, its performance is

not acceptable. In [10] sliding surface was utilized to design
a robust controller, nevertheless, this controller suffers from
problems associated with the average model. In the average
model, the switch, the capacitor and inductor are considered
ideal, and the equivalent series resistance (ESR) is neglected.
Furthermore, the accuracy of the average model depends on
the separation of time scales [11]. The robustness and dynamic
performance analysis based on the average model have not yet
been articulated [12].

The other model for the boost converter is the hybrid model.
In this model, based on states of the switch, four modes are
considered [13]. Since the hybrid model is superior to the
average model, controllers based on this scheme have gained
attention. In [14], a reference voltage and a reference current
were calculated by the energy balance principle to introduce
a new switching control law. Based on the optimal control
theory and N-step model, a controller was presented for the
converter [15]. In [16], to minimize the cosine of the angle
between regulation error and vector field, the new switching
low was defined. A sliding mode controller was presented in
[17] to control the output voltage. Nevertheless, it was only
employed for converter operating in Continuous Current Mode
(CCM). Furthermore, Mixed-Integer Quadratic Programming
(MIQP) was studied in [18] to address the reference tracking
and the regulation problem, which could provide the operation
of the converter in both continuous and discontinuous current
modes. The other technique to regulate the output voltage was
presented in [19], where new transition conditions for both
continuous and discontinuous current modes were defined.
In [20], different control procedures were compared through
experimentation for the Buck and boost converters. In [21],
based on the Lyapunov function, a state-dependent switching
law was introduced. This method guaranteed robust global
asymptotic stability of a desired output voltage value. Never-
theless, when the spatial regularization parameter is zero, this
controller can be shown to be unable to achieve exponential
stability, which is the main shortcoming of this method.

Moreover, it is crucial in power converters to have low
switching frequency, because of the switching loss and elec-
tromagnetic interference. Accordingly, this paper introduces
a switching control law in which an average dwell time
constraint is considered. Since the average dwell time is more
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Fig. 1. Schematic diagram of a boost DC-DC converter.

Fig. 2. A hybrid automaton scheme of a boost converter.

flexible than the dwell time method, therefore, it became a
popular technique for stabilization of switched systems [22].
The switched system is exponentially stable if the number of
switches in the finite time interval is limited, and the average
time between consecutive switching is greater than or equal to
a positive constant [23], [24]. Therefore, this paper presents a
switching control law to guarantee the exponential stability of
a desired output voltage value. In this switching control law, an
average dwell time constraint is considered with the switching
control law. The low switching frequency and exponential
stability are the salient features of this strategy, which are
confirmed and validated via simulations.

The remainder of this paper is organized as follows. In
section (2), the hybrid model of the converter is investigated.
The proposed switching control law is introduced in section
(3). Simulation results are shown in section (4). Finally,
concluding remarks are presented in Section (5).

II. HYBRID MODELING AND AUTOMATON EXHIBITION

The boost DC-DC converter (Fig. 1) consists of a capacitor
(C), a Diode (D), a voltage source (E), an inductor (L), a
load (R), and an insulated gate bipolar transistor (S). The
existence of switching elements (D and S) yields a hybrid
system. The task of a boost converter is to step up the voltage
source (E). Four modes can be considered for the converter
based on the states of switches (ON, OFF); (D=ON, S=OFF),
(D=OFF, S=ON), (D=OFF, S=OFF), (D=ON, S=ON). Fig.
2 demonstrates a hybrid automaton representation of the
converter. Mode 4 is emitted since it is not feasible. In mode
1, the switch is off (S=0), and the diode is conducting, so
the inductor current starts reducing, and the capacitor charge
starts growing. When the switch is on (S=1), and the diode
is off (D=0), the inductor current starts increasing, and the
capacitor supports the load, this is mode 2. In mode 3, both
the switch and diode are off (S=0, D=0). When the converter
operates in this mode, the inductor current reaches zero and
it is said that the converter operates in Discontinuous Current
Mode (DCM). Mode 4 is not a feasible state and cannot occur

TABLE I
TRANSITION CONDITIONS [13].

Transition
Mode()→Mode()

Guard Reset

1→ 2 S = 1 and Vc ≥ 0
1→ 3 iL = 0 and Vc ≥ E

1⇒ 3 iL < 0 i+L = 0

1→ 4 S = 1 and Vc ≤ 0 V +
c = 0

2→ 1 S = 0 and iL ≥ 0

2→ 3 S = 0 and iL ≤ 0 i+L = 0
2→ 4 Vc = 0

2⇒ 4 Vc < 0 V +
c = 0

3→ 1 Vc = E
3→ 2 S = 1 and Vc ≥ 0

3→ 4 S = 1 and Vc ≤ 0 V +
c = 0

4→ 1 S = 0 and iL ≥ 0

4→ 3 S = 0 and iL ≤ 0 i+L = 0

4⇒ 4 Vc < 0 V +
c = 0

when the converter is working. The transition conditions are
summarized in Table I [13]. The differential equations for each
mode based on the specific values of the S and D are expressed
as follows.

Mode 1 :


S = 0
D = 1

V̇c = −Vc
RC + iL

C

i̇L = −Vc
L + E

L

Mode 2 :


S = 1
D = 0

V̇c = −Vc
RC

i̇L = E
L

Mode 3 :


S = 0
D = 0

V̇c = −Vc
RC

i̇L = 0

Mode 4 :


S = 1
D = 1

V̇c = 0

i̇L = E
L

(1)
By utilizing the Krasovskii regularization, a switched dif-

ferential inclusion which contains all possible modes can be
defined as follows. For details, see [21].

ẋ ∈ FS(x), x ∈ M̃S :=

{
M̃0 = {x ∈ R2 : iL ≥ 0}
M̃1 = {x ∈ R2 : Vc ≥ 0} (2)

In (2), x = [Vc iL]T is the state vector, and M̃s are the sets
that capture the regions of validity for each mode. Therefore,
the differential equations expressing the boost converter can
be represented as a differential inclusion as follows.

F0(x) =


{[−Vc

RC + iL
C

−Vc
L + E

L

]}
, if x ∈ M̄1\M̄2{−Vc

RC

}
×
[−Vc
L + E

L 0
]
, if x ∈ M̄2

F1(x) =

[−Vc
RC
E
L

]
, if x ∈ M̃1

(3)

In (3), the sets M̄1, M̄2 are given as follows.

M̄1 = {x ∈ R2 : iL > 0} ∪ {x ∈ R2 : Vc ≤ E, iL = 0}
M̄2 = {x ∈ R2 : Vc > E, iL = 0}

(4)

III. PROPOSED SWITCHING CONTROL LAW

The control objective is to adjust the output voltage to track
a constant desired value. Thereafter, the following Lyapunov



function candidate is used to introduced the proposed switch-
ing technique.

V (x) = (x− x∗)TP (x− x∗), P =

[
p11 0
0 p22

]
(5)

Where x∗ is the desired state, and P is a symmetric positive
definite matrix. Based on the Lyapunov function and its
gradient, the following switching law, which works instead of
the pulse width modulation (PWM), has been presented [21].

S = arg min
S′∈{0,1}

max 〈∇V (x), ξ〉
ξ∈FS′ (x)

,

max 〈∇V (x), ξ〉
ξ∈FS′ (x)

=

{
γ̃0(x) if S′ = 0
γ̃1(x) if S′ = 1

γ̃0(x) = 2p11(Vc − V ∗c )(
−Vc
RC

+
iL
C

) + 2p22(iL − i∗L)

(
−Vc + E

L
) +K0(Vc − V ∗c )

2
, γ̃1(x) =

−2Vcp11(Vc − V ∗c )

RC

+
2Ep22(iL − i∗L)

L
+K1(Vc − V ∗c )

2
, p11 =

C

2
, p22 =

L

2
(6)

Where K0, K1 are design parameters, and i∗L, V ∗c are desired
values. Accordingly, the following hybrid system has been
introduced.[
ẋ

Ṡ

]
∈
[
FS(x)

0

]
,

(x, S) ∈ C = {(x, S) : x ∈ M̃0, γ̃0 ≤ 0,

S = 0} ∪ {(x, S) : x ∈ M̃1, γ̃1 ≤ 0, S = 1}[
x+

S+

]
∈
[

x
G(x)

]
,

(x, S) ∈ D = {(x, S) : x ∈ M̃0, γ̃0 = 0,

S = 0} ∪ {(x, S) : x ∈ M̃1, γ̃1 = 0, S = 1}

G(x) =

{
{1} if S = 0
{0} if S = 1

(7)

The main limitation of the above switching law is the
Zeno solutions near the operating point. The authors in [21]
suggested increasing the spatial regularization parameter to
suppress the Zeno solutions. Nevertheless, this paper sug-
gests considering an average dwell time constraint with the
switching law to solve this problem. Moreover, this suggestion
guarantees the exponential stability of the desired voltage.

Definition [23]: Consider a switching signal σ(t), and a
time interval 0 ≤ t1 ≤ t2, which has Nσ(t1, t2) number
of discontinuities. Therefore, N0 and τ are called the chatter
bound, and the average dwell time, respectively, if the follow-
ing condition holds for N0 ≥ 1, and τ > 0.

Nσ(t1, t2) ≤ N0 +
t2 − t1
τ

, ∀t2 ≥ t1 ≥ 0 (8)

Theorem: Consider the continuous-time switched linear
system ẋ(t) = Aix(t), i ∈ {1, · · · ,M}. Given positive
constants δ1 > 0, δ2 > 0, λ ≥ 0, and a symmetric
positive definite matrix P . Suppose there exists a continuously
differentiable function V (x(t)) : R2 → R such that

V (x) = xTPx,

{
δ1‖x(t)‖2 ≤ V (x(t)) ≤ δ2‖x(t)‖2 (a)

V̇ (x(t)) ≤ −λV (x(t)) (b)
(9)

thereafter, the system is uniformly exponentially stable under
any switching signal with average dwell time

τ >
1

λ
(ln δ2 − ln δ1). (10)

Where M is the number of subsystems.
Proof: Taking integration of (9b) over the interval [t tk), it

follows that

V (x(t)) ≤ e−λ(t−tk)V (x(tk)). (11)

From (11), provided that

V (x(tk+1)) ≤ e−λ(tk+1−tk)V (x(tk)). (12)

From (9a) it can be concluded that

δ1‖x(tk+1)‖2 ≤ V (x(tk+1)), V (x(tk)) ≤ δ2‖x(tk)‖2. (13)

Then, it follows from (12) and (13)

δ1‖x(tk+1)‖2 ≤ e−λ(tk+1−tk)δ2‖x(tk)‖2. (14)

Letting δ2/δ1 = µ, (14) can be rewritten as follows.

‖x(tk+1)‖2 ≤ µe−λ(tk+1−tk)‖x(tk)‖2 (15)

The time progression of (15) is determined as follows.

‖x(tk+1)‖2 ≤ µe−λ(tk+1−tk)‖x(tk)‖2,
‖x(tk)‖2 ≤ µe−λ(tk−tk−1)‖x(tk−1)‖2

⇒ ‖x(tk+1)‖2 ≤ µ2e−λ(tk+1−tk−1)‖x(tk−1)‖2,
‖x(tk−1)‖2 ≤ µe−λ(tk−1−tk−2)‖x(tk−2)‖2

⇒ ‖x(tk+1)‖2 ≤ µ3e−λ(tk+1−tk−2)‖x(tk−2)‖2, ...
‖x(tk+1)‖2 ≤ µNσ+1e−λ(tk+1−t0)‖x(t0)‖2,
t0 = 0, tk+1 = T,⇒ ‖x(tk+1)‖2 ≤ µN0+1+T

τ e−λT ‖x(t0)‖2

= ‖x(tk+1)‖2 ≤ e(N0+1+T
τ ) lnµe−λT ‖x(t0)‖2

= ‖x(tk+1)‖2 ≤ e(N0+1) lnµe(
lnµ
τ −λ)T ‖x(t0)‖2

⇒ ‖x(tk+1)‖ ≤ e 1
2 (N0+1) lnµe(

lnµ
τ −λ)T ‖x(t0)‖

(16)

With the condition of (10), one can straightway realize

lnµ

τ
− λ ≤ 0⇒ lnµ

λ
≤ τ ⇒ τ ≥ 1

λ
(ln δ2 − ln δ1). (17)

Therefore, it can be deduced that V (x) exponentially con-
verges to zero as t → ∞, if the average dwell time satisfies
(10). �

Finally, the proposed hybrid system is introduced as follows,
which contains the augmented variable (sampling timer). This
variable enumerates down up to it attains zero. At this point,
it resets to the average dwell time τ .[

ẋ

Ṡ

]
∈

FS(x)
−1
0

 , (x, S) ∈ C × [0 τ ]

[
x+

S+

]
=

 x
τ

G(x)

 , (x, S) ∈ D × {0}

(18)



Fig. 3. Phase plane path and the switching surface for the first experiment.

IV. NUMERICAL VALIDATION

In order to further investigate the performance of the pro-
posed switching control law, two experiments are performed.
In the first experiment, a variation in load resistance is con-
sidered to peruse the robustness of the proposed controller.
In the second experiment, the desired output voltage value is
changed to study the performance of the proposed controller.
As mentioned above, this paper suggests considering an av-
erage dwell time constraint with the switching control law
to avoid the Zeno solutions. This suggestion decreases the
switching frequency and guarantees the exponential stability.
HyEQ toolbox [25] is used to perform the simulations.

A. First experiment

The boost converter parameters for this trial are selected
as (E = 5V, C = 2000µF, L = 2200µH, R = 30Ω).
According to the selection of P , the average dwell time is
considered 100 microseconds, and the desired output voltage
is 10V . Moreover, the initial condition for the inductor current
and capacitor voltage is (0,0). In order to show the load
disturbance rejection capability of the proposed method, a step
change is applied in the load. The range of the step change is
identical to %50 of the load resistance at the operating point,
in order to create 15Ω variations in the load. The simulation
results corresponding to this trial are shown in Figs. 3-5. Fig.
3 depicts switching boundaries of the proposed controller, and
state trajectory. The average dwell time led to the ejection
of the parabolas. The inductor current and output voltage
reached and settled at the desired values quickly, which are
shown in Fig. 4. This figure illustrates that the disturbance was
entirely rejected by the proposed controller. Switching signal
and tracking error are shown in Fig. 5. This figure shows that
the steady-state error is zero, and the number of jumps is 9937.

B. Second experiment

In this experiment there is a step change in the desired
output voltage, i.e., the desired output voltage value V ∗ = 7V
is varied to 8V at t = 1.85sec. For this experiment the
boost converter parameters are chosen as (E = 5V, C =
0.1F, L = 0.2H, R = 3Ω). Moreover, the initial condition
of the inductor current and capacitor voltage is (5,0). The
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Fig. 4. Plot of output voltage and inductor current versus time for the first
experiment.
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Fig. 5. Switching signal and tracking error for the first experiment.

simulation results of this experiment are shown in Figs. 6-
8. Fig. 6 demonstrates switching boundaries of the proposed
controller, and state trajectory. Fig. 7 shows the inductor
current and output voltage. It can be deduced that the proposed
controller regulated the output voltage to attentively track the
reference voltage. Fig. 8 depicts switching signal during the
time and tracking error. In this experiment, the steady-state
error is zero, and the number of jumps is 9710.

The simulation results reveal the efficiency and the robust-
ness of the proposed switching control law. Furthermore, it
can be concluded that the switching frequency of the proposed
technique is acceptable, which leads to suppress the switching
loss and electromagnetic interference, while the steady-state
error is zero,

Fig. 6. Phase plane path and the switching surface for the second experiment.
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Fig. 7. Plot of output voltage and inductor current versus time for the second
experiment.
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Fig. 8. Switching signal and tracing error for the second experiment.

V. CONCLUSION

This paper studied the voltage control of a boost converter
based on the hybrid control technique. The hybrid model
of the boost converter was investigated to present the new
switching control law. Thereafter, it was highlighted that the
main topic of the controller design for a power converter is
the switching frequency. It was also mentioned that the high
switching frequency causes a electromagnetic interference and
switching loss. In order to solve this problem, it was suggested
considering an average dwell time constraint with the switch-
ing control law. This suggestion guaranteed the exponential
stability of the closed-loop system, and led to a reduction in
the switching frequency. The simulation results confirmed the
validity and advantage of the proposed controller.
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