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Abstract

This paper presents an accurate averaged model of a Buck converter controlled via pulse-
skipping modulation (PSM). The derived model includes the parasitic elements of the
circuit components, and it is not yet given in the literature. Output capacitor voltage and
inductor current are analysed under steady-state operation by deriving the expressions of
average and ripple amplitude values. The accuracy improvements introduced by the pro-
posed model are validated by comparison against models existing in the literature. A design
procedure based on the proposed model is formulated and experimentally validated. The
expressions for the control-to-output and the input-to-output network functions, both
including the parasitic components of the converter circuit, are derived and utilized to
exploit the circuit dynamic behaviour in the frequency domain.

1 INTRODUCTION

Many modern electronic applications involve devices that must
remain active for their whole useful life. During most of
their operating life, these circuits are operated under ‘sleep’ or
‘standby’ modes [1]. In these cases, a high efficiency conversion
must be ensured even at light load operations [2]. As known,
the conversion efficiency of a DC–DC converter is higher at
heavy load but drastically reduces when the converter operates
at light loads. For this reason, several efforts have been spent to
improve the conversion efficiency of DC–DC converters when
operated at light loads [3–5]. One of the most relevant aspects
influencing the converter performance is its modulation. Pulse-
skipping modulation (PSM), for example, operates similarly to
pulse width modulation (PWM), but some cycles are skipped
to regulate the output voltage [6]. Due to the reduced number
of pulses, the switching losses are reduced, and, therefore, PSM
represents a suitable modulation technique for those applica-
tions where high conversion efficiency at lights load is required,
such as wireless sensor networks [7], energy harvesting [8–11]
and photovoltaic systems [12–15].

Differently from the PWM modulation, the PSM technique
is not yet widely studied in literature. Only a few works related
to steady-state models have been proposed. In [16], the effi-
ciency of a Flyback converter driven by the PSM and PWM
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is compared. The results highlight that the converter results
in a higher efficiency at light loads and in a faster transient
speed response when operated by PSM than by PWM. In [17]
an extensive model of a Buck converter operating with PSM
is proposed, but only its steady-state operation is investigated.
Moreover, both continuous conduction mode (CCM) and dis-
continuous conduction mode (DCM) are studied, but the effect
of the parasitic components is completely neglected. In [18], a
digital controller for the voltage regulation of the Buck con-
verter operating with PSM is proposed. The same paper shows
that a PSM with an optimized number of skipped cycles results
in better performance than both PWM and pulse frequency
modulation (PFM). In [19], the same digital control strategy pro-
posed in [18] has been modified to achieve also a duty cycle
variation. Here, it is also shown that this approach leads to a
monolithic spectral behaviour facilitating the design of the input
filters for EMI reduction. Although this approach has several
benefits, this strategy is computationally complex, and an FPGA
is needed to ensure high-speed calculations and, therefore the
circuit complexity and costs are increased. Other analyses of a
Buck converter operating with PSM in terms of voltage trans-
fer function, output voltage ripple and average inductor current
in steady-state condition are presented in [20]. Although these
analyses give very accurate results under ideal conditions, the
models are not reliable in describing the practical converter
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operations, because the parasitic elements of the circuit com-
ponents are not considered. This is because, as well known,
parasitic highly affect the converter operation under in both
steady-state and dynamic conditions. In steady-state, voltage
ripples and average current can be significantly influenced by
capacitor and inductor parasitic resistances [21, 22]. In dynamic
condition, parasitic resistances affect the position of zeros and
poles and, therefore, they have an important role for the stability
of the system [23, 24].

For this reason, in this paper, an accurate analysis describ-
ing the DC–DC Buck converter behaviour operating with
PSM under both steady-state and dynamic conditions is
proposed.

The main objectives of the proposed paper to
address the lack in literature can be summarized as
follows:

∙ To derive a steady-state input-to-output voltage transfer
function that considers the parasitic of the components.

∙ To derive the average value of the inductor current and the
amplitude of its ripple.

∙ To derive an accurate expression of the output voltage ripple.
∙ To apply the derived equation in a design procedure of a Buck

converter with PSM.
∙ To validate the accuracy of the proposed equation through

extensive experimental measurements.
∙ To propose a small-signal model using the circuit-averaging

method. The two main transfer functions, that is, the input-
to-output voltage transfer function and the control-to-output
network functions are derived. Note that the circuit aver-
aging method allows us to obtain intuitive insight of the
converter behaviour by a simpler linear model with respect
to the state-space averaging method which requires consid-
erable matrix algebra manipulation when many parasitic are
considered.

The advantage of a linearized model is that it can be easily
studied by using software suitable for symbolic analysis so that
also a parametric analysis can be performed [25]. Moreover, it
allows the bode plots, useful for the feedback-loop design, to be
derived.

The paper is structured as follows. First, an extensive state
space representation, complete with parasitic components of
both passive components and switching devices, is presented.
In Section 2, the analytic voltage expressions of the network
functions, DC and ripple inductor current, DC and ripple out-
put voltage, are derived. Design equations for the converter are
proposed by considering the worst-case scenario of the peak-
to-peak output voltage ripple. Following, the accuracy of the
proposed model is compared with other models available in
literature. In Section 3, the experimental validation of the pro-
posed steady-state model is presented. In Section 4, a new small
signal model for the Buck converter operating under PSM is
derived and the control-to-output voltage and the input-to-
output voltage functions, which are useful for the feedback
loop design, are proposed and validated. Final remarks and
conclusions close the paper.

FIGURE 1 Current and voltage waveforms of Buck converter with PSM
with n = 3, m = 1 and D = 0.5. Upper MOSFET driving signal vGS1 (yellow
trace), inductor current iL (red trace) and capacitor current iC (blue trace)

2 PULSE-SKIPPING MODULATED
BUCK CONVERTER

Pulse-skipping modulation is a variation to the classic PWM
where a degree of freedom is added by skipping m pulses every
m + n pulses. An example of the controlled switch driving sig-
nal for this modulation is represented by the yellow trace in
Figure 1, which also shows the inductor and capacitor currents
during a generic period in CCM for a Buck converter. Thus,
the modulation depth can be defined by two parameters: (a) the
duty cycle D and (b) the number of skipped pulses m. The ratio
between the total pulses and the skipped pulses is M = m/(n +
m). As shown in Figure 1, the complete period of the PSM is
TS = (m + n) T, where T is the single pulse period.

In this work, this modulation technique is studied on a Buck
converter by considering the parasitic components, as shown
in Figures 2a and 2b. Depending on the use of a MOSFET or
a diode as a switch Q2, a synchronous or asynchronous buck
converter is obtained. In this paper, a synchronous converter is
studied, according to the circuit shown in Figure 2a. The MOS-
FETs are modelled as ideal switches with a series conduction
resistance (the power MOSFET channel ON resistance): rDS1
resistance for Q1, and rDS2 for Q2. Accounting for different
resistances makes the following analysis simple for general-
ization towards asynchronous buck converters. The dynamic
behaviour of this topology in CCM is easily described by two
sets of state equations, obtained from Kirchhoff ’s voltage law
(KVL) and Kirchhoff ’s current law (KCL) of the two operation
modes in Figures 2b and 2c. Considering the two state variables
x1 = iL and x2 = vC, and the independent input u = VI, the
two state matrices AON, AOFF and the two input matrices BON,
BOFF are

AON =

⎡⎢⎢⎢⎣
−

rL + rDS1

L
−

1
L

1
C

−
1

RLC

⎤⎥⎥⎥⎦ , BON =

⎡⎢⎢⎣
1
L

0

⎤⎥⎥⎦ (1)
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FIGURE 2 Buck converter topology. (a) Electrical circuit of the
synchronous converter. (b) ON state equivalent circuit. (c) OFF state
equivalent circuit

AOFF =

⎡⎢⎢⎢⎣
−

rL + rDS2

L
−

1
L

1
C

−
1

RLC

⎤⎥⎥⎥⎦ , BOFF =

[
0
0

]
(2)

2.1 Voltage transfer function

The steady-state DC voltage transfer function of the PSM-
driven Buck is derived through a state-space average approach.
The normalized ON period of the circuit is TON/Ts = (1 – M)D,
and the normalized OFF period of the circuit is TOFF/Ts = 1 –
(TON/Ts) = 1 – (1 – M)D = 1 – D+MD. The state space repre-
sentation (1) and (2) is averaged giving the representation of the
system.

ẋ =
[
(1 − M )DAON + (1 − D + MD) AOFF

]
x +

+
[
(1 − M )DBON + (1 − D + MD) BOFF

]
u (3)

A = AOFF + D(AON − AOFF ) − MD(AON − AOFF ) (4)

B = BOFF + D(BON − BOFF ) − MD(BON − BOFF ) (5)

Through some manipulations the two averaged states and
input matrices can be rearranged as

A =

⎡⎢⎢⎢⎣
−

rL + rF + (D − DM ) (rDS + rF )

L
−

1
L

1
C

−
1

RLC

⎤⎥⎥⎥⎦ (6)

B =

[
1

L
D(1 − M )

0

]
(7)

To derive the voltage transfer function, the averaged system
will be considered at equilibrium[

0
0

]
= A

[
IL

VC

]
+ B VI (8)

At equilibrium, the output voltage Vo is equal to the voltage
across the capacitor Vc. Through some simple manipulations,
the output voltage can be found as follows:

MV =
Vo

VI
=

RL

[
D(1 − M )

]
RL + rL + rF + (D − MD) (rDS − rF )

(9)

2.2 Ripple and average inductor current

The current in each sub-interval is approximated as linear, under
the assumption that the effects of the inductor series resistance
on the current waveforms are negligible and the inductor volt-
age is constant and equal to vL = VI – VO during the ON
state, and vL = –VO during the OFF state. The inductor DC
current IL

avg can be calculated by integrating the instantaneous
current iL(t) from 0 to Ts. This integral can be divided into n +

m sub-intervals

I
avg

L
=

1
Ts ∫

Ts

0
iL (t )dt

=
1
Ts

⎡⎢⎢⎢⎢⎢⎢⎣
∫

DT

0
iL (t )dt+∫

T

DT

iL (t )dt+⋯

⋯+ ∫
(n−1)T +DT

(n−1)T
iL (t )dt+∫

nT

(n−1)T +DT

iL (t )dt+∫
(n+m)T

nT

iL (t )dt

⎤⎥⎥⎥⎥⎥⎥⎦
(10)

Assuming to operate in steady-state conditions, it is safe to
assume for the inductor current that iL(0) = iL(Ts) = IL

min.
By using this assumption, apart from the first and the last

integral (which can be computed as the area of a triangle), all
the integrals can be computed as the area of a trapezoid. For the
kth ON state (k < n), by assuming that the value of the current
at the start of this interval equals I(L,k)ini, the area is

1
2

[
I ini
L,k

+

(
I ini
L,k

+
VI −Vo

L
DT

)]
DT (11)

and for the kth OFF state:

(T − DT )
2

[
I ini
L,k

+

(
I ini
L,k

+
VI −Vo

L
DT

)
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+

(
I ini
L,k

+
VIN −Vo

L
DT −

Vo

L
(T − DT )

)]
(12)

The area of the kth subinterval (both ON and OFF states) is
equal to

I ini
L,k

T +
1
2

VI −Vo

L
D
[
DT 2 + 2T (T − DT )

]
−

1
2

Vo

L
T 2(1 − D)2 (13)

and the difference among the area of different subintervals is
linked only to first term I(L,k)

initT. Following terms for k< n are
obtained by

I ini
L,k+1 = I ini

L,k
+

VI −Vo

L
DT −

Vo

L
(T − DT )

= I ini
L,k

+ k

(
VI

L
DT −

Vo

L
T

)
(14)

The value I(L,k)
init+[(VIN – Vo) DT]/L is the maximum value

of the inductor current assumed in the kth interval (ON and
OFF states) and in the following we name it IL,k

max, for k < n.
Being IL,1

ini = IL
min and the max value of the inductor current

achieved after the nth ON state, we easily achieve

I max
L =

(
I ini
L,n−1 +

VI −Vo

L
DT

)
= I min

L +
VI

L
nDT −

Vo

L
(n − 1 + D)T (15)

At this point, by assuming that at the end of the period the
inductor current again assumes the value IL

min, and by consid-
ering that the discharge has a slope of –Vo / L and is long T (m
+ 1 – D) we find

I min
L = I max

L −
Vo

L
T (m + 1 − D) (16)

This, after some simple manipulations, leads to the ideal
voltage transfer function given as

Vo

VI
=

n

n + m
D = (1 − M )D (17)

This last result allows all the relations to be derived as func-
tions of Vo. The slope of the inductor current during the ON
state is

VI −Vo

L
=

Vo(n + m)∕nD −Vo

L
=

(n + m − nD)Vo

nDL
(18)

Thus, the DC value of the inductor current is

I
avg

L = I min
L +

VI

L

(
n

DT

2
+

nDT

2(n + m)
(1 − D)

)
−

Vo

L

(
n

T

2

)
(19)

The previous expressions can be furtherly elaborated by
writing them only as functions of VI or Vo

I max
L = I min

L +
Vo(n + m)T

L
−

Vo(n − 1 + D)T
L

= I min
L +

Vo(m + 1 − D)T
L

(20)

I
avg

L = I min
L +

Vo

L

[
(n + m)T

2
+

(n + m)T
2(n + m)

(1 − D) − n
T

2

]
= I min

L +
Vo

L

(
m + 1 − D

2
T

)
(21)

Finally,

I
avg

L =
I min
L + I max

L

2
(22)

Thus, the inductor ripple current is symmetric and equal to

ΔIL =
VI

L
nDT −

Vo

L
(n − 1 + D)T =

Vo

L
(m + 1 − D)T

(23)

2.2.1 Capacitor voltage ripple

The capacitor voltage ripple is linked to the ripple of the
capacitor charge. Starting from the capacitor current:

ic (t ) = iL (t ) − I
avg

L (24)

In steady-state condition, the average value of the ripple volt-
age capacitor is zero, while its minimum and maximum values
are related by

I min
C

= I min
L − I

avg

L =
1
2

(
I min
L − I max

L

)
= −

1
2

(
I max
L − I min

L

)
= −I max

C
(25)

Indeed, in a Buck converter, the capacitor current ripple is
equal to the inductor one. Although we are interested in the rip-
ple value of the charge, the previous expression is useful since it
is possible to express the maximum and minimum values of Ic

as a function of output voltage Vo. Thus,

I max
C

=
Vo

L

(
m + 1 − D

2
T

)
= −I min

C
(26)

The difference between the current and the charge ripple val-
ues is that the latter has not a zero-average value, which instead
is

Q
avg
c = C V0 (27)

In addition, the discharge of capacitor does not occur dur-
ing the OFF interval but only when the capacitor current is
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FIGURE 3 Capacitor current showing the initial and maximum values for
each period, and the times for the intersection points in period k = 2 converter
topology

negative, and this occurs when the inductor current is lower
than its average value. To evaluate the maximum and minimum
capacitor charge values, the instant when the capacitor current
changes sign must be determined. To better understand the
mechanism, we can refer to Figure 3. Let us consider the last
interval of inductor discharge of duration T (1 – D+ m). During
this period, the capacitor charge reaches its maximum in corre-
spondence of the intersection of the segment of slope –Vo/L

with the time-axis t0 (i.e., when capacitor current is zero).
Theoretically, it should be possible not only to determine t0,

but also a sequence of intersections {tk1
i, tk1

f, tk2
i, tk2

f,…, tkn
f,

t0}, as shown in Figure 3, for the determination of the exact
value of Q. An analytical formulation cannot be done without
resorting to very complicated expressions, and this would result
in a procedure not useful for the design. Thus, although such
a procedure can led to an exact evaluation of the charge inside
the capacitor, a simplified approach that leads to a manageable
formula is preferred. Referring again to Figure 3, the goal is to
compute the area defined by the curve above (or under) the time
axis. It is possible to approximate this area by using the line with
the ‘average’ slope represented in purple. In this case, the area is
easily computed as follows:

1
2

(
t final − tinitial

)
I max
C

(28)

t final = t0 = Ts −
m + 1 − D

2(n + m)
Ts =

2n + m + 1 − D

2
T (29)

For the computation of tinitial, the average slope can be used:

VI −Vo

L
D −

Vo

L
(1 − D) =

(m + n − nD)Vo

nL
−

Vo

L
(1 − D)

=
mVo

nL
(30)

and then, by posing the curve with an average slope equal to
zero:

IC (t ) =
mVo

nL
(tnitial − (n − 1) T − DT ) + I max

C

=
mVo

nL
(tnitial − (n − 1) T − DT )

+
Vo

L

(
m + 1 − D

2
T

)
= 0 (31)

which leads to

tinitial =
mn − 2m(1 − D) − n(1 − D)

2m
T (32)

Since this area approximates the difference between the
maximum and the minimum value of Q, the voltage ripple is
expressed as

ΔVo =
1
2

n + m

m

(
m + 1 − D

2

)2
Vo

LC
T 2 (33)

2.3 Converter design procedure

Equations (23) and (33) are useful to determine the inductor and
capacitor values from the maximum desired ripple. However,
the parameters m and n play a conflicting role during converter
design. Considering all variables but n and m as fixed and unitary
in (23) and (33), it can be observed that both ripples are propor-
tional to both m and n. Thus, small values of m and n result in
a lower overall ripple. However, the regulation resolution of the
PSM is proportional to m + n. For design purposes, the total
number of pulses m + n = ntot should be defined before sizing
the capacitor and inductor. By re-arranging (23), the inductor
equation is obtained as follows:

L >
VI T

ΔIL

(
(m + 1 − D) (ntot − m) D

ntot

)
(34)

The maximum of (34) in terms of m slightly varies with D;
however, it is conservative to evaluate it at m = 0.5 ntot for a
worst-case analysis. With the same considerations, the capacitor
equation is

C >
1
2

VI T 2

LΔVo

(ntot − m

m

)
D

(
m + 1 − D

2

)2

(35)

Design equations are given as a function of the input voltage
but can be easily re-arranged as a function of output voltage
(e.g., for an application of battery charging) through (9).

3 SIMULATION AND EXPERIMENTAL
VALIDATION

Two tests have been performed to validate the model. The
first is against time-domain numerical simulations of the sys-
tem. This comparison aims at validating the accuracy of the
steady-state state-space model. The second is against experi-
mental measurements and aims at validating the accuracy of the
DC and ripple quantities estimation.
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FIGURE 4 Designed Buck converter PCB prototype: components

FIGURE 5 Buck converter LTspice simulation with manufacturer
components models

3.1 Buck converter characteristics
and nominal condition

The equations obtained in the previous section were used to
design a Buck converter. The total number of pulses is ntot = 32,
with a constant duty-cycle D = 0.5. Considering a maximum
current ripple of 1.2 A and a maximum output voltage ripple of
0.5 V, the values for the inductor and capacitor are determined
through (34) and (35). Although the previous analysis is general
and it is valid independently from the DC–DC converter power
rating, the complete characteristics of the converter, operating at
a constant input voltage, are summarized in Table 2. The result-
ing converter, as shown in Figure 4, was assembled using the
components given in Table 3. The PSM control signals are gen-
erated by ESP32 board and used to control the power MOSFET
by the TPS28225 gate driver. As shown in Figure 4, the board
also contains two INA219 for the input and output current
sensing.

3.2 Validation test 1: numerical simulation

The first test involved a comparison between the state-space
system described in (1)–(5) and the simulated system in LTspice
and Matlab Simulink. Both the Simulink and the LTspice mod-
els were implemented by using the values listed in Table 2 along
with some libraries provided by manufacturers. The LTspice cir-
cuit is shown in Figure 5. The comparison was performed for
four different operating conditions, shown in Table 4. In partic-

ular, the operating condition B is the one featuring the largest
ripples for both inductor current and output voltage.

The transient and steady-state output voltage vo and the
inductor current iL waveforms are shown in Figure 6. Different
modulation settings were considered to evaluate the accuracy
of the proposed method over many configurations. Figures 6a
and 6b show the output voltage and inductor current for n =

8. The cases for n = 16, n = 24 and n = 31 are shown in
Figures 6c–h respectively. For all tests, a value n + m = 32 has
been assumed.

The simulation results confirm that the ripple evaluation
through (23) and (33) is accurate and the converter designed
using (34) and (35) respects the 1.2 A and 0.5 V ripple limits.

3.3 Validation test 2: experimental
comparison

The workbench utilized to run the experimental measurements,
including the circuit given in Figure 4, is shown in Figure 7. The
results, in terms of DC and ripple output voltages, are shown in
Table 5. The experimental results were compared with LTspice
simulations and the models available in [17] and [18]. The out-
put voltage ripple resulting from the proposed analytical model
was calculated by using (33) while the DC output voltage by
using (9). The proposed method results in an accurate estima-
tion of both the DC and output voltages ripple and has higher
accuracy than other models available in the literature. A compar-
ison between the measured output voltage and the boundaries
given from Equations (33) and (9) is shown in Figure 8. Also,
the inductor current ripple was evaluated, as shown in Table 6.
Experimental results confirm that (23) allows for an accurate
inductor current ripple estimation.

Finally, in Figure 9, DC–DC conversion efficiency for differ-
ent values of n is shown. As expected, the efficiency increases as
the number of pulses increases. The efficiency has been experi-
mentally measured and compared with the converter efficiency
given by the expression derived as follows. The considered
losses are the conduction losses Pcon, the switching losses Psw

and the parasitic losses on inductor and capacitor PrL and PrC:

Ploss = Pcon + Psw + PrL + PrC (36)

From the losses, the efficency can be calculated as the ration
between the output power Po and the total input power Pi = Po

+ Ploss as follows:

𝜂 =
Po

Pi
=

Po

Po + Ploss
=

1

1 +
Ploss

P

=
1

1 +
D(1−M )rDS1+(1−D)MrDS2+rL

RL

+
fsCoRL

M2
V

+
rC RL (1−D)2M2

12 f 2
s L2

(37)

where Mv is the voltage transfer function shown in (9).
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FIGURE 6 Inductor current and output voltage waveforms for different operating conditions. (a) Output voltage for n = 8. (b) Inductor current for n = 8. (c)
Output voltage for n = 16. (d) Inductor current for n = 16. (e) Output voltage for n = 24. (f) Inductor current for n = 24. (g) Output voltage for n = 31. (h) Inductor
current for n = 31

FIGURE 7 Experimental setup and measurements instrumentation

4 SMALL SIGNAL MODEL

In this section, the small signal equivalent circuit for a PSM
operated Buck converter is derived. While several efforts have
been performed for the small signal modelling (SSM) of Buck
converter with PWM [26, 27], the SSM under PSM is missing in
literature.

4.1 Steady-state and small signal average
model

According to Figures 1 and 10, the steady-state value of the
current through MOSFET Q1 is

IQ1 =
1

(n + m)T

[
n∫

DT

ILdt + m ∫(1−D)T
0 dt

]

=
nD

n + m
IL (38)

By using the same approach, the steady-state values of VDS2
and IQ2 are derived as

VDS2 =
1

(n + m)T

[
n ∫

DT

Vidt + m ∫(1−D)T
0 dt

]

=
nD

n + m
Vi = (1 − M )DVi (39)

IQ2 =
1

(n + m)T

[
n ∫

DT

0 dt + m ∫(1−D)T
ILdt + m ∫

T

ILdt

]
=
[
1 − (1 − M )D

]
IL (40)

Thus, in steady-state condition, the average current flowing
though the MOSETs is related to the averaged values of the
inductor current as follows:

IL =
n + m

nD
IQ1 =

n + m

n + m − nD
IQ2 (41)
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FIGURE 8 Comparison between the measured output voltage and the
proposed DC output voltage Vo

avg and ripple equations ΔVo. (a) Case A, n =

8. (b) Case B, n = 16. (c) Case C, n = 24

FIGURE 9 DC–DC Buck conversion efficiency. Theoretical efficiency by
the model (black line) is compared with experimental measurements for
different numbers of pulses n. The total number of pulses nmax is 32

The RMS currents through MOSFETs Q1 and Q2 are

I rms
Q1 =

√√√√ 1
(n + m)T

[
n∫

DT

I 2
Ldt + m ∫(1−D)T

0dt

]

= IL

√
nD

n + m
(42)

FIGURE 10 Current and voltage waveforms assuming M = 3, n = 2 and
m = 1

I rms
Q2 =

√√√√ 1
(n + m)T

[
n∫

DT

0dt + m ∫(1−D)T
I 2
Ldt

]

= IL

√
n(1 − D) + m

n + m
(43)

Therefore, the power losses due to the parasitic resistances
rDS1, rDS2 are

PrDS1 = rDS1

(
I rms
Q1

)2
= rDS1

(
IL

√
nD

(n + m)

)2

=
nD

(n + m)
rDS1I 2

L (44)

PrDS2 = rDS2

(
I rms
Q2

)2
= rDS2

⎛⎜⎜⎝IL

√
m(1 − D)
(n + m)

⎞⎟⎟⎠
2

=
n(1 − D) + m

n + m
rDS2I 2

L (45)

Thus, in the small-signal model, the effect of the conduction
resistances of the MOSFETs can be considered through two
equivalent resistances

r
eq

DS1 = (1 − M )DrDS1 (46)

r
eq

DS2 = (1 − M )DrDS2 (47)

These two resistances are in series with the inductance L and,
therefore, flowed by the current iL, as shown in Figure 11a.

To extrapolate the small-signal model, perturbations close to
the operating point, that is, iL = IL + il and vI = VI + vi and
dT = D + d are considered. To obtain a linear model, it is
assumed that higher order terms, such as il ⋅ vi, il ⋅ d and vi ⋅

d, are negligible. Under this assumption, the current through Q1
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FIGURE 11 Small signal models diagrams. (a) Small signal model. (b)
Equivalent circuit for voltage transfer function Mv. (c) Equivalent circuit for
control transfer function Tp

is expressed as

iQ1 = (1 − M )dT iL = (1 − M ) (D + d ) (IL + il )

≅ (1 − M )DIL + (1 − M )Dil + (1 − M )dIL (48)

Thus, MOSFET Q1 is replaced with three controlled cur-
rent sources in parallel, as shown in Figure 11a. Using the same
approach, the drain-to-source voltage of Q2 is

vDS2 = (1 − M )dT vI = (1 − M ) (D + d ) (VI + vi )

≅ (1 − M )DVI + (1 − M )Dvi + (1 − M )dVI (49)

Thus, the voltage across Q2 can be modelled by three
controlled voltage sources in series as shown in Figure 11a.

The linear equivalent circuit shown in Figure 11a con-
tains the information both during the steady-state and under
perturbations close to the operating condition.

4.2 Voltage transfer function MV(s)

Starting from the small-signal model shown in Figure 11a,
the voltage transfer function MV can be calculated letting
the perturbations d = 0. The equivalent network is shown in
Figure 11b. To compute the transfer function, the KVL is
applied to the circuit in Figure 11b in the Laplace domain,

TABLE 1 Operating conditions

Ref. Description

[16] Comparison of conversion efficiency of a Flyback converter operating
with PWM and PSM.

[17] Analysis of Buck converter operating with PSM. Derivation of voltage
transfer function and output voltage ripple and efficiency. All the
parasitic of passive components are neglected.

[18] Voltage mode digital control. Particular attention is placed on the
stability analysis and the small signal model derivation. A derivation
of the output voltage ripple is provided as a function of the reference
voltage of the closed loop.

[19] A Buck converter operating with variable duty cycle PSM is presented.
The discrete time model is derived and the associated small-signal
model is carried out.

[20] PSM digital control of Buck converter. Derivation of the output voltage
ripple neglecting the parasitic components.

TABLE 2 Operating conditions

Parameter Value

Operating frequency f 1 MHz

Duty cycle D 0.5

Number of pulses ntot 32

Input voltage VI 12 V

Load resistance RL 2.62 Ω

obtaining

D(1 − M )Vi (s) =
(
r

eq

DS1 + r
eq

DS2 + rL + sL
)

IL (s) +Vo(s)
(50)

Applying the KCL to Figure 11b

IL (s) =
Vo(s)

rC +
1

sC

+
Vo(s)
RL

=
1 + s (RL + rc )

RL (1 + srcC )
Vo(s) (51)

Substituting (51) into (50), the voltage transfer function
expression is derived

Mv (s) =
Vo(s)
Vi (s)

=
D(1 − M )RL (1 + srCC )

s2𝜏L + s (L + RLrCC + 𝛼𝜏) + RL + 𝛼

(52)

where α = (1−MD)(rDS1+rDS2) and τ = (RL+rC)C.
The validation of the obtained transfer function has been per-

formed using the operating conditions shown in Table 1 and the
parasitic resistances shown in Table 2.

The magnitude and the phase Bode plots of the predicted
and simulated output voltage transfer functions are shown in
Figures 12a and 12b, respectively. The Mv poles and the zero
are summarized in Table 7.

Since the frequency of a single pulse is f = 1 MHZ, while the
number of periods of the PSM is n + m = 16, the Buck effective
operating frequency is fPSM = f/(n + m) = 62.5 kHz. Since the
SMM ensures accurate results until f/2 [28, 29], the Bode plots
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TABLE 3 Mounted components on the developed board

Parameter Description Value

Inductor L NS12575T470MN By Taiyo Yuden L = 46.3 μH rL = 62.3 mΩ at 1 MHz

Output capacitor C GRM32ER7YA106KA By Murata C = 9.84 μF rC = 12.2 mΩ at 1 MHz

MOSFETs Driver TPS28225 By Texas Instruments –

PWM/PSM Controller ESP32-WROOM-32D Dual-Core SoC fck = 240 MHz Flash 4 MB Wi-Fi Bluetooth

Current sensor INA219 12 Bits I2C Protocol

MOSFETs Q1, Q2 BSO150N03 By Infineon rDS = 18.2 mΩ
Load resistance RL RT055AS3300KB By Vishay RL = 2.62 Ω

TABLE 4 Analysed operating conditions

Case

Operating

condition

Load

resistance Pulses

A VI = 12 V RL = 2.62
Ω

n = 8
m = 24

B VI = 12 V RL = 2.62
Ω

n = 16
m = 16

C VI = 12 V RL = 2.62
Ω

n = 24
m = 8

D VI = 12 V RL = 2.62
Ω

n = 31
m = 1

TABLE 5 Comparison of DC and ripple output voltage

Par. Case Proposed Ref. [17] Ref. [18] LTspice Exp.

ΔVo A 0.31 V 0.23 V 0.29 V 0.32 V 0.32 V

B 0.42 V 0.21 V 0.38 V 0.43 V 0.41 V

C 0.33 V 0.08 V 0.25 V 0.32 V 0.28 V

D 0.05 V 0.03V 0..03 V 0.05 V 0.05 V

ΔVo% A 21.3% 15.3% 19.5% 21.6% 21.9%

B 14.4 % 7.0% 12.8% 14.4% 14.5%

C 7.6% 1.7% 5.6% 7.2% 6.5%

D 1.02% 0.06% 0.51% 0.89% 0.94%

Vo A 1.45 V 1.50 V 1.49 V 1.48V 1.46 V

B 2.90 V 3.00 V 2.98 V 2.97 V 2.82 V

C 4.34 V 4.50 V 4.46 V 4.46 V 4.31 V

D 5.60 V 5.81 V 5.80 V 5.76 V 5.56 V

of the transfer functions are shown until the frequency fmax =

100 kHz. This frequency is sufficient to properly design a con-
troller. To further validate the voltage transfer function, a time
domain simulation was performed considering the three cases
{n = 12, m = 4; n = 8, m = 8; n = 4, m = 12} and compared
against the step response of the small signal transfer function
shown in (52). The comparison can be seen in Figure 13.

TABLE 6 Inductor current ripple

Parameter Case Estimated by (24) Simulated

ΔIL A 750 mA 800 mA

B 1010 mA 1100 mA

C 790 mA 840 mA

D 178.8 mA 186.6 mA

FIGURE 12 Bode plots of the input-to-output voltage transfer function
Mv = v0/vi. (a) Magnitude plot. (b) Phase plot

TABLE 7 Zero and poles of voltage transfer function

Zero and poles Operating condition

Zero Z1 –8.1967 × 106

Pole P1 (–2.5640 + 3.9028i) × 104

Pole P2 (–2.5640 – 3.9028i) × 104
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FIGURE 13 Comparison of the unitary step response for the small signal
voltage transfer function (dashed line) and time domain transient simulation
(continuous line) of the converter

TABLE 8 Zero and poles of control transfer function

Zero and poles Operating condition

Zero Z1 –8.1967 × 106

Pole P1 (–2.5834 + 3.9147i) × 104

Pole P2 (–2.5834 – 3.9147i) × 104

4.3 Control transfer function Tp(s)

The control-to-output transfer function is calculated letting the
vi = 0. The linear model is shown in Figure 11c. Applying the
KVL to the circuit one obtains

D(s)(1 − M )VI =
[
(1 − M )D(s)rDS1 + (1 − MD(s))rDS2

+ rL + sL
]
IL (s) +Vo(s) (53)

Using (49) in (51)

D(s)(1 − M )VI =

{[
(1 − M )D(s)rDS1 + (1 − MD(s))rDS2

+ rL + sL
] 1 + s𝜏

RL (1 + srCC )
+ 1

}
Vo(s) (54)

Neglecting the higher order terms Vo(s) ⋅ D(s), the control-
to-output voltage transfer function is obtained as follows:

Td (s) =
Vo(s)
D(s)

=
(1 − M )VI RL (1 + srCC )

s2𝜏L + s [(rDS2 + RL ) 𝜏 + L + rC RLC ] + rDS2 + RL + rL

(55)

The poles and the zero using the values shown in Tables 1
and 2 are summarized in Table 8. The magnitude and the phase
Bode plots of the predicted and simulated transfer function are
shown in Figures 14a and 14b respectively.

FIGURE 14 Bode plots of the control transfer function Tp = v0/d. (a)
Magnitude plot. (b) Phase plot

5 CONCLUSIONS

In this work, an accurate model representing a buck converter
driven by PSM is presented. The major contributions of the
paper are summarized as follows:

a. An analytic derivation of the voltage transfer function
considering the parasitic elements.

b. A state-space representation of the system to describe the
transient and steady-state responses by using numerical
integration.

c. An accurate estimation of the output voltage and inductor
current, in terms of both ripple and DC values. From these
results, design equations for the converter are proposed and
extensively validated through experimental results, highlight-
ing the improvements of the proposed model with respect to
the approaches found in literature.

d. Derivations of the average DC and AC small-signal lin-
ear time-invariant model of the PWM Buck converter
in continuous conduction mode by the circuit averaging
technique.

e. Derivations of the small-signal input voltage-to-output
voltage and duty-cycle-to-output voltage transfer functions.

As future development, the proposed analysis will be
used to analyse different converter topologies operating with
PSM.

CONFLICT OF INTEREST

The authors declare no conflict of interest.



12 CORTI ET AL.

DATA AVAILABILITY STATEMENT

Data sharing not applicable – no new data generated.

FUNDING INFORMATION

This work was supported by Ministero dell’Università e della
Ricerca (Grant Number CINECA 202054ZLF_003).

ORCID

Fabio Corti https://orcid.org/0000-0001-8888-0388

REFERENCES

1. Hong, W., Lee, M.: A 7.4-MHz tri-mode DC-DC buck converter with load
current prediction scheme and seamless mode transition for IoT applica-
tions. IEEE Trans. Circuits Syst. I Regul. Pap. 67(12), 4544–4555 (2020).
https://doi.org/10.1109/TCSI.2020.2995734

2. Zhao, M., et al.: An ultra-low quiescent current tri-mode DC-DC buck
converter with 92.1% peak efficiency for IoT applications. IEEE Trans.
Circuits Syst. I Regul. Pap. 69, 428–439. https://doi.org/10.1109/TCSI.
2021.3090911

3. Chen, W., et al.: A wide load range and high efficiency switched-capacitor
DC-DC converter with pseudo-clock controlled load-dependent fre-
quency. IEEE Trans. Circuits Syst. I Regul. Pap. 61(3), 911–921 (2014).
https://doi.org/10.1109/TCSI.2013.2284182

4. Lan, P., Huang, P.: A high efficiency FLL-assisted current-controlled
DC-DC converter over light-loaded range. IEEE Trans. Circuits Syst.
I Regul. Pap. 59(10), 2468–2476 (2012). https://doi.org/10.1109/TCSI.
2012.2188937

5. Fang, C.: Asymmetric instability conditions for peak and valley current pro-
grammed converters at light loading. IEEE Trans. Circuits Syst. I Regul.
Pap. 61(3), 922–929 (2014). https://doi.org/10.1109/TCSI.2013.2284178

6. Ciani, L., et al.: Effect of pulses distribution in a buck converter con-
trolled with pulse skipping modulation. In: 2021 IEEE 15th International
Conference on Compatibility, Power Electronics and Power Engineer-
ing (CPE-POWERENG), pp. 1–6 (2021). https://doi.org/10.1109/CPE-
POWERENG50821.2021.9501084

7. Bartolini, A., et al.: Analysis and Design of Stand-Alone Photovoltaic Sys-
tem for precision agriculture network of sensors. (2020). https://doi.org/
10.1109/EEEIC/ICPSEurope49358.2020.9160554

8. Nguyen, S., Yuk, K., Amirtharajah, R.: Pulse skipping modulation method
for multiple input buck boost converter. (2018). https://doi.org/10.1109/
WAMICON.2018.8363919

9. Mandi, C., Kapat, S., Patra, A.: Fractional pulse skipping in digitally con-
trolled DC-DC converters for improved light-load efficiency and power
spectrum. (2016). https://doi.org/10.1109/APEC.2016.7468217

10. Kapat, S.: Configurable multimode digital control for light load DC-DC
converters with improved spectrum and smooth transition. IEEE Trans.
Power Electron. 31, 2680–2688 (2016). https://doi.org/10.1109/TPEL.
2015.2451084

11. Yu, G., et al.: A 400 nW single-inductor dual-input-tri-output DC-DC
buck-boost converter with maximum power point tracking for indoor pho-
tovoltaic energy harvesting. IEEE J. Solid-State Circuits 50, 2758–2772
(2015). https://doi.org/10.1109/JSSC.2015.2476379

12. Lee, H., Chen, P.H.: A single-inductor dual-input dual-output (SIDIDO)
power management with sequential pulse-skip modulation for battery/PV
hybrid systems. (2017). https://doi.org/10.1109/ASSCC.2016.7844193

13. Wang, Y.H., et al.: A single-inductor dual-path three-switch converter with
energy-recycling technique for light energy harvesting. IEEE J. Solid-
State Circuits 51, 2716–2728 (2016). https://doi.org/10.1109/JSSC.2016.
2598222

14. Qin, J., Moussaoui, Z., Liu, J., Miller, G.: Hysteretic control of LLC reso-
nant converter for solar and DC-DC applications. (2010). https://doi.org/
10.1109/COMPEL.2010.5562361

15. Oncu, S., Karafil, A.: Pulse density modulation controlled converter for
PV systems. Int. J. Hydrogen Energy 42, 17823–17830 (2017). https://
doi.org/10.1016/j.ijhydene.2017.05.163

16. Luo, P., et al.: Skip cycle modulation in switching DC-DC converter.
In: IEEE 2002 International Conference on Communications, Circuits
and Systems and West Sino Expositions (2002). https://doi.org/10.1109/
ICCCAS.2002.1179107

17. Luo, P., et al.: Modeling and analysis of pulse skip modulation. J. Electron.
Sci. Technol. China 6(1), 1–7, (2006)

18. Kapat, S., Mandi, B.C., Patra, A.: Voltage-mode digital pulse skipping con-
trol of a DC-DC converter with stable periodic behavior and improved
light-load efficiency. IEEE Trans. Power Electron. 31, 3372–3379 (2016).
https://doi.org/10.1109/TPEL.2015.2455553

19. Kapat, S., Patra, A., Banerjee, S.: Achieving monotonic variation of spec-
tral composition in DC-DC converters using pulse skipping modulation.
IEEE Trans. Circuits Syst. I Regul. Pap. 58, 1958–1966 (2011). https://
doi.org/10.1109/TCSI.2011.2106052

20. Angkititrakul, S., Hu, H.: Design and analysis of buck converter with
pulse-skipping modulation. (2008). https://doi.org/10.1109/PESC.2008.
4592085

21. Reatti, A., et al.: Effect of parasitic components on dynamic performance
of power stages of DC-DC PWM buck and boost converters in CCM. In:
2019 IEEE International Symposium on Circuits and Systems (ISCAS),
pp. 1–5 (2019). https://doi.org/10.1109/ISCAS.2019.8702520

22. Luchetta, S.M., et al.: Effects of parasitic components on diode duty
cycle and small-signal model of PWM DC-DC buck converter in DCM.
In: Proceedings of IEEE 15th International Conference on Environ-
ment and Electrical Engineering, Rome, Italy, 10–13 June, pp. 772–777
(2015)

23. Li, F., et al.: The influence of parasitic components on LLC res-
onant converter, Energies 12, 1–16, (2019). https://doi.org/10.3390/
en12224305

24. Lee, B.H., et al.: Analysis of LLC resonant converter considering effects
of parasitic components. (2009). https://doi.org/10.1109/INTLEC.2009.
5351740

25. Fontana, G., et al.: A new simulation program for analog circuits using sym-
bolic analysis techniques. In: Proceedings of International Conference on
Synthesis, Modeling, Analysis and Simulation Methods and Applications
to Circuit Design, SMACD 2015; Istanbul, Turkey, 7–9 September 2015,
pp. 1–4

26. Chadha, A., Kazimierczuk, M.K.: Small-signal modeling of open-loop
PWM tapped-inductor buck DC–DC converter in CCM. IEEE Trans. Ind.
Electron. 68(7), 5765–5775 (2021). https://doi.org/10.1109/TIE.2020.
2996157

27. Kazimierczuk, M.K., Edstrom, A.J.: Open-loop peak voltage feedforward
control of PWM buck converter. IEEE Trans. Circuits Syst. I: Fundam.
Theory Appl. 47(5), 740–746 (2000). https://doi.org/10.1109/81.847879

28. Liao, Y., Wang, X.: Small-signal modeling of AC power electronic systems:
Critical review and unified modeling. IEEE Open J. Power Electron. 2,
424–439 (2021)

29. Yan, D., et al.: Review of general modeling approaches of power convert-
ers. Chinese J. Electr. Eng. 7(1), 27–36 (2021). https://doi.org/10.23919/
CJEE.2021.000002

How to cite this article: Corti, F., Laudani, A., Lozito,
G.M., Reatti, A., Bartolini, A., Ciani, L., Kazimierczuk,
M.K.: Modelling of a pulse-skipping modulated DC–DC
buck converter. IET Power Electron. 1–12 (2022).
https://doi.org/10.1049/pel2.12379

https://orcid.org/0000-0001-8888-0388
https://orcid.org/0000-0001-8888-0388
https://doi.org/10.1109/TCSI.2020.2995734
https://doi.org/10.1109/TCSI.2021.3090911
https://doi.org/10.1109/TCSI.2021.3090911
https://doi.org/10.1109/TCSI.2013.2284182
https://doi.org/10.1109/TCSI.2012.2188937
https://doi.org/10.1109/TCSI.2012.2188937
https://doi.org/10.1109/TCSI.2013.2284178
https://doi.org/10.1109/CPE-POWERENG50821.2021.9501084
https://doi.org/10.1109/CPE-POWERENG50821.2021.9501084
https://doi.org/10.1109/EEEIC/ICPSEurope49358.2020.9160554
https://doi.org/10.1109/EEEIC/ICPSEurope49358.2020.9160554
https://doi.org/10.1109/WAMICON.2018.8363919
https://doi.org/10.1109/WAMICON.2018.8363919
https://doi.org/10.1109/APEC.2016.7468217
https://doi.org/10.1109/TPEL.2015.2451084
https://doi.org/10.1109/TPEL.2015.2451084
https://doi.org/10.1109/JSSC.2015.2476379
https://doi.org/10.1109/ASSCC.2016.7844193
https://doi.org/10.1109/JSSC.2016.2598222
https://doi.org/10.1109/JSSC.2016.2598222
https://doi.org/10.1109/COMPEL.2010.5562361
https://doi.org/10.1109/COMPEL.2010.5562361
https://doi.org/10.1016/j.ijhydene.2017.05.163
https://doi.org/10.1016/j.ijhydene.2017.05.163
https://doi.org/10.1109/ICCCAS.2002.1179107
https://doi.org/10.1109/ICCCAS.2002.1179107
https://doi.org/10.1109/TPEL.2015.2455553
https://doi.org/10.1109/TCSI.2011.2106052
https://doi.org/10.1109/TCSI.2011.2106052
https://doi.org/10.1109/PESC.2008.4592085
https://doi.org/10.1109/PESC.2008.4592085
https://doi.org/10.1109/ISCAS.2019.8702520
https://doi.org/10.3390/en12224305
https://doi.org/10.3390/en12224305
https://doi.org/10.1109/INTLEC.2009.5351740
https://doi.org/10.1109/INTLEC.2009.5351740
https://doi.org/10.1109/TIE.2020.2996157
https://doi.org/10.1109/TIE.2020.2996157
https://doi.org/10.1109/81.847879
https://doi.org/10.23919/CJEE.2021.000002
https://doi.org/10.23919/CJEE.2021.000002
https://doi.org/10.1049/pel2.12379

	Modelling of a pulse-skipping modulated DC-DC buck converter
	Abstract
	1 | INTRODUCTION
	2 | PULSE-SKIPPING MODULATED BUCK CONVERTER
	2.1 | Voltage transfer function
	2.2 | Ripple and average inductor current
	2.2.1 | Capacitor voltage ripple

	2.3 | Converter design procedure

	3 | SIMULATION AND EXPERIMENTAL VALIDATION
	3.1 | Buck converter characteristics and nominal condition
	3.2 | Validation test 1: numerical simulation
	3.3 | Validation test 2: experimental comparison

	4 | SMALL SIGNAL MODEL
	4.1 | Steady-state and small signal average model
	4.2 | Voltage transfer function MV(s)
	4.3 | Control transfer function Tp(s)

	5 | CONCLUSIONS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	FUNDING INFORMATION
	ORCID
	REFERENCES


