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Abstract—Chaotic signals have the characteristics
of fluctuant and continuous spectrum waveform due
to pseudo-randomness of chaos. The largest peak on
the spectrum is defined as the central frequency in
this paper. As one kind of spread-spectrum modula-
tion, chaotic duty modulation is adopted to suppress
electromagnetic interference (EMI) in switching con-
verters. This paper is concerned with the effect of
the center frequency on chaotic modulation for EMI
reduction. Simulations and experimental verification
are conducted on a DC-DC Buck converter.

1. Introduction

Due to the pseudo-randomness and continuous spec-
trum of chaos, chaos control has been widely applied
in the security communication, the EMI reduction in
power electronics and so on [1, 2, 3]. However, the
spectrum waveform of chaos is fluctuant with some
peaks and the energies concentrate upon a limited
range of frequency[4]. It is reported in [5] that the
spectrum range of the chaotic signal is required to
match the actual bandwidth of the communication
channel in the security communication. In [6] a chaot-
ic frequency modulation has been implemented to re-
duce EMI by connecting external chua’s chaotic signal
to the PWM module of a DC-DC Boost converter, and
proposed that the chaotic oscillating frequency should
approach the switching one of the converter.

With the overview on related literature, the opti-
mization of chaotic signal should be considered in sup-
pressing EMI with chaotic modulation. This paper de-
fines the frequency of the largest spectrum peak as the
center frequency denoted by f,, which reflects the sig-
nal evolving speed and spectral range. The evolving
waveform and spectrum of a chaotic signal are demon-
strated in Fig.1. The largest spectrum peak locates at
the center frequency f, (for this example, f,=24 KHz).
Additionally, the spectrum mainly distribute within
the range of 0 ~ 2f,.
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Figure 1: The chaotic signal of Chua’s circuit (up-
per)and its FFT (lower)

2. Chaotic Modulation

2.1. Chaotic Duty Modulation

As shown in Fig.2, the circuit is demonstrated for
the chaotic duty modulation in a DC-DC Buck con-
verter by injecting the chaotic signal to the PWM
module.

Figure 2: The schematic diagram of chaotic duty mod-
ulation

The variable v, is the external chaotic signal and
is linearly processed to be Aw,.; through the resistor
R.p, denote the linear coefficient by &, there

A'U'rcf = klvch- (1)
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The variable v, is the control voltage. It is the
issue of amplifing the error between vg and vycf. As-
suming that the amplifier gain is constant and denoted
by A1, Veon is described by

Veon = Al(US - vref) - Al(wl - Vref) - Alklvch (2)

which exists two parts. One part of the equation is
Aj(v1 — Viet), which is constant and denoted by 7.
The other one is A1 kjv.p, where Ajk; is constant and
denoted by 73. Therefore, v.o, is simplified as

3)
Because .o, is the result of processing v., by lin-
earization and translation, v..,, is also chaotic and
the duty of chaotic modulation pulse is consequently
chaotic, as shown in Fig.3.

Ucon = Y2 + Y3Vch-
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Figure 3: Waveforms of vyrqmp, Veon and chaotic mod-
ulation pulse

2.2. Spectrum Analysis

Define the ramp as

t
Uramp = Vi + (VU - VL)(?mOdl)
S
where Vi, and Vy are the minimum and maximum
values respectively, and Ty is the cycle of the ramp. In
Fig.3, the high level starting time t; of the kth pulse
is decided by the crosspoint of v.o, and vpqmp:

(4)

Ucon_VL
te = (h— )Ty 4+ 22— L,
k= ( )*+VU—VL 5
Y3Veh + 72 — Vi
= (k-1)Tg+ ——"7—T,. 5
(k= 1T, + T )

Denote v.p, at the crosspoint by ven(k) in the kth
cycle. In terms of Fourier transformation[7], the spec-
trum for the kth pulse is expressed as
JA

kTs—tg ‘ ‘
Fk(W) = / Ae_]Wtdt — [e_Jw(kTs_tk) - 1]7
0

(6)
further, Eq. (6) can be rewritten as

: . 3vep (k) -V
Fk(w) _ & |:e_]w(Ts—(’Ys ;\L/U:r\;vi LTy
w

) 1. @)

3
Vo-vi =

(7) can be expressed

Assume % = pvep + by, then p =
Y
0, and b; = \"}fj v- > 0, So Eq.

as

_ A

Fk(W) w

(8)

Hence, the spectrum of chaotic modulation pulse de-
noted by F'(w) is

{e—ijs(lﬂwch(k)—bl) — 1] .

+oo .
A )
Flw) = Z % [e_JWTs(l_H'Uuh(k)_bl) _ 1} ) (9)
k=1

From Eq. (9), the F(w) is continuous function because
of the chaotic PWM pulse. EMI peaks of the convert-
er are commonly known at the fundamental and the
harmonics of the switching frequency, so F(w) have
the extremal points. Denote nw; as angular frequency
of the nth harmonic (n is a integer, it represents the
fundamental when n = 1, otherwise it represents the
harmonics). According to Eq. (9), the spectra of the
fundamental and the harmonics can be expressed as

+oo jA )
Flwn) = Z = [ —j2nm(1—pven —b1) 1]
k=1 "

where e 72" and e72"017 are constant, e/2nTHven(k)
is variable, and F(w,) varies along with v.p, (k). Be-
cause F(w,) is the extremal point, there exists ex-
tremal values at the fundamental and the harmonics

for ed2nmiven(k) I terms of the extremal conditions,
d(ed2nmrven (k) 42 (ed2nmavey (k)
one can get 4 ) =0, and L4 o2 ) <.

Further,

d J2nmwpven (k) ] d k
AT _ oty e F) g
dw dw

d? (eﬂnﬂuvch(k))

dw?

_ i dvep (k)
= —(2 2 _ji2nmpven (k) [ @Ych\V)
(2nmp)?e .
eanﬂ'chh(k)M' (

+ 72nmp Io?

When dv;#w(k) = 0, Eq. (11)=0. When dv%(k) -0

and % < 0, Eq. (12)<0. Therefore, when v.p
spectrum obtains the extremal values at the funda-
mental and the harmonics of the switching frequency,
the modulation pulse spectrum reaches the extremal
value. Hence, at the fundamental and the harmonics,
Ve, Spectrum maximizes, F'(wy,) spectrum also does.
The frequency of the chaotic signal spectrum peak
has been defined by center frequency, which is denoted
by f,. Hence, the fundamental and the harmonics of
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modulation pulse maximize when f, equals the switch-
ing frequency fs, as shown in Fig. 4(a). In order to
smooth the spectrum peaks of the modulation pulse to
suppress EMI, f, should be deviated from the funda-
mental and the harmonics of the switching frequency,
for example, f, = (0.5 +n)fs,n = 0,1,2.... Fig. 4(b)
is for f, = 0.5f,.
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Figure 4: Tllustration for spectra of ve, (upper),vramyp
(middle) and switching pulse (lower)

3. Chaotic Signal Generator and Center Fre-
quency

Chaotic signals are usually generated by Chua’s cir-
cuit due to its maturity and simplicity. Chua’s cir-
cuit consists of one sine oscillator (L1,C1,Cy and R)
and one voltage-controlled nonlinear resistor N, [8], as
shown in Fig. 5 including Chua’s circuit and i —v char-
acteristic of N,.. N, can be depicted by one piecewise
linear function, mg and m; are the slopes of external
segment and internal one, respectively.

ir ir=g(vl)

il N\l
czzl"—’ czzlw N,E ! +Bp vl
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(a) Chua’s circuit (b) 4y — v1 characteristic

Figure 5: Chua’s circuit and NV, characteristic

When Chua’s circuit operates in sine period, the os-
cillation fixes on the center frequency and signal ener-
gy focuses on the center frequency and its harmonics.

Table 1: Combinations of parameters and the relative
center frequency

parameters fo(kHz)
C) = 44nF, Cy = 396nF, L; = 88mH 0.7
C, = 22uF, Oy = 108nF, L; = 44mH 14
C, = 1InF, Cy = 99nF, L, = 22mH 2.8

C1 = 5.50F, Cy = 49.50F, Ly = 11mH 5.6
C1 = 2.70F, Oy = 250F, Ly = 5.5mH 11.2
C1 = 2.450F, Cy = 22.70F, Ly = bmHl 1255
C1 = 1.70nF, Cy = 15.80F, L1 = 3.5mH | 17
C1 = 1.450F, Cy = 13.50F, Ly = 3mH 20.5
Ci = 1.20nF, Cy = 11.20F, L, = 2.5mH | 24
C1 = 0.950F, Cy = 9.0nF, L; = 2mH 29
C1 = 0.80nF,Cy = 7.65nF, L1 = L.7mH | 34.57

C1 = 0.76nF,Cy = 7.20nF, L; = 1.65mH | 36

Once the circuit runs into chaos, the signal energy scat-
ters over an expanded frequency range, which rough-
ly centered by the center frequency. In terms of the
oscillation conditions, the center frequency of Chua’s
circuit can be estimated by|[9]

1 lei

_ 1 di=o0,1.
VL,V T Rey =Y

fo (13)

From Eq.(13), different center frequency can be ob-
tained by adjusting the parameters of Cy,C and L
[10]. Table 1 lists a set of parameter combinations and
the respective center frequency.

4. Simulations and Experiments

Based on Fig.2, the external chaotic signal v, is
drew from the voltage vy of Chua’s circuit and the
switching frequency fs is configured as 48 kHz. Sim-
ulations are conducted to compare EMI reduction ef-
fects with different center frequencies of chaotic sig-
nals. The parameters of Chua’s circuit are setup ac-
cording to Table 1. It can be observed in Fig.6 that
FFT fundamental amplitudes vary along with the cen-
ter frequency and the valley appears when f, ~ 0.5f,
that means the optimal EMI suppression.

The scheme in Fig.2 is realized with hardware, as-
suming RL = 1 Q,L = 1 mH,C = 470 uF,Vy =
0V, Vy=3V, Vg =25V, Vit =24V, R, = 10 kQ,
and the switching frequency fs = 25 kHz. Chaotic sig-
nals with f, = 24 kHz and f, = 12.5 kHz are respec-
tively produced by adjusting the parameters of Cy, Co
and L; in Chua’s circuit according to Table 1. PWM
waveforms and their spectra are shown in Fig.7. It can
be observed that the amplitudes of the fundamental
and harmonics are more reduced when f, = 12.5 kHz
than when f, = 24 kHz.
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(a) Fundamental amplitudes of PWM FFT
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(b) Fundamental amplitudes of i;, FFT

Figure 6: The center frequency vs the amplitude of
the fundamental
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Figure 7: The experimental waveforms for switching
pulse

5. Conclusions

Chaotic signals characterize the center frequencies
over their spectra, and it is proved that the center fre-
quency has an effect on the EMI suppression in switch-
ing converters with chaotic modulation in this paper.
Simulations and experiments have verified that it is
optimal for reducing EMI with chaotic duty modula-
tion when the center frequency of chaotic signal is close

to one half of the switching frequency.
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