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Approximate Discrete-Time Small-Signal Models
of DC–DC Converters With Consideration

of Practical Pulsewidth Modulation and
Stability Improvement Methods
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Abstract—It is generally known that averaged models are inad-
equate in describing the effects of leading-edge and trailing-edge
pulsewidth modulation (PWM) on the stability of dc–dc converters.
In this paper, using discrete-time models of the buck, boost, and
buck–boost converters and considering the effects of leading-edge
and trailing-edge PWM, the general expressions of the duty-cycle-
to-output-voltage transfer function, Gvd (z), in the discrete-time
domain are derived. Based on the low-pass characteristics of the
dc-dc converters and related properties of the matrix functions, ap-
proximate expressions of Gvd in the frequency domain are derived,
which are simple and accurate up to half the switching frequency.
Using the approximate Gvd , the stability of the three basic dc–dc
converters under leading-edge and trailing-edge PWM is analyzed.
It is shown that the stability of the buck converter is unaffected by
the type of PWM, while the leading-edge modulated boost and
buck–boost converters have better stability than the trailing-edge
modulated ones. Since the trailing-edge modulation is commonly
available in PWM controller integrated circuits, the modulation
signal zero-order holding (ZOH) method and the inductor current
feedback control method are proposed for use in the trailing-edge
modulated boost and buck–boost converters to achieve the same
effect of leading-edge modulated converters. Experimental buck
and boost converters were constructed for verification of the accu-
racy of the proposed model and the validity of the proposed control
schemes.

Index Terms—Discrete-time model, leading-edge modulation,
pulsewidth modulation (PWM), stability, trailing-edge modula-
tion, zero-order hold.
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I. INTRODUCTION

PULSEWIDTH modulation (PWM) has been widely used
in dc–dc converters, thanks to its simple and easy imple-

mentation. As shown in Fig. 1, according to the form of the
triangular carrier used, the implementation of PWM can be ei-
ther leading-edge modulation or trailing-edge modulation. For a
leading-edge modulated converter, the switch is turned OFF first,
and then turned ON during a switching period, and the turn-ON

time is regulated. For the trailing-edge modulated converter, the
switch is turned ON first, and then turned OFF during a switching
period, and the turn-OFF time is regulated.

In order to analyze the stability of dc–dc converters with dif-
ferent PWM schemes and optimize the feedback loop design, a
mathematical model is needed. However, due to the strong non-
linearity of PWM dc–dc converters, application of linear system
theory for analysis becomes difficult. The averaging method has
been used to establish appropriate mathematical models for dc–
dc converters [1]–[6]. By taking the time-average of working
waveforms of the switching components over a switching pe-
riod, an averaged model is obtained, and subsequent application
of linearization leads to linearized small-signal models, which
allows the use of linear system theory for analyzing the charac-
teristics of dc–dc converters. However, since the averaged model
ignores the exact switching sequence resulted from PWM, it
fails to describe the effects of PWM on the behavior of dc–dc
converters.

As studied in [7], practical pulsewidth modulators are sam-
pling systems which can be described by discrete-time models
via an accurate difference equation. In early discrete-time mod-
els [8]–[10], the sampling instant is taken as the start of the
switching period. Therefore, only the behavior of the system at
the beginning of each switching period is relevant. However, in
digitally controlled systems, uniform sampling is implemented
by an analog-to-digital converter (ADC), and the sampling in-
stant is not fixed at any particular instant during the switching
period, but can be adjusted by the user [11]. After being sam-
pled, the modulation signal is kept constant by a zero-order
holder until it intersects with the carrier waveform to obtain
the duty-cycle with a time delay [12], [13]. Considering this, a
generalized discrete-time model of dc–dc converters with sam-
pling instant fixed at any arbitrary instant during a switching
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Fig. 1. Illustration of pulsewidth modulation showing triangular carrier and
modulation signal (upper), and resulting pulsewidth modulated signal (lower).
(a) Leading-edge modulation. (b) Trailing-edge modulation.

period has been established [14], [15]. This model is suitable
for digitally controlled converters, where the sampling instant
rather than the type of modulation plays a critical role in de-
termining the converter performance. To be specific, regardless
of the modulation being leading-edge or trailing-edge, off-time
sampling can result in minimum-phase responses for boost or
buck–boost converters. In analog controlled systems, however,
the duty cycle is determined by the instantaneous value of the
modulation signal at the intersecting instant. Therefore, the sam-
pling instant is fixed at the intersecting instant, consistent with
a natural sampling system [16]. The intersecting instants are
different for different modulations. For the leading-edge modu-
lation, the intersecting instant is the turn-ON instant, while for the
trailing-edge modulation, the sampling instant is the turn-OFF

instant. This is the primary difference between the leading-edge
and trailing-edge modulations in analog controlled converters.
In [7], an accurate discrete-time model of an analog controlled
dc–dc converter was derived with the intersecting instant be-
ing the sampling instant, which is essentially a special case of
the generalized discrete-time model [14], [15] with the ADC
sampling instant set at the intersecting instant.

Accurate discrete-time models contain complex matrix
exponentials, which do not offer physical insights, let alone
facilitating the design process. For this purpose, a first-order
approximation of the matrix exponentials (e.g., eAt ≈ I + At,
where I is the unit matrix) has been applied to obtain an
approximate discrete-time model based on the assumption that
the state trajectories are linear [14], [15]. Furthermore, the
inductor current and the output capacitor voltage have been
assumed to vary approximately linearly and quadratically with
time, respectively [17], [18]. This method is essentially a first-
order approximation, avoiding complex matrix exponentials
from the very beginning of the modeling process, and greatly
simplifying the resulting model. It has been pointed out that
the first-order approximation of the matrix exponentials might
fail to predict the stability of dc–dc converters in some cases
[19]. To solve this problem, a new bilinear approximation
of the matrix exponentials has been proposed to improve
the model accuracy at the expense of increased complex-
ity [19]. The approximate discrete-time models mentioned
above are all in the z-domain, which are suitable for direct
loop design of digitally controlled converters. For analog

controlled converters, however, an approximate model in the
frequency domain is expected. There are a few standard meth-
ods transforming systems between the discrete-time domain
and the frequency domain, such as zero-order hold, first-order
hold, forward Euler, backward Euler, Tustin method, and Tustin
method with prewarping [20]–[22]. Nevertheless, the results
by these methods usually deviate from the correct result before
reaching the Nyquist frequency. In [23] and [24], the average
model and the discrete-time model are combined to generate
an approximate frequency domain model, called discrete-time
averaged model. In this combined approach, averaging has been
applied to the state variables, and the discrete-time technique is
applied on the output voltage. The discrete-average model has
been shown to be able to distinguish different PWM schemes.
This model reveals that the boost and buck–boost converters op-
erating under the leading-edge modulation are more stable when
the output capacitor has a relatively large equivalent series resis-
tance (ESR) [25]. However, the accuracy is limited to far below
the switching frequency due to the application of averaging
on the state variables. As a consequence, the discrete-average
model would lead to errors in stability judgment when the
bandwidth is large [26]. Padé approximants have been applied
to approximate the discrete-time model from the discrete-time
domain to the frequency domain [26]. The result can be accurate
up to the Nyquist frequency. However, the approximation of the
matrix exponentials and the approximation from the discrete-
time domain to the frequency domain are done separately, which
is computationally demanding and must be applied for a specific
converter topology. Clearly, a unified discrete-time model that
is applicable to all dc–dc converters and capable of describing
the effects of different PWM schemes would be very desirable.

As mentioned above, the boost and buck–boost converters op-
erating under the leading-edge modulation are more stable [25].
However, the trailing-edge modulation is more commonly im-
plemented in most commercially available PWM controllers. It
is therefore highly desirable if a simple method can be applied to
the existing PWM controllers to mimic the same characteristics
of leading-edge modulated boost and buck–boost converters.
Based on the above considerations, a zero-order holding (ZOH)
method is incorporated in the trailing-edge modulated buck and
buck–boost converters, the aim being to achieve the character-
istics of the leading-edge modulated converters. In addition, in
order to ensure that the leading-edge modulated converters or
the trailing-edge modulated converters with modulation signal
ZOH method has a large phase margin, ESR of the output filter
capacitor should be increased, causing an increase in power loss
and efficiency degradation [26]. To solve this problem, an induc-
tor current feedback method is incorporated in the trailing-edge
modulated buck and buck–boost converters in order to harvest
the advantages of the leading-edge modulation. This method in-
volves no change in the ESR. Thus, a capacitor with small ESR
can be used, avoiding an efficiency penalty.

This paper is organized as follows. In Section II, a unified
discrete-time model with sampling instant fixed at the intersec-
tion instant is derived. This model captures the effect of PWM
on the stability of dc–dc converters. Section III describes the ap-
plication of a general approximation method to the discrete-time
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Fig. 2. Three basic dc–dc converters. (a) Buck converter. (b) Boost converter. (c) Buck–boost converter.

TABLE I
COEFFICIENT MATRICES IN STATE-SPACE EXPRESSIONS

model, resulting in an approximate discrete-time model which
adequately describes the effects of different PWM schemes on
the dc–dc converters. Section IV introduces two control meth-
ods, i.e., the modulation signal ZOH method and the inductor
current feedback method which are applied to trailing-edge
modulated boost and buck–boost converters to achieve the
same stability of the leading-edge modulated ones. To verify
the accuracy of the proposed model and the effectiveness of the
modulation signal ZOH method and the inductor current feed-
back method, experimental results are presented for the buck,
boost converters in Section V. Finally, Section VI concludes this
paper.

II. UNIFIED DISCRETE-TIME MODEL WITH SAMPLING TIME

FIXED AT THE INTERSECTION INSTANT

The buck, boost, and buck–boost converters are shown in
Fig. 2, where Q is an active switch, D is a diode, L is the
inductor, C is the output filter capacitor, Rc is the ESR of C,
RLd is the load resistor, vin and vo are the input and output
voltages, respectively, iL is the inductor current, and vc is the
capacitor voltage.

According to Fig. 2, the state-space descriptions of the dc–dc
converters are obtained as follows [6]:

dx(t)
dt

= Ajx(t) + Bj vin(t) (1a)

vo(t) = Cjx(t) (1b)

where j = 1 for the on-time interval and j = 2 for
the off-time interval. The state variable x(t) is defined

as [
√

LiL (t),
√

Cvc(t)]T . Expressions of the coefficient
matrices in the state-space equations are listed in Table I, where
k = RLd/(Rc + RLd). As seen in Table I, for the buck converter,
C1 = C2 , indicating that the output voltage is continuous,
whereas for the boost and buck–boost converters, C1 �= C2 ,
indicating that the output voltage is discontinuous.

By stacking the solutions of the linear equations in (1) for all
subintervals over one switching period, a difference equation
expressing values of the state variables at t = (n + 1)Ts + t0
in terms of those at t = nTs + t0 , where t0 is the time from the
start of the period to the sampling instant, can be obtained as
follows:

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

x [(n + 1) Ts + t0 ] = eA2 t0 eA1 (Ts −t0 )x (nTs + t0)

+ eA2 t0

∫ Ts −t0

0
eA1 τ B1vindτ+

∫ t0

0
eA2 τ B2vindτ

vo dis (nTs + t0) = C2x (nTs + t0)
(2a)

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

x [(n + 1) Ts + t0 ] = eA1 t0 eA2 (Ts −t0 )x (nTs + t0)

+ eA1 t0

∫ Ts −t0

0
eA2 τ B2vindτ+

∫ t0

0
eA1 τ B1vindτ

vo dis (nTs + t0) = C1x (nTs + t0) .

(2b)

In this model, the sampling time t0 is the instant when
the modulation signal intersects with the carrier. For the
leading-edge modulation, t0 = (1 − dyn)Ts , whereas for the
trailing-edge modulation, t0 = dynTs , where dyn is the duty-
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TABLE II
MATRICES IN DISCRETE-TIME MODEL

cycle of the nth switching period and Ts represents the switching
period. So, the sampled output voltage of the leading-edge
and trailing-edge modulated converter at t0 is C2x[nTs +
(1 – dyn)Ts ] and C1x(nTs + dynTs), respectively.

Applying small-signal perturbation to (2), eliminating the
quiescent values, and ignoring the high order ac terms, the
duty-cycle-to-output-voltage transfer function of the discrete-
time model in z-domain, Gvd dis(z), can be expressed as
follows:

Gvd dis (z) = Cmod(zI − Φ)−1ΦΓd (3)

where I is the unit matrix, and Ф and Γd are the matrices in
the discrete-time model, as shown in Table II. For the leading-
edge modulation, Cmod = C2 , whereas for the trailing-edge
modulation, Cmod = C1 .

III. APPROXIMATE DISCRETE-TIME MODEL

OF DC–DC CONVERTERS

Obviously, the result in (3) is too complex to provide prac-
tical and intuitive information about the effect of the circuit
parameters on stability, let alone a convenient guideline for
the control loop design. In this section, a general approxima-
tion method applicable to the discrete-time model is proposed

based on the low-pass characteristics of the dc–dc converters.
The z-domain variables and the s-domain variables have the
following relationship [27]:

z = esTs . (4)

Thus, according to Table II, (zI − Φ)−1Φ can be further
expressed as follows:

(zI − Φ)−1Φ =
[
Φ−1 (zI − Φ)

]−1

=
[(

eA1 Dy Ts eA2 (1−Dy )Ts

)−1(
IesTs − eA1 Dy Ts eA2 (1−Dy )Ts

)]−1

(5a)
for the trailing-edge modulation, and

(zI − Φ)−1Φ =
[
Φ−1 (zI − Φ)

]−1

=
[(

eA 2 (1−Dy )Ts eA1 Dy Ts

)−1(
IesTs − eA2 (1−Dy )Ts eA1 Dy Ts

)]−1

(5b)
for the leading-edge modulation. According to [7], we have

eA1 Dy Ts eA2 (1−Dy )Ts ≈ e[A1 Dy +A2 (1−Dy )]Ts (6a)

eA2 (1−Dy )Ts eA1 Dy Ts ≈ e[A2 (1−Dy )+A1 Dy ]Ts . (6b)

Substituting (6) into (5) yields the following:

(zI − Φ)−1Φ

≈
[(

e[A1 Dy +A2 (1−Dy)]Ts

)−1(
IesTs −e[A1 Dy +A2 (1−Dy )]Ts

)]−1

=
[
e[sI−A1 Dy −A2 (1−Dy )]Ts − I

]−1
. (7)

Using the second-order Padé approximants, we obtain the
approximate expression of the matrix exponential function in
(7), as shown in (8) at the bottom of this page, (see Appendix A
for proof).

Substituting (8) into (7) yields (9) shown at the bottom
of this page. Putting (9) into (3), Gvd dis(s) can be rewritten

e[sI−A1 Dy −A2 (1−Dy )]Ts ≈
{

I + 0.5 [sI − A1Dy − A2 (1 − Dy )] Ts +
[sI − A1Dy − A2 (1 − Dy )]2T 2

s

π2

}

·
{

I − 0.5 [sI − A1Dy − A2 (1 − Dy )] Ts +
[sI − A1Dy − A2 (1 − Dy )]2T 2

s

π2

}−1

(8)

(zI − Φ)−1Φ ≈
⎧
⎨

⎩

[
I + 0.5 (sI − A1Dy − A2(1 − Dy )) Ts + (sI−A1 Dy −A2 (1−Dy ))2 T 2

s

π 2

]
·

[
I − 0.5 (sI − A1Dy − A2(1 − Dy )) Ts + (sI−A1 Dy −A2 (1−Dy ))2 T 2

s

π 2

]−1
− I

⎫
⎬

⎭

−1

=

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

⎧
⎨

⎩

I + 0.5 (sI − A1Dy − A2(1 − Dy )) Ts + (sI−A1 Dy −A2 (1−Dy ))2 T 2
s

π 2

−I + 0.5 (sI − A1Dy − A2(1 − Dy )) Ts − (sI−A1 Dy −A2 (1−Dy ))2 T 2
s

π 2

⎫
⎬

⎭
·

{
I − 0.5 (sI − A1Dy − A2(1 − Dy )) Ts + (sI−A1 Dy −A2 (1−Dy ))2 T 2

s

π 2

}−1

⎫
⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

−1

=

⎧
⎨

⎩
(sI − A1Dy − A2(1 − Dy )) Ts

[

I − 0.5 (sI − A1Dy − A2(1 − Dy )) Ts +
(sI − A1Dy − A2(1 − Dy ))2T 2

s

π2

]−1
⎫
⎬

⎭

−1

= [(sI − A1Dy − A2(1 − Dy )) Ts ]
−1 − 0.5I +

(sI − A1Dy − A2(1 − Dy )) Ts

π2 (9)
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as follows:

Gvd dis(s) = C mod [(sI − A1Dy − A2(1 − Dy )) Ts ]
−1Γd

− 0.5C mod Γd + C mod
(sI − A1Dy −A2(1−Dy )) Ts

π2 Γd .

(10)

In the following, the expression of Γd will be approximated.
Taking the trailing-edge modulated boost converter as an exam-
ple, the approximation process of Γd will be given below.

The inductor current iL arrives at its peak value at t = DyTs ,
and can be expressed as follows:

IL (DyTs) =
Vin

(1 − Dy )2RLd
+

Vin

2L
DyTs. (11)

Considering the switching ripple of the capacitor voltage be-
ing much lower than its dc value, the value of Vc(DyTs) can be
represented by its dc value, i.e.,

Vc (DyTs) =
Vin

1 − Dy
. (12)

From (11) and (12), X(DyTs) is approximated to be

X (DyTs) ≈
⎡

⎣

√
L

(
V i n

(1−Dy )2 RL d
+ V i n

2L DyTs

)

√
C V i n

1−Dy

⎤

⎦ . (13)

Moreover, from Table I and (13), an approximate expression
of Γd can be written as follows:

Γd = Vin

⎡

⎣

Rc

(1−Dy )2 √LRL d
+ Rc Dy Ts

2L
√

L
+ 1

(1−Dy )
√

L

−
(

1
(1−Dy )2 RL d

√
C

+ Dy Ts

2L
√

C

)

⎤

⎦Ts. (14)

Substituting the expression of each coefficient matrix, the
s-domain duty-cycle-to-output-voltage transfer function of the
trailing-edge modulated boost converter, Gvd dis trail bst(s) is de-
rived as (15) at the bottom of this page.

Normally, in order to achieve small switching ripple in the
output voltage of a dc–dc converter, the following approximate
conditions are assumed when choosing the circuit parameters,
i.e.,

RLdC >> Ts,
L

Rc
>> Ts, LC >> Ts

2 . (16)

According to (16), the coefficient of the constant term in the
numerator of (15) can be approximated as follows:

1 +
Ts

2

LC
(1 − Dy )2

(
Dy

4
− 1

π2

)

+
Ts

2RLdC
≈ 1. (17)

The coefficient of the s term in the numerator of (15) can be
approximated as follows:

Dy Ts

2
+

L
(
1 − Dy

)2
RLd

+
Dy

(
1 − Dy

)2
T 3

s

2π2LC
− RcTs

2RLd
(
1 − Dy

)

−
(
1 − Dy

)
RcT

2
s

L

(
Dy

4
− 1

π2

)

+
T 2

s

RLdC

(
2
π2 − Dy

4

)

− LTs

2R2
LdC

(
1 − Dy

)2 ≈ Dy Ts

2
+

L

(1 − Dy )2RLd
. (18)

The coefficients of the s2 term in the numerator of (15) can
be approximated as follows:

LTs

2RLd(1 − Dy )2 +
(

Dy

4
− 1

π2

)

T 2
s − RcT

2
s

π2 (1 − Dy ) RLd

− Dy (1 − Dy ) RcT
3
s

2π2L
− LT 2

s

π2(1 − Dy )2R2
LdC

− DyT 3
s

2π2RLdC

≈ LTs

2RLd(1 − Dy )2 +
(

Dy

4
− 1

π2

)

T 2
s . (19)

According to (17)–(19), Gvd dis trail bst(s) can be approximated
as follows:

Gvd dis trail bst(s) =

Vin

LC

1− s

[
Dy Ts

2 + L
(1−Dy )2 RL d

][

1− sTs
2 +

(
sTs
π

)2
]

−
(

sTs
π

)2

s2 + s
[(

1 − Dy

) Rc
L + 1

RL d C

]
+ (1−Dy )2

LC

.

(20)

Likewise, the approximate expressions of Gvd dis(s) for
buck, boost, and buck–boost converters with trailing-edge and
leading-edge modulations can be obtained, i.e.,

Gvd dis bu(s) =

Vin

LC

1 + sRcC
[
1 − sTs

2 +
(

sTs

π

)2
]
− T 2

s

π 2 RL d C s − T 2
s

π 2 s2

s2 + s
(

Rc

L + 1
RL d C

)
+ 1

LC

(21)

Gvd dis trail bst(s) = Vin

1 + T 2
s

LC (1 − Dy )2
(

Dy

4 − 1
π 2

)
+ Ts

2RL d C

−
⎡

⎣

Dy Ts

2 + L
(1−Dy )2 RL d

+ Dy (1−Dy )2 T 3
s

2π 2 LC − Rc Ts

2RL d (1−Dy )

− (1−Dy )Rc T 2
s

L

(
Dy

4 − 1
π 2

)
+ T 2

s

RL d C

(
2

π 2 − Dy

4

)
− LTs

2R2
L d C (1−Dy )2

⎤

⎦ s

+

⎡

⎣

LTs

2RL d (1−Dy )2 +
(

Dy

4 − 1
π 2

)
T 2

s − Rc T 2
s

π 2 (1−Dy )RL d

−Dy (1−Dy )Rc T 3
s

2π 2 L − LT 2
s

π 2 (1−Dy )2 R2
L d C

− Dy T 3
s

2π 2 RL d C

⎤

⎦ s2 −
[

LT 2
s

π 2 (1−Dy )2 RL d
+ Dy T 3

s

2π 2

]
s3

LCs2 +
[
(1 − Dy ) RcC + L

RL d

]
s + (1 − Dy )2

(15)
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Fig. 3. Bode diagrams of Gvd dis(s) before and after approximation for (a) buck converter, (b) boost converter, and (c) buck–boost converter.

Fig. 4. Schematic diagram of the output terminals of three basic dc–dc
converters.

where m = 1 for the leading-edge modulation, and m = 0 for
the trailing-edge modulation. Equations (22) and (23) as shown
at the bottom of this page.

To verify the validity of the approximation method, Fig. 3
gives the Bode diagrams of Gvd dis(s) before and after approxi-
mation, where the detailed circuit parameters of the three basic
dc–dc converters are shown in Appendix B.

As seen from Fig. 3, Gvd dis(s) for the buck converter is iden-
tical under the two PWM schemes, while Gvd dis lead(s) leads
Gvd dis trail(s) in phase for the boost and buck–boost converters.
The explanation is given below. The output terminals of the
buck, boost, and buck–boost converters are shown in Fig. 4, in
which ix represents the sum of the output filter capacitor cur-
rent iC and the output current. Note that iC is the ac component
of ix .

For the buck converter, ix is the inductor current iL , which
is continuous. Therefore, both iC and output voltage vo are
continuous. As a result, the relationship among vo , iL , and vc

remains the same regardless of the PWM scheme used, which
means the expressions of Gvd dis(s) for the buck converter under
the leading-edge and trailing-edge modulations are identical.

For the boost and buck–boost converters, however, ix is the
diode current iD , which is discontinuous. Thus, iC and vo will
have a step change at the turn-ON and turn-OFF instants. Ac-
cording to the discrete-time model, the sampled output volt-
age under the trailing-edge modulation is C1x(nTs + dynTs) =
kvc(nTs + dynTs), while the sampled output voltage under
the leading-edge modulation is C2x[nTs + (1 – dyn)Ts] =
kvc[nTs + (1 – dyn)Ts] + kRciL[nTs + (1 – dyn)Ts], which con-
tains information related to the inductor current due to the pres-
ence of the ESR. Since iL (t) leads vc(t) in phase, the output
voltage under the leading-edge modulation has a leading phase
angle under the same duty-cycle perturbation. In other words,
for the boost and buck–boost converters, Gvd dis lead(s) leads
Gvd dis trail(s) in phase.

In [25], the discrete-average model was successfully used in
analyzing the difference between the leading-edge modulation
and the trailing-edge modulation. However, the discrete-average
model still adopts the concept of averaging, and is not that accu-
rate at high frequencies. Taking the boost converter for example,
Fig. 5 has a comparison between the discrete-average model and
the proposed model under both leading-edge and trailing-edge
modulation. As we can see, the discrete-average model tends
to predict a higher phase in high-frequency range under both
modulations, which would lead to errors in stability judgment
when the bandwidth gets higher. Therefore, the proposed model
is more suitable in wideband control applications.
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Fig. 5. Bode diagrams of Gvd from the discrete-average model and the
proposed model.

Fig. 6. Control block diagram of a dc–dc converter.

IV. CONTROL METHODS TO EQUIVALENTLY ACHIEVE

TRAILING-EDGE MODULATION

A. Modulation Signal Zero-Order Holding Method

The control block diagram of a dc–dc converter is shown
in Fig. 6, where Hv is the sensor gain of the output voltage.
Also, GPWM is the transfer function of the PWM modulator
and its magnitude is the reciprocal of the amplitude Vm of
the triangular carrier, and Gv (s) is the transfer function of the
voltage regulator.

As shown in Fig. 6, the loop gain, Tdis(s), can be expressed
as follows:

Tdis(s) = HvGPWMGv (s)Gvd dis(s). (24)

From the theoretical analysis presented above, we know
that for the boost and buck–boost converters, Gvd dis lead(s)
has a leading phase angle relative to Gvd dis trail(s). Thus,
the leading-edge modulated boost and buck–boost converters
will have better stability than the trailing-edge modulated
ones when adopting the same voltage regulator. However,
almost all commercially available PWM control ICs adopt the
trailing-edge modulation. It is thus necessary to equivalently
realize the leading-edge modulation with the trailing-edge
modulation PWM controllers. For this purpose, this paper
presents a modulation ZOH method first.

According to (3), the advantage of the leading-edge modula-
tion lies in that the sampling instant is at the instant right before
the switch is turned ON. Therefore, if the sampling instant of

Fig. 7. Modulation signal ZOH method of the trailing-edge modulated boost
converter. (a) Circuit schematic. (b) Key waveforms.

the trailing-edge modulation is moved to the instant right before
the turn-on instant of the switch, then the effect of the leading-
edge modulation can be realized. This can be implemented via
introducing a zero-order holder at the output of the controller.
After being sampled and held by the zero-order holder, the new
modulation signal will become flat. The duty cycle is deter-
mined by the new modulation signal intersecting the carrier
wave. This method is called modulation signal ZOH method.
Fig. 7(a) and (b) give the control scheme diagram and key
waveforms of the modulation signal ZOH method, respectively,
where vsp is the sampling pulse. For most analog PWM control
ICs, the clock signal is a narrow pulse at the beginning of ev-
ery switching period, the falling edge of which occurs before
the turn-ON instant of the switch. Hence, the clock signal can
be directly used as the sampling pulse vsp. Also, vmod ZOH is the
new modulation signal, which is flat as analyzed.

It should be noted that the modulation signal ZOH method
will inevitably introduce DyTs delay by the sample and hold
effect [13], resulting in a phase lag in the loop. Considering this,
if the ESR of the output capacitor is too small to improve the
phase margin, the zero-order holding method may not work in
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stability improvement. One has to take it into account before
using this method. In our case, it can be seen from Fig. 3(b)
that in the boost converter, the leading-edge modulation leads
the trailing-edge modulation by 66° at the cut-off frequency
(around 4 kHz, as given in Section V), whereas the phase lag
introduced by the sample and hold effect is only 8° at the cut-off
frequency, therefore this method is quite useful here.

Although this method is implemented in analog form here, it
can be implemented in digital control using digital control ICs
that contain a built-in zero-order holder. However, digital control
methods may introduce an additional computational delay. The
computational delay is usually equal to the switching period, Ts ,
which leads to a larger phase lag of the converter. In contrast,
analog control has no computational delay, thus is more stable.

B. Inductor Current Feedback Method

As mentioned previously, if the ESR of the output capacitor
is too small to affect the dynamics of boost and buck–boost
converters, the use of leading-edge modulation or the zero-order
holding method does not contribute to stability improvement.
In this case, it is necessary to increase the ESR of the output
capacitor to widen the phase margin. Unfortunately, this will
incur extra power loss and degrade the efficiency. Thus, it is
practically desirable to derive a simple method that can make
commercial PWM control chips with trailing-edge modulation
achieve the same stability level as the leading-edge modulated
boost and buck–boost converters without increasing the value
of ESR.

According to the analysis above, the output voltage expres-
sion of the trailing-edge modulated boost and buck–boost con-
verters is as follows:

vo dis trail = C1x (dynTs) = kvc (dynTs) . (25)

Also, the output voltage expression of the leading-edge mod-
ulated boost and buck–boost converters is as follows:

vo dis lead = C2x [(1 − dyn) Ts ]

= kvc [(1 − dyn) Ts ] + kRciL [(1 − dyn) Ts ] .
(26)

Comparing (25) and (26), it can be found that the output volt-
age of the trailing-edge modulated converter misses the kRciL
term. For this reason, we may add this term into the output volt-
age under the trailing-edge modulation and make it identical
to the output voltage of the leading-edge modulated convert-
ers. With this consideration, the new output voltage under the

Fig. 8. Control block diagram of dc–dc converters with inductor current
feedback.

trailing-edge modulation can be rewritten as follows:

vo dis trail com =C2x
(
dynTs

)
=kvc

(
dynTs

)
+ kRciL

(
dynTs

)
.

(27)
Adding kRciL into the output voltage for the trailing-edge

modulated converters can be realized via applying inductor cur-
rent feedback, as shown in Fig. 8, where Gid dis trail(s) repre-
sents the duty-cycle-to-inductor-current transfer function of the
discrete-time model under the trailing-edge modulation, and
will be derived below with the example of the boost converter.

Since the current flowing through Rc is the ac component of
the inductor current, this ac component of the inductor current is
fed back in the control loop. Note that since this method involves
no change in the ESR of the output capacitor, the efficiency of
the converters will not be affected.

Similar to the derivation of Gvd dis in Section II, the duty-
cycle-to-state-variable transfer function matrix can be expressed
as follows:

Gxd(z) =
x̂(z)

d̂yn(z)

∣
∣
∣
∣
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v̂ in =0

= (zI − Φ)−1ΦΓd (28)

where x(t) = [
√

LiL (t),
√

Cvc(t)]T . According to (14) and
(28), the expression of Gid dis bst trail(s) for the boost converter
is given as (29) at the bottom of this page.

With the approximate conditions given in (16), the coefficient
of the constant term in the numerator of (29) can be approxi-
mated as follows:
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The coefficients of the s term in the numerator of (29) can be
approximated as follows:

1 +
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Dy (1 − Dy ) RcTs
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s

π2LC
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The coefficients of the s2 term in the numerator of (29) can
be approximated as follows:
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(32)

According to (30)–(32), the expression of the duty-cycle-
to-inductor-current transfer function, Gid dis trail bst(s), can be
approximated as follows:

Gid dis trail bst(s) =

Vin
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According to Fig. 8, the expression of the duty-cycle-to-
output-voltage transfer function incorporating inductor cur-
rent feedback, Gvd dis trail bst com(s), is expressed as follows (34)
shown at the bottom of this page.

Moreover, the coefficient of the constant term in the numera-
tor of (34) can be approximated as follows:

1 +
2Rc

(1 − Dy ) RLd
− (1 − Dy )2RcTs

2L
≈ 1. (35)

Thus, (34) can be approximated as follows:
Comparing (22) and (36) as shown at the bottom of this page,

it can be found that Gvd dis trail bst com(s) and Gvd dis lead bst(s) are
approximately the same under the condition that

Rc >>
DyTs

2C
(1 − Dy ) . (37)

Thus, the duty-cycle-to-output-voltage transfer function of
the trailing-edge modulated boost converter with inductor cur-
rent feedback is the same as that of the leading-edge mod-
ulation. Both the Bode diagrams of Gvd dis trail bst com(s) and
Gvd dis lead bst(s) are shown in Fig. 9, verifying the close
resemblance of the two transfer functions. Therefore, the

Fig. 9. Bode diagrams of Gvd dis trail bst com(s) and Gvd dis lead bst(s).

characteristics of the leading-edge modulation can be equiva-
lently obtained by incorporating inductor current feedback into
the trailing-edge modulated converters.

Fig. 10 shows the implementation circuit of the inductor cur-
rent feedback control for the boost converter. The inductor cur-
rent is sensed through resistor Rs , and then amplified Rc/Rs

times via operational amplifier A1, giving iLRc . Then, iLRc

is processed by a first-order high-pass filter to eliminate its dc
component and then injected into the output voltage feedback
component via operational amplifier A2, which is taken as the
actual output voltage feedback component to be regulated by the
compensator constructed by operational amplifier A3. It should
be noted that the high-pass filter is necessary, and its corner
frequency should be much lower than the switching frequency
of the converter to avoid distortion of the inductor current.

V. EXPERIMENTAL VERIFICATION

In order to verify the accuracy of the theoretical analysis
above, two prototypes (buck, boost converters) are fabricated
and tested in the laboratory. The main circuit parameters are
shown in Appendix B. The Bode diagrams of Gvd dis(s) under
the leading-edge and trailing-edge modulation are plotted using
the network analyzer Agilent E5061B, and the stability of the
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Fig. 10. Circuit schematic of introducing inductor current feedback into the
trailing-edge modulated boost converter.

Fig. 11. Measurement circuit for the Bode diagrams of Gvd dis(s).

converters is estimated for verification of the accuracy of the
analysis.

A commonly used technique to measure Gvd is to inject a
sinusoidal perturbation vmod (with a dc bias to provide dc oper-
ating point) into the modulation signal to generate a perturbed
duty cycle. Then, the modulation signal and the output voltage
responses are directly sent to the network analyzer. However, as
discussed in Section II, the output voltage and the modulation
signal should be sampled at the intersecting instant before be-
ing sent to the network analyzer. The measurement principle is
shown in Fig. 11, where vsp is the sampling pulse. To lower the
switching noise and simplify the implementation, a zero-order
hold is introduced after the sampling switch. Since the sampling
switch and the zero-order hold are available in control ICs, such
as AD783, the implementation is very simple. The measured

Fig. 12. Bode diagrams of calculated and measured Gvd dis bu(s).

Gvd dis(z) is

Gvd dis(z) = Vm
vo(z)Gh(s)

vmod(z)Gh(s)
= Vm

vo(z)
vmod(z)

(38)

where Vm and Gh(s) are the amplitude of the triangular car-
rier wave and the transfer function of ZOH, respectively. Also,
Gh(s) has no effect on the final result because it can be canceled
from both the numerator and denominator.

A. Experimental Results of Buck Converter

Fig. 12 gives the Bode diagrams of Gvd dis bu(s) by both the
approximate model and measured results. As shown in the re-
sults, the leading-edge modulation and trailing-edge modulation
show no difference, and the calculated and measured results
are well matched, verifying the accuracy of the approximate
discrete-time model.

The compensator for the buck converter is expressed as
follows:

Gv bu(s) =
(

3.3 +
19608.6

s

)
1 + s

6447

1 + s
116 100

. (39)

The steady-state experimental waveforms under both leading-
edge and trailing-edge modulations are shown in Fig. 13. Ob-
viously, consistent with the theoretical analysis, the converter is
stable under both PWM schemes.

B. Experimental Results of Boost Converter

Fig. 14 illustrates the Bode diagrams of Gvd dis bst(s) by both
the approximate model and measured results. Here, results of
the leading-edge modulation and trailing-edge modulation co-
incide with the corresponding measured results, which verify
the accuracy of the approximate discrete-time model. In addi-
tion, it can be observed that the trailing-edge modulation shows
a lagging phase angle relative to the leading-edge modulation,
which is consistent with the theoretical analysis.
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Fig. 13. Experimental waveforms of the buck converter under (a) leading-edge
modulation and (b) trailing-edge modulation.

Fig. 14. Bode diagrams of calculated and measured Gvd dis bst(s).

Generally, for a trailing-edge modulated boost converter, the
achievable closed-loop bandwidth is one-fifth of that of the
right-half-plane (RHP) zero under voltage-mode control [28].
In this paper, the RHP zero is located at 4 kHz, therefore the
cut-off frequency is set at 800 Hz to guarantee sufficient stability
margin of the boost converter under trailing-edge modulation.

Considering this, the first compensator for the boost converter
is designed as follows:

Gv bst1(s) =
(

0.37 +
64.2
s

)
1 + s

4080

1 + s
23 380

. (40)

In this case, when adopting the trailing-edge modulation, the
cut-off frequency is fc = 800 Hz and the phase margin is 35°,
when adopting the leading-edge modulation, the cut-off fre-
quency is fc = 800 Hz and the phase margin is 50°. Thus, the
converter should be stable under both modulations according
to the proposed model. Experimental waveforms corresponding
to the leading-edge modulation and the trailing-edge modula-
tion are shown in Fig. 15(a) and (b), respectively. Here, the
boost converter is stable under both modulations, which is in
agreement with the theoretical analysis.

Since the RHP zero is eliminated under leading-edge modu-
lation, the bandwidth of the boost converter under leading-edge
modulation can be significantly increased. To verify this conclu-
sion, the second compensator for the boost converter is designed
to be

Gv bst2(s) =
(

1.1 +
1099

s

)
1 + s

1023

1 + s
14 706

. (41)

In this case, when adopting the trailing-edge modulation, the
cut-off frequency is fc = 4.1 kHz and the phase margin is−20°.
Thus, the converter should be unstable. When adopting the
leading-edge modulation, the cut-off frequency is fc = 3.9 kHz
and the phase margin is 45°. Thus, the converter should be
stable. Experimental waveforms corresponding to the leading-
edge modulation and the trailing-edge modulation are shown in
Fig. 16(a) and (b), respectively. Here, the boost converter is sta-
ble under the leading-edge modulation, but becomes unstable
under the trailing-edge modulation, and the unstable oscilla-
tion frequency is about 4.4 kHz, which is less than 1/20 of the
switching frequency, thus can be regarded as a kind of slow-
scale instability [29], [30]. The experimental results are well in
agreement with the analysis.

According to the analysis discussed in Section IV, the trailing-
edge modulated boost converter is stabilized by applying the
modulation signal ZOH method or the inductor current feed-
back method. Fig. 17 gives the experimental waveforms of the
trailing-edge modulated boost converter with Gv bst2(s) as the
compensator under the application of the modulation signal
ZOH method. Fig. 17(a) shows the regulation of the duty cycle
of the boost converter under this method. From Fig. 17(a), the
sampling pulse vsp is generated by the clock signal of the PWM
controller UC3823DW, and is slightly leading the gate drive of
the switch. At the falling edge of vsp, the modulation signal is
sampled and held, resulting in vmod ZOH. When vmod ZOH inter-
sects the carrier wave, the switch turns OFF. In Fig. 17(b), the
key experimental waveforms of the boost converter with the
modulation signal ZOH method are given, where we can see
that the boost converter is stabilized by the proposed method.

Fig. 18 provides the experimental waveforms when the in-
ductor current feedback method is applied. It can be seen that
the boost converter also becomes stable under this method.
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Fig. 15. Experimental waveforms of the boost converter with Gv bst1 (s) as the compensator under (a) leading-edge modulation and (b) trailing-edge modulation.

Fig. 16. Experimental waveforms of the boost converter with Gv bst2 (s) as the compensator under (a) leading-edge modulation and (b) trailing-edge modulation.

Fig. 17. Experimental waveforms of the trailing-edge modulated boost converter with modulation signal ZOH method. (a) Regulation process of the duty cycle.
(b) Waveforms of the main circuit.

Fig. 18. Experimental waveforms of the trailing-edge modulated boost
converter under the inductor current feedback scheme.

C. Transient Response Experimental Results of
Boost Converter

Figs. 19–22 show the transient responses of the boost
converter with trailing-edge modulation, leading-edge modu-

lation, the modulation signal ZOH method, and the inductor
current feedback method. Here, the compensator used in the
trailing-edge modulation is Gv bst1(s), while it is Gv bst2(s)
in the leading-edge modulation and the proposed control
methods. The input voltage is stepped between 30 and 54 V,
and the load is stepped between full load and 20% load. The
overshoots/undershoots, and the settling time (2% of the final
value) are tabulated in Table III. It can be found that as a conse-
quence of the limited bandwidth, the trailing-edge modulation
exhibits a relatively poor dynamic performance. In contrast,
the dynamic performances of leading-edge modulation and
proposed control methods are similar and are better than that
of the trailing-edge modulation. To be specific, in response to
a step change of the input voltage, the amount of overshoot
or undershoot under the trailing-edge modulation is more
than twice to that under the leading-edge modulation or the
proposed control methods, and the settling time is three times
longer. In response to a step change in the load, the overshoot
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Fig. 19. Transient waveforms of the boost converter with trailing-edge modulation. (a) Input voltage steps between 30 and 54 V. (b) Load step between 20%
load and full load.

Fig. 20. Transient waveforms of the boost converter with leading-edge modulation. (a) Input voltage step between 30 and 54 V. (b) Load step between 20% load
and full load.

Fig. 21. Transient waveforms of the boost converter with modulation signal ZOH method. (a) Input voltage step between 30 and 60 V. (b) Load step between
20% load and full load.

or undershoot under the trailing-edge modulation is also higher
than that under the leading-edge modulation or the proposed
control methods. It should be noted that, from Table III, the
settling times under the leading-edge modulation and the
proposed methods during load step are slightly longer than
those under the trailing-edge modulation using a standard
2% of the final value as the settling requirement. However,
if assessed by the standard of 5% of the final value as the
settling requirement, the settling times under the leading-edge

modulation and the proposed methods during load step become
zero since the overshoots/undershoots are all below 5%. As
a conclusion, the leading-edge modulation and the proposed
control methods have been shown to produce better dynamic
performances.

From Fig. 22(b), it can be found that with the inductor current
feedback method, the output voltage has an undershoot follow-
ing the usual overshoot during a load step down, and has an
overshoot following the usual undershoot during a load step
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Fig. 22. Transient waveforms of the boost converter with inductor current feedback control method. (a) Input voltage step between 30 and 54 V. (b) Load step
between 20% load and full load.

TABLE III
DYNAMIC PERFORMANCE INDICES OF THE BOOST CONVERTER UNDER DIFFERENT METHODS

up. This can be explained as follows. When adding kRciL (t)
into the output voltage, the feedback output voltage becomes
kvc(t) + kRciL (t) during the on-time, which is exactly the re-
quirement for mimicking the leading-edge modulation, but it
also becomes kvc(t) + 2kRciL (t) during the off-time, which is
not desirable. Obviously, there is an extra kRciL (t) during off
time in the feedback output voltage compared with the leading-
edge modulation. This extra kRciL (t) will lead to an extra mod-
ulation signal after being amplified by the compensator, which
will affect the duty-cycle during transient processes. Fig. 23
gives the simulation waveforms during a step-up change of the
load. From the top to bottom, the waveforms are the load current
io, the triangle wave vsaw, the modulation signal vmod, the ex-
tra modulation signal vmod extra produced by the extra kRciL (t),
the ac component of the output voltage Δvo, and the inductor
current iL . In Fig. 23, the value of vmod extra at the instant when
the modulation signal intersects the triangle wave is highlighted
with red dots. We can see that the extra modulation signal at the
intersecting instant rises first after the load steps up, increasing
the value of the real modulation signal vmod. Therefore, the in-
crease in the duty-cycle will be larger than in the case of the
leading-edge modulation. As a consequence, the output voltage
will have an overshoot following the usual undershoot during
a step-up change of the load. Similarly, the output voltage will

Fig. 23. Simulated load transient waveforms of the boost converter with
inductor current feedback method during load step up.

have an undershoot following the usual overshoot during a step-
down change of the load.

VI. CONCLUSION

The discrete-time model with appropriate consideration of
the sampling instant can well capture the behavior of dc–
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dc converters under different types of PWM. To simplify the
discrete-time model and provide useful physical insights, a uni-
fied method that converts the model from the discrete-time do-
main to the frequency domain applicable to all dc–dc converters
is proposed. The resulting approximate model is much sim-
pler compared with the accurate discrete-time model and can
be accurate up to the Nyquist frequency. Using this approxi-
mate model, the stability of dc–dc converters using different
modulation schemes is analyzed. The leading-edge modulated
boost and buck–boost converters are shown to have better stabil-
ity compared to the trailing-edge modulated converters. Since
the trailing-edge modulation is more commonly used in practi-
cal applications, the modulation signal zero-order-hold method
and the inductor current feedback method are proposed for the
trailing-edge modulated boost and buck–boost converters mim-
icking the leading-edge modulated converters and hence achiev-
ing the same stability condition. Finally, experimental results
verify the accuracy of the proposed model and the effectiveness
of the proposed control methods.

APPENDIX A

This Appendix presents the proof of (8).
Define matrix F as

F = sI − A1Dy − A2(1 − Dy ). (A1)

For typical dc–dc converters, matrix F is diagonalizable in
the complex frequency domain [31]. As a result, there exists an
invertible matrix P and a diagonal matrix Λ [32], satisfying

P−1FP = Λ. (A2)

According to the definition of matrix function [32], we have

eFTs = I + FTs +
(FTs)

2

2!
+ · · · + (FTs)

n

n!
+ · · · . (A3)

Then, we have

P−1eFTs P=P−1

[

I + FTs +
(FTs)

2

2!
+ · · · + (FTs)

n

n!
+ · · ·

]

P.

(A4)
According to (A2), (A4) can be rewritten as follows:

P−1eFTs P = I + ΛTs +
(ΛTs)

2

2!
+ · · · + (ΛTs)

n

n!
+ · · · .

(A5)
Since the state matrices of the three basic dc–dc converters

studied in this paper are all second-order matrices, we can set
the diagonal matrix Λ as follows:

Λ =
[
Λ1 0
0 Λ2

]

(A6)

where Λ1 and Λ2 are not zero. Substituting (A6) into (A5) yields
the following:

For the exponential function ex , the Taylor series is repre-
sented as follows [33]:

ex = 1 + x +
x2

2!
+ · · · + xn

n!
+ · · · . (A8)

Therefore, (A7) as shown at the bottom of this page, can be
rewritten as follows:

P−1eFTs P =

[
eΛ1 Ts 0

0 eΛ2 Ts

]

=

[
e0 . 5 Λ 1 T s

e−0 . 5 Λ 1 T s 0

0 e0 . 5 Λ 2 T s

e−0 . 5 Λ 2 T s

]

.

(A9)
Using the second-order Padé approximants, for the frequency

range lower than half the switching frequency fs , we have the
following approximate substitutions:

e0.5Λ1 Ts

e−0.5Λ1 Ts
≈ 1 + 0.5Λ1Ts +

(Λ1 Ts

π

)2

1 − 0.5Λ1Ts +
(Λ1 Ts

π

)2 (A10a)

e0.5Λ2 Ts

e−0.5Λ2 Ts
≈ 1 + 0.5Λ2Ts +

(Λ2 Ts

π

)2

1 − 0.5Λ2Ts +
(Λ2 Ts

π

)2 . (A10b)

Substituting (A10) into (A9) yields (A11). From (A11), eFT s

can be deduced as (A12). Moreover, substitution of (A1) into
(A12) leads to (A13), which is exactly the result given in (8)

P−1eFTs P ≈

⎡

⎢
⎢
⎣

1+0.5Λ1 Ts +(Λ 1 T s
π )2

1−0.5Λ1 Ts +(Λ 1 T s
π )2 0

0
1−0.5Λ2 Ts +(Λ 2 T s

π )2

1+0.5Λ2 Ts +(Λ 2 T s
π )2

⎤

⎥
⎥
⎦

=

[
1 + 0.5Λ1Ts +

(Λ1 Ts

π

)2
0

0 1 + 0.5Λ2Ts +
(Λ2 Ts

π

)2

]

·
[
1 − 0.5Λ1Ts +

(Λ1 Ts

π

)2
0

0 1 − 0.5Λ2Ts +
(Λ2 Ts

π

)2

]−1

=
[

I + 0.5ΛTs +
1
π2 (ΛTs)

2
] [

I − 0.5ΛTs +
1
π2 (ΛTs)

2
]−1

(A11)

eFTs =
{

P
[

I + 0.5ΛTs +
1
π2 (ΛTs)

2
]

P−1
}

·
{

P
[

I − 0.5ΛTs +
1
π2 (ΛTs)

2
]−1

P−1

}

=
[

I + 0.5FTs +
1
π2 (FTs)

2
] [

I − 0.5FTs +
1
π2 (FTs)

2
]−1

(A12)

P−1eFTs P =

[
1 + Λ1Ts + (Λ1 Ts )2

2! + · · · + (Λ1 Ts )n

n ! + · · · 0
0 1 + Λ2Ts + (Λ2 Ts )2

2! + · · · + (Λ2 Ts )n

n ! + · · ·

]

(A7)
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TABLE IV
PARAMETERS OF THE BUCK CONVERTER

TABLE V
PARAMETERS OF THE BOOST CONVERTER

TABLE VI
PARAMETERS OF THE BUCK–BOOST CONVERTER

e[sI−A1 Dy −A2 (1−Dy )]Ts ≈
{

I+ 0.5
[
sI−A1Dy −A2

(
1−Dy

)]
Ts

+

[
sI − A1Dy − A2

(
1 − Dy

)]2
T 2

s

π2

}

·
{

I − 0.5
[
sI − A1Dy − A2

(
1 − Dy

)]
Ts

+

[
sI − A1Dy − A2

(
1 − Dy

)]2
T 2

s

π2

}−1
. (A13)

APPENDIX B

In this paper, for the buck, boost, and buck–boost convert-
ers, the output power Po = 500 W, the switching frequency
fs = 100 kHz, and the gain of the voltage sensor Hv = 0.05,
the amplitude of triangle carrier wave Vm = 1.75 V. The other
main circuit parameters of these three converters are given in
Tables IV–VI.
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