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Introduction

Within a few last decades power supply almost in all
areas of electronics has evolved on a substantial scale from
linear power regulators (being essentially bulky and heavy,
with low power efficiency) to switch mode ones
(considerably smaller and lighter, with high power
efficiency). Unfortunately this transfer is accompanied by
high increase of conducted and radiated electromagnetic
noise as a consequence of power regulation method in
itself — sharp switching process of current inherently is
resulting in large amount of harmonics of fundamental
switching frequency fs, (even the use of lowest typical
values, e.qg. as low as severa tens kHz for fg, may initiate
harmonics well in MHz region). Consequently the
widespread use of switch mode power supply (SMPS)
makes substantial contribution to energy saving but
simultaneously considerably increases noises and thus
intensifies electromagnetic interference  (EMI) and
electromagnetic compatibility (EMC) problems. Measures
intended to match the noise to the allowed levels of EMI
and EMC usualy include the application of appropriate
design of SMPS [1, 2] (e.g., the use of input and output
filters, correct design of printed circuit boards, grounding,
shielding, etc.) and proper organization of switching
process (matching best wherever possible with soft-
switching process versus hard-one incorporating rapid
changes both of current i and voltage V on timet and thus
resulting in high di/dt, dV/dt, and EMI noise [3]). Another
successful concept aong this line involves manipulations
with fg, — its value is changed by the action of low-
frequency additional signal (periodic, random or chaotic).
This in fact frequency modulation technique known as
spread-spectrum, previously introduced and still developed
for radio communications [4], currently broadens its scope
in the field of SMPS as well but with different goal -
reduction of EMI noise of power supply. Here used noise
reduction principle is smple highly annoying
unmodulated switching process energy in the form of noise
spikes concentrated mainly at fundamental frequency fg,
and its low-order harmonics versus less annoying same
average noise energy in the shape of its more even
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distribution — spreading around mentioned frequencies in
the case of modulated switching (Fig.1l). Despite the
clearness of principle the details of modulated switching
process are rather complex. Hence this approach now is an
active area of research where fundamental investigations
[5, 6] are accompanied by numerous examinations of
specific important details.

In this study, the emphasis is on the experimental
examination of the effectiveness of different modulation
techniques used for switching frequency fy, of dc/dc
converters with the aim of EMI suppression in these SMPS
but with combined concurrent control of possible
undesirable effects of the modulation on quality of voltage
on the load (namely, excess output voltage ripples).

Switching frequency modulation techniques

Switching frequency modulation techniques (SFMT)
can basically be classified into 3 major types. periodic
(PSFMT), randomized (RSFMT) and chaotic (CSFMT)
[9]. AIll the methods have their advantages and
disadvantages, the details of which we try to find out
experimentally.
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Fig.1l. Comparison of switching signa as unmodulated and a
spread-spectrum one

Although all the harmonics of a switching signal are
affected by frequency modulation (FM) process (as it also
shown in Fig.1), let us consider for simplicity the
modulation only on fundamental harmonic of (switching)
frequency fg,. In general, frequency modulated sine signal
can be described by formula:



Sn(t) = A, cos(27 2 +011), (1)

where A. and f; (here in fact as fg,) is the amplitude and

frequency of carrier signal respectively; 6() is time
dependent phase angle, according to
t
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where m(z) is a modulating signal; ki is the scaling
coefficient of the frequency deviation Af. at given
amplitude of a modulating signal Ay, ki =Af./ A, .

For a sinusoidal switching frequency modulation
technique (1) isasfollows:

St (1) = A, cos(2f .t +

0 o),

m
where f,,, —frequency of the modulating signal.
In the case of PSFMT two useful parameters

describing characteristics of s,(t) are: modulation index, j,
and the rate of modulation, ¢:
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When rectangular pulses sequence is affected, for
instance, by PSFMT, the bandwidth B,, where a certain
harmonic is spread up increases with harmonic number h,
and can be approximated as follows [8]:

B, =2(hB +1)- f,.

That means that at higher harmonics the bands B, of
adjacent harmonics may overlap (asit is also shown in Fig.
1. for the second and the third harmonics), thus some
undesirable effects may occur.

Suppression of fg, and its harmonics increases, when
[ increases [10]. High-order harmonics attenuation effect
is more pronounced than low-order ones, when no
significant overlapping effect of side bands exists[10].

In this study m(z) as random or chaotic signa is aso
used. For these signals randomness level is usually used
instead of modulation index [12]:

T2 _Tl

R=———, 5
T ©)
where T, is the maximum possible switching period; T; is
the minimum possible switching period; Ty, is Ufy, —
nominal switching period.

Experimental setup

In order to examine different FM techniques, the
dsPICDEM™ SMPS Buck Development Board from
Microchip is used. The Board allows rapid development of
buck converters using dsPIC30F2020 Digital Signal
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Controllers (DSC). The DSC is designed specially for
application in SMPS, thus it provides the necessary
memory and peripherals for A/D conversion, PWM
generation and general purpose /O, precluding the need to
perform these functions in external circuitry. Although the
board contains two independent buck converters, only one
was used in experiments. The board allows easy and
quickly reprogramming of the controller to evaluate
different modulation techniques on the one test plant. The
DSC contains the PWM module, which includes set of
built in features that improve the process of software
development [11].

Simplified schematic diagram of the experimental
setup is shown in Fig.2. The buck converter operating in
open-loop mode is tested with R,,=6Q, input voltage
Vi=6.5V, f4,=300kHz and the duty cycle of 0.5.
Calculated cut-off frequency of the output filter is

approximately 550 Hz.
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Fig. 2. Simplified schematic diagram of tested setup
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Fig. 3. PWM signal forming algorithm implemented in DSC

Block diagram of the algorithm implemented in DSC
is shown in Fig. 3. PWM module contains build in
timer/counter circuit and comparator. Timer counts from
zero to period value Tg,q. When timer value reaches T,
(the end of PWM period), new values of Tgyj+ 1) and tong.1)=
Tami+1/2 are generated by Signal Generator and fed into
PWM block. Then timer resets. Timer value is constantly
compared with t,, by comparator and while t,,<timer value
power switch is open, otherwise it is closed. The Buck
converter thus operates at frequency 1/Tg, with Duty Cycle



to/ Tsw =0.5. In this way PWM control signal’s frequency is

with increasing J. This means that there is trade-off

changed every PWM cycle. between EMI attenuation and ripples of Vg
Table 1. Main parameters of FM technigues under investigation
Switching modulation i - .
techniques Abbreviation | fg,, kHz Afgn kKHZ Afgd fauy %0 Additional characteristics
o SSFMT1 f.=2kHz
Sinusoida SSEMT2 f,=5kHz
PRSFMT1 uniform distribution of m(z)
Pseudo-random ——
PRSFMT?2 300 7.5:15:30;45;60 25:5:10:15:20 normal distribution of m(z)
Voltage on LC energy storage elements
Psaudo-chaotic PCSEMT from Chua'sci rcunt [9] unqler doupl e.scroll
chaos operation mode with oscillation
frequency of 4kHz

As we see from Fig. 3 new values of Tg, and t,,, are
determined by Signal Generator (Chua circuit, Uniform
Random Number Generator, Normal Random Number
Generator, Sine Wave generator), which in point of fact is
a data array, which contains 2000 elements and is written
into the DSC Flash memory.

Arrays for different experiments are formed with the
help of Matlab code, where appropriate modulating signal
m(z) parameters (probability density function, randomness
level for random signals and modulation index, modulating
signal frequency for sine wave) can be set up.

Taking into account the fact that values of random
and chaotic modulating signals are recorded to arrays and
their pattern repeats after a certain number of PWM cycles,
actually, pseudo-random and pseudo-chaotic SFMT are
examined in this research.

Results and their discussions

For comparative examination of influence of different
switching frequency fs, modulation techniques on EMI
reduction, power spectra of the freewheeling diode voltage
V4 (Fig. 2) of the buck converter was measured by using
spectrum analyser (Agilent N9320A) with RBW=300Hz.
FM techniques examined and their parameters are
tabulated in Table 1. The power spectra are analysed for
different modulation rates o; Afg, is changed from 0O to 60
kHz.

The individual values of attenuation for the first
harmonic of unmodulated V4 for different Afg, values are
depicted in Fig. 4. The power spectra of the investigated
FM techniques for the definite value of Afg, are shown in
Fig. 6.

To investigate undesirable possible side effects in the
form of excess output voltage ripple, Vo Waveforms are
recorded by using a digital oscilloscope. Measured peak-
to-pesk ripples (V) of Vo, are shown in Fig. 5. (V. of
the output voltage for the unmodulated converter is 17.4
mV.)

As expected from the theory [8] attenuation of the
first harmonic and higher-order ones of V4 increases with
increasing o, and consequently, R or g, for al the
modul ation techniques under investigation. Suppression of
high-order harmonics is more effective than the low-order
ones, as it can also be observed in Fig. 6, when comparing
the third and the first harmonics attenuation with each
other. Unfortunately, output voltage ripples also increase
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However, there is no significant improvements in
discrete harmonics suppression when $>20 for SSFMT1
and SSFMT2, R>0.3 for PRSFMT1 and PRSFMT2, and
R>0.4 for PCSFMT.
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Fig. 4. Attenuation trends of the first harmonic of V4 with
increasing Afg,, based on measured values
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Fig. 5. Measured output voltage V., versus Af,

Anaysis of the Fig. 4 and Fig. 5 reveds that
PRSFMT1 and PCSFMT show better attenuation of the
first harmonic, but PCSFMT gives smaller V., (about 9.4
mV smaller than PRSFMT1, when Afg,=60kHz). This is
due to the fact that chaotic modulation introduces less low-
frequency spectral components at the output of the
converter than random FM technique with uniform
probability distribution of m(z) [9].

SSFMT2 and PRSFMT2 give smaller V., than the
other techniques under the investigation, but SSFMT2 has



better suppression of the first harmonic than the PRSFM T2 Mkr1 300.0 kHz
.. Ref 40,00 dBn 13.39 dBm
when Afg, isinrange 0...30 kHz.

Although SSFMT1 gives better suppression of the %88
harmonics than the SSFMT2 and PRSFMT2, this method 45/
has rather large output voltage ripples when Afg,>30kHz.
Besides, output voltage ripples have distinct low-frequency —(©)
spectral component of modulating frequency f,=2kHz (in

fact, an unwanted demodulation of frequency modulated J

signal takes place). Although V4 does not have this |
component at its spectrum, this is due to appearance of i MM

undesirable effects caused by the frequency modulation in MW
the buck converter. Of course, this spectral component can L lff/

W
be reduced by increasing the output filter capacitance (it W . - |
would result in better attenuation) or increasing fy,. But the WNW %’MWM‘MI‘HW! W

first will inevitably lead to increasing converter

dimensions; the second one will lead to decreasing B and  ¢enter 50 4 Soan 1,000 1z
initsturn to less EMI attenuation. #Res BW 300.0 Hz VBM 300.0 Hz
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Fig. 6. Experimental power spectra of V4 for FM techniques examined with Afg,=30 kHz. (@) SSFMT1. (b) SSFMT2. (c) PRSFMT2.
(d) PRSFMTL1. (e) PCSFMT. Comparison of Fig.6(a,b,e) with Fig.6(c,d) reveals that for pseudo-random SFMT EMI is spread along
the whole frequency spectrum more evenly, while in the case of sinusoidal and pseudo-chaotic SFMT there are no distinct additional
spectrum components between adjacent bands
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J. Jankovskis, D. Stepins, S. Tjukovs, D. Pikulins. Examination of Different Spread Spectrum Techniques for EMI Suppression in dc/dc
Converters// Electronics and Electrical Engineering. — Kaunas: Technologija, 2008. — No. 6(86). — P. 60-64.

Examination of different switching frequency modulation techniques (SFMT) for electromagnetic interference (EMI) suppression in dc/dc power
convertersis presented. The techniques under investigation are sinusoidal (with modulating frequencies 2 kHz and 5 kHz), pseudo-random (with uniform
and normal probability distributions of modulating signal) and pseudo-chaotic SFMT. All the techniques are applied to digitally-controlled buck
converter of Microchip dsPICDEM SMPS Buck Development Board. Free-wheeling diode voltage of the buck converter operating a switching
frequency of 300 kHz and exposed to switching frequency deviation ranging from O to 60 kHz is analyzed in order to show effectiveness of such
techniques in terms of EMI attenuation. Concerning with possible undesirable side effects in the form of excessive output voltage ripples, the
experiments are accompanied by output voltage control of the converter. Analysis of the results obtained revesals that there is need for trade-off between
EMI attenuation and output voltage ripples. The pseudo-chaotic SFMT shows the best results from the standpoint of this trade-off. Pseudo-random SFMT
with uniform probability distribution of modulating signal gives better EMI attenuation than the other techniques, but output voltage ripples are aso
larger. That is why this technique can be used for applications, where high EMI attenuation by use of small switching frequency deviationsis of primary
importance. 1. 6, bibl.12 (In English; summariesin English, Russian and Lithuanian).

S. SInxosckuid, JI. Cremun, C. Tiokos, J. Iuxyaun. UccieroBanne MeTOA0B PACIIHPEHHOr0 CIEKTPa /s 0CJIa0eHHs 3JIeKTPOMATHUTHBIX
noMex B Mpeodpa3oBaTelisiX OCTOSTHHOTO TOKa // JeKTPOHNKA M dJeKTpoTexnuka. — Kaynac: Texnosorus, 2008. — Ne 6(86). — C. 60-64.

[IpencrasieHo UCCleOBaHKUE PA3TUYHBIX METOIOB MOAY/ISILMK YacToThl KommyTauun (MMUK) niist ocnabnenus anekTpoMarauTHbIX momex (311) B
UMITYJIbCHBIX PE00pa30BaTelaX MOCTOSHHOTO ToKa. MccieyeMbIMI METOIaMH SBIISIOTCS CHHYCOMAANBHBIN (C acToTaMu Momyssiuuy 2 kI'n u 5 kI'm),
NICEBAOCTYJalHbI (C paBHOMEPHOM M HOPMAIBHOH IUIOTHOCTBIO pACHpENENeHUs] BEPOSTHOCTH MOJIYIHPYIOIIETOo KoleOaHHs), a TakkKe
ICEBJI0XA0THYECKUA. Bce 9TH MeTO/Ibl IPUMEHEHBI K MOHMKAIOLIEMY HMITYJIbCHOMY IpeobpasoBareito miatsl ASPICDEM SMPS Buck Development
Board ¢upmer Microchip. C mensio usydeHust 3GGeKTHBHOCTH HPUMEHEHMSI TAQHHBIX METOMOB MOJIYJILHH, aHAIM3UPOBAIOCH HANpsDKCHHE Ha
Pa3psaaHOM JHOIe IpeobpaszoBaTelns paboTaromero Ha gactoTe KomMyTaruy 300 kI'I ¢ pa3nHYHBIMU 3HAUCHUSMH €€ ACBHAIUH B Auana3oHe ot 0 xo 60
KI'1. OHOBpEMEHHO M3MEPSIIUCH MyNIbCALMH BBIXOAHOIO HANpshKeHUs. AHAIN3 pe3yabTaTOB U3MEPEHUH 171 BCEX BUIOB MOIYJISLUHU I10KA3all, 4TO 4YeM
nydute ocnabnenue OII, TeM Oosble Mynbcaluy BBIXOJAHOrO Hampsbkenus. [Icespoxaornueckuit MMUK naér sydmive pe3ysbTaThl ¢ TOUYKH 3PEHUS
oboux. IlceBmocmyuaiineii MMUK ¢ paBHOMEpHOH IIIOTHOCTBIO pacIpeleleHUs] BEPOSTHOCTH HMeEeT Kak Ooiee BBICOKHE ITyNbCAIMH, TaK U
ocnabnenue. [To3ToMy JaHHBIA METOJ MOKHO HCHOJIB30BATh TOI/a, KOTa Beicokoe ociabieHne DI JomKHO OBITh JOCTHTHYTO TPU MaJIbIX JEBHAILMAX
4acTOThl KoMMyTauuu. Wi. 6, 6no:n. 12 (Ha aHrmiickoM si3eike; pedepaTsl Ha AaHIIUICKOM, PYCCKOM U JIUTOBCKOM 513.).

J. Jankovskis, D. Stepins, S. Tjukovs, D. Pikulins. Praplainto spekro elektromagnetiniy triuk§my slopinimo nuolatinés sroveés keitikliuose
metody tyrimas// Elektronikair elektrotechnika. — Kaunas: Technologija, 2008. — Nr. 6(86). — P. 60-64.

I1$nagrinéti moduliacijos daznio komutacijos metodai: sinusoidinis (kai moduliacijos daznial yra 2 kHz ir 5 kHz), pseudoatsitiktinis (esant vienodam
ir normaliam tikimybés moduliuoty signaly dalijimui) ir pseudochaotinis. Gauti rezultatai rodo, kad maitinimo jtampa reikia reguliucti. Pseudochaotinio
tyrimo rezultatai gaunami geriausi. Pseudoatsitiktiniu budu, esant vienodam tikimybeés dalijimui, signalas moduliuojamas geriau. Il. 6, bibl. 12 (anglu
kalba; santraukos angly, rusy ir lietuviy k.).



