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Abstract—In this paper, a low cost duty-cycle modulation
scheme is studied in depth and compared to the standard pulse width
modulation technique. Using a mix of analytical reasoning and
electronics simulation tools, it is shown that under the same operating
conditions, most characteristics of the proposed duty-cycle
modulation scheme are better than those provided by a standard pulse
width modulation technique. The simulation results obtained when
testing both modulation control policies on prototyping systems,
indicate that the proposed duty-cycle modulation approach, appears
to be a high quality control policy in a wide variety of application
areas, including A/D and D/A conversion, signal transmission and

switching control in power electronics.
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[. INTRODUCTION

HE duty-cycle modulation (DCM) is used in industrial

electronics, as a special signal processing technique with a
switching periodic output wave. As an implication, the duty-
cycle of the modulated wave evolves according to a known
function of the modulating input ([1], [2]). A variety of DCM
architectures are encountered in the literature [1], each of
which being characterized on by a given hardware architecture
and a specific duty-cycle structure. Really speaking, the pulse
width modulation (PWM) is a subclass of DCM techniques
with constant modulation frequency. It is widely used in power
control electronics ([3]-[7]) as a very efficient means for
controlling the power flow delivered to a load. It is used also
in instrumentation engineering for the implementing of a class
of analog-to-digital (A/D) and digital-to-analog (D/A)
converters ([8]-[14]).

However, although the PWM technique remains very
popular in a variety of application areas, the aim of this paper
is to outline the attractive characteristics of the proposed DCM
scheme compared to the PWM weaknesses.
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The remaining of this paper is organized as follows: In
Section II, the architecture of the proposed DCM scheme and
that of the standard PWM technique are presented for the sake
of comparison. In Section III, the frequency analysis of the
modulated wave provided in each case is conducted. Then, the
results obtained when testing both modulation control policies
on recent and new application areas are outlined in Section IV,
whereas a comparative analysis between the two modulation
techniques is done in Section V, in order to outline the merits
of DCM principles and properties.

II. ARCHITECTURE OF MODULATION SCHEMES

The standard PWM and the proposed DCM schemes are
presented in Fig. 1 for the sake of comparative study. Without
loss of generality, the common technology retained for the
implementation of both modulation techniques, is based on the
use of integrated operational amplifiers.

The DCM modulation circuit shown in Fig. 1 (a) has been
selected from the class of modulation circuits studied in
reference [2] for signal conditioning in industrial
instrumentation. It is built using a controlled negative
resistance oscillator connected to a linear capacitance, whereas
the standard PWM circuit described in Fig. 1 (b) consists of a
switching comparator with two inputs (triangle wave and
modulating control signal).

It is important to observe that the hardware complexity of a
PWM circuit is greater than that of the DCM cell. Another
important remark between the two is that, the modulation

PWM PWM
T, or frequency f

period equivalently, is constant

at the output of a PWM circuit. Conversely, in the case of

DCM technique, the period 7 nDCM (u) or frequency

f pem (u) evolves according to the variation of the control

input u, with a maximum value reached when the control input
is set to u = 0 volt (see Appendix 1 for details).

The common behavior between DCM and PWM techniques
is that, the resulting output modulated signals provided in each
case is a switching periodic waveform. As it will be seen later
in this paper, a set of attractive properties is hidden behind the
structural  simplicity of the proposed DCM circuit.
Furthermore, the resulting duty-cycle associated with each
switching periodic modulated wave as drawn in Fig. 1 is given
by:
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T W) | control with intrinsic design parameters. Thus, in the case of
T () Jor X =DCM 0 DCM, the duty-cycle could be computed after a
RY(w)= " straightforward development as in [15]:
T (u
7‘”’)(( ) for X =PWM
m N 1
RSCM(M) — p,f(,M u +E (38.)
Although the modulation period 7.”““ (1) depends on the
. . .. y . . ith
control input u, its minimum value TmDCM (0) is achieved for with,
. L S a, (1 —a )
u = 0. It is assumed in this paper that both modulation circuits o o R
pew _ 1 E(l-ay) a, = L (3.b)

presented in Fig. 1 have equal basic clock frequencies given by
(see Appendix 1):

VA e () S VA )

In addition, within a sufficiently wide neighborhood of the
fixed point(0, R, (0)), the duty-cycle function provided in

each case behaves as linear function of the related modulating

P -
2 [1+alJ
log
-«

In the case of PWM circuit, the duty-cycle could be
computed as follows [16]:
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R™ () = p™ 4 +% (4.0)
with,
pr oL 1R (4.b)
" 2’ umax 2 E RIO

III. FREQUENCY CHARACTERISTICS OF MODULATED WAVES

The Fourier series of modulated waves presented in Fig. 1,
are given by:

UXwn= QR w-1)E

Cy(0,u): Low frequency term

+§: (élEjsin(nﬂR:f(u))cos[zﬂn Xt J )
T, (u)

n=l1 T n

Cy (n,u)

High frequency terms

where the subscript X stands for DCM or PWM policy. Given
equations (3) and (4), the modulating signals could be
recovered in each case from (5) using appropriate low-pass
filters with static gains:

2
KfCM _ (-a)) og 1+, (6.2)
‘ 20,(1-«,) -«
K ;’WM - _ umax = _ ﬂ (6b)
» E R,

For the sake of better comparison of the spectra of DCM
and PWM waves, we resort here to the concept of normalized
spectrum. A normalized spectrum is obtained from the
amplitude compression of harmonics. The related normalized
amplitudes are defined from (5) given (3) or (4) as follows:

1
Sin(nﬁp,ffu+2j

Cos (7 p.iu)

_ Cy(n,u) _

= 7
C,(u)

Cy"™ ()

For n =1, 2, ..., where the subscript X stands for DCM or
PWM policy, and p n)f been given by (3) or (4). Thus, in the

admissible modulating range, the normalized amplitude related
to the first harmonics is 1 for any control input u.

Given the modulation schematic diagrams drawn in Fig. 1,
the absolute spectrum of modulated outputs resulting from (5),
has been simulated with the help of Matlab, in the modulating
range [-2 2] volts. The values of components labeled on each
schematic diagram, have been appropriately chosen in order to
maintain the same operating conditions (input modulating
range [-2 2] volts, and equal basic frequencies) for both

modulation circuits. A mayor discovery emerging from the
simulation results presented in Fig. 2 is that, under the same
operating conditions, the spectrum of the DCM output signal is
better in terms of rapid convergence and monotonous trend,
than that of the PWM output wave.
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Fig. 2 (a) Spectral representation of DCM signal (b) Spectral
representation of PWM signals
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As an implication, the rapid convergence of the DCM
spectrum, along with the fact that the DCM period T (1)

depends on the modulating input, appear to be new attractive
properties for a variety of application areas investigated in the
Section I'V.

IV. APPLICATIONS AREAS OF THE PROPOSED DCM
TECHNIQUE

A. Recent Application Areas

Recent research works have shown the great merits of the
DCM principle and characteristics, when using for the
implementation of novel analog-to-digital (A/D) and digital-
to-analog (D/A) converters in [17], [18] and [19] respectively.
Following the findings emerging from these pioneering works,
the challenge brought by DCM-based A/D and D/A converters
among most existing signal conversion A/D and D/A
techniques (including PWM-based technique), relies on the
fact that the DCM technology offers minimum hardware cost,
while providing minimum digital processing complexity.
Furthermore, in power electronics, a DCM device has been
used and well tested in [20], as a better switching controller for
Buck power converters.

B. A New Application Area

The new application area of interest of the DCM technique
explored in this section is a transmission system presented in
Fig 3. Both DCM and PWM are considered for the sake of
comparison. It is assumed the transmission line is lossless in
each case. In addition, the demodulation circuits used are
second order low-pass filters, with appropriate static gains

K7 or K™ given by (6), and the same cut-off

frequency. Since K 7Y >1 and K" <—1, an inverter is

necessary at the output stage of the PWM filter.

Given the 3D spectra of both DCM and PWM presented in
Fig. 2, it is obvious to predict that, if the common cut-off
frequency of demodulation filters, is sufficiently greater
compared to the modulating frequency range, then both DCM
and PWM modulation techniques should provide similar
outputs ypem(t) and ypwm(t) respectively. Otherwise, using
numerical simulations, it is interesting to analyze what would
happens under an increase of the modulation frequency range
for a fixed cut-off frequency associated with these equivalent
filters. The comparative results presented from Figs. 4 to 5,
have been obtained using National Instrument Multisim
software.

In Fig. 4, the modulating input is set to u(z) = 2 sin(10 = t).
As a result, Figs. 4 (a) and (b) present a zoomed view of

Py respectively.

In Figs. 4 (c) and (d), the DCM and PWM techniques provide
similar behaviors in terms of both the shape and the overall
delay related to output waves ypcwm(t) in Fig. 4 (c) and ypwm(t)
in Fig. 4 (d) respectively. In addition, Fig. 5 shows how in the
PWM case, an increase of the modulating frequency yields

modulation signals (ic;, u ,QCM ) and (icy, u

greater decreasing effects on the amplitude of the output wave
PWM

m

ypwm(t). In addition, the shape of u (¢) as observed on

Fig. 4 (a) shows that, its mean behavior is a sine wave with the
save frequency as the modulating control. However, this
impressive phenomenon, is not apparent on the graph of the
output wave ypwm(t) provided in Fig. 4 (b).
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Fig. 3 Prototyping lossless transmission system

C. Comparative Study of DCM and PWM Techniques

Table I presents a summary of the comparative study
between the characteristics of DCM and PWM techniques.
The main target application areas of PWM and DCM
techniques are listed in the first colon, whereas the
comparative criteria retained for each application area written
in the second colon. The characteristics of both standard PWM
and DCM techniques are provided also in the third and fourth
colons respectively.

The results emerging from comparative studies indicate that,
among a set of 10 criteria retained for a variety of application
areas, the DCM technique provides less weaknesses. Thus, it
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might become a more suitable modulation control policy in  most application areas where PWM is commonly used today.
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TABLE I
COMPARATIVE STUDY OF DCM AND PWM TECHNIQUES UNDER THE SAME OPERATIONAL CONDITIONS

Application area Comparative criteria PWM technique Proposed DCM technique
A/D conversion 1 Hardware complexity and cost Higher Lower
2 Oversampling cost Higher Lower
3 Digital demodulation cost Lower Lower
D/A conversion 4 Digital processing cost (from Fourier series) Higher Lower
5 Complexity of the hardware conversion logic Higher Lower
Buck converter control 6 Hardware complexity Higher Lower
7 High frequency stresses on power switches Higher Lower
Signal transmission 8 Number of operational amplifiers Higher Lower
9 Modulating bandwidth Lower Higher
10 Nonlinear range of the duty-cycle function Lower Higher

V.CONCLUSION

This paper has studied in depth the attractive properties of a
proposed low cost and high quality DCM technique. It
fundamentally differs from standard PWM principle since the
modulation frequency involved depends on the modulating
input. Compared under the same operating conditions to the
standard PWM policy with a fixed modulation frequency, the
DCM technology provides better characteristics in most
application areas where they have been well tested.

The contribution of this paper has been to outline a few
weaknesses of the standard PWM modulation technique, even
though it remains commonly used today in most application
areas. Thus, the challenge of DCM techniques results from
both its architectural simplicity and high quality due to a better
behavior of the modulation frequency spectrum.

It will be very fruitful to extend the use of DCM techniques
to the control of other types of switching DC-DC power
converters, and to the control of power DC-AC inverters with
great emphasis on electronic starters for both synchronous and
induction machines. It will be interesting also to developed
DCM devices and drivers using FPGA-based embedded
technology. These aforementioned issues appear to be
potential opportunities for future research works.

APPENDIX 1

SHAPE OF DCM AND PWM MODULATION FREQUENCIES
Recall that the PWM frequency me "M is constant while the

DCM frequency f ;f) M (u) is dictated by the modulating input

u. A straightforward analysis of the DCM circuit presented in
Figs. 1 (a) or 2 (a) equivalently, leads to:

(c,u) -((1+a,)EY
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Fig. 6 The shape of DCM and PWM modulation frequency
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