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IMPROVING EMI ATTENUATION IN FREQUENCY MODULATED PO WER
CONVERTERS

ELEKTROMAGN ETISKO TRAUC EJUMU UZLABOSANA FREKVEN CU MODUL ETOS
IMPULSU PARVEIDOT AJOS
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Abstract - The effect of frequency modulation on awer where EMI at certain selective frequencies must

switching converter electromagnetic interference (EMI be avoided [2]. That is why periodic SFM is
attenuation is examined in this paper. A method kvo as : . .
chosen to be used in this paper.

“modified sawtooth” is applied for EMI attenuation ina h .
boost converter and it is optimized in such a wayreduce INput current amplitude mOdUIa“O_n (AM)
EMI more effectively. The method is also verified effects caused by frequency modulation are the

experimentally by the use of a low power boost coeer major problem worsening attenuation of

controlled via an arbitrary waveform generator. EMI .qnqycted EMI in frequency modulated DC-DC

attenuation up to 15 dB is achieved after using mioet .

sawtooth modulating waveform. SPC [3] and electronic ballasts [10]. Although
the method known as “modified ramp” was used
to minimize AM effects in electronic ballasts

Introduction [10], this method, first of all, is not applied to
boost converters; secondly, it is not optimized

Electromagnetic interference (EMI) emission i$or given values of modulation parameters to
always one of the major problems in the field ofeduce EMI more effectively. So the main aim
switching power converters (SPC) [1]. Variou®f the paper is, firstly, to analyze effect of FM
EMI reduction schemes have been proposed ov@i the boost converter EMI attenuation,
the last decades [4,5]. The traditional techniquégcondly, to verify if this method is effective for
for mitigating the problems in SPC usuallfEMI reduction in boost converters, and finally,
include the use of input EMI filters, shielding,to optimize this method for maximum EMI
proper design of printed circuit boards, sof@ttenuation considering FM parameters.
switching techniques, etc [2]. Another successful

approach for EMI reduction is based onfheoretical analysis

modulating a parameter, such as the switching

frequency in random or periodic manner [4] As a heoretical attenuation of modulated input

result of this method, energy of discretgurrent

harmonics of unmodulated switching frequency is

Spread over a wider frequency range, thu-ghe boost DC-DC converter in Flgl is used for
significantly reducing peak EMI levels [2]. the analysis. Since discontinuous conduction
Despite the fact that random switching frequencjtode (DCM) is less preferable for the boost
modulation (SFM) is often used in many practicaonverter (mainly due to worse EMI) [5], all the

SPC because of better conducted EMI attenuation, L
periodic SFM have some advantages [2]. The e aaa DN
problem with random methods is that EMI is B —

equally spread along the whole frequency Vi

spectrum, i.e. such methods do not provide anyV J: T
control on the bands where EMI energy is spread, — R
while periodic SFM do [2]. This feature is very
important for certain applications such as cellular

phones or automobile communications systems,riq 1 Basic schematics of the boost converter
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calculations will be performed for continuousmplitudes of EMI spectrum [2,6] (see Fig.3).
conduction mode (CCM). For the EMIResulting spectrum consists of sidebands that are
performance of SPC the input current is of specsymmetrical with respect to each unmodulated
interest, because it is responsible for conducté&g harmonic [6,8]. Furthermore, the sidebands
EMI. Therefore, the input current will beconsist of side frequencies, which are modulating
considered in this analysis. frequency {) apart [4].

For the boost converter inductor curregnis equal The worst situation for the boost converter from
to the input current. A basic equation for th&MI point of view is when D=0.5, because all
inductor current is given by: energy is concentrated in odd harmonics, so peak
value is maximum [2,7].

A general expression of frequency modulated

di (t) _
L=22= Vo) (1) inductor voltage for D=0.5 is as follows:

dt

whereV,_ is the voltage across the inductor L. Sm(t) =V, sgn[cos@rf .t + 6(1))], (4)

It is obvious that the inductor current from (1) is

given by: where 6(t) is time dependent phase angle,
according to [6]

WO =10+ [V @t 2) :
0 6(t) = 271 k, Cn(r)dr (5)

Fig.2 shows the corresponding waveforms for the

inductor voltage and current. Directly from (2)wherem() is a modulating wavefornk; is the
peak-to-peak inductor current rippldg over one scaling coefficient of the frequency deviation
switching periodTg, can be calculated as followsAfs, at given amplitudeA, of a modulating

[5]: waveform, k; = Af,/A,.
L \/in Envelopes of modulated signal
AIL _TDTSW ! (3) A Harmonics of unmodulated signal
5
where D is duty cycle. £
&
Vi
A
Vin l l >
t fsw 2fsw 3fgw f
-
Vir-Vout |— — Fig. 3 Simplified spectral structure of modulated
_ | | | | and unmodulated inductor voltage
A | | |
| I | I _ Suppression of high-order harmonics is more
I I I | Al effective than low-order ones, so the
| | ot fundamental harmonic attenuation is worse than
«— 1 ! ! that for other harmonics df, [4]. That is why
TSW

we will consider only the attenuation of the

_ _ i fundamental harmonic. The attenuation (A) is the

Fig.2 Theoretical unmodulated inductor current jittarence expressed in dB between maximum
and voltage values of the unmodulated and modulated

spectrum amplitude and is given by [8, 9]:

Unmodulated inductor voltage spectrum of the

converter consists of harmonics of switching

frequency f,. When modulating the switching A=20|0910(

frequency, each individual harmonic is spread into

a certain frequency band, thus reducing the peak

maxdsmmod( f )|)] (6)
max(Spoa(f)) )’
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where Snmodf) is the spectrum of unmodulatednductor voltage in relative values with respect

signal;Snodf) is the spectrum of modulated signalto

In present analysis, sawtooth

modulatingnmodulated V,.

fundamental harmonic amplitude of

The spectrum amplitude

waveform (Fig.4) is used, because of its betteeduction forV, is derived as follows:
EMI reduction potential compared with other

waveforms, such as sinusoidal [8]. In order to get A, =20log,,(C
both modulated and

theoretical spectra for

(7)

lunmoadV /Cmaxv ( fmax)) ’

unmodulatedv, andi. numerical calculations in where Cyymoqv is the fundamental harmonic
Matlab 7.5 are performed. Fig.5 depicts thgmplitude for unmodulated inductor voltage;

calculated spectrum of frequency modulated

m()
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Fig.5 Theoretical spectrum of modulated
(the F'sideband only shown). Modulation
parametersif,,=40kHz,f,=2kHz, f5,=100kHz
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Fig.6 Theoretical spectrum of modulatedthe
1* sideband only shown). Modulation paramet
Afs,=40kHz,f,=2kHz, f5,=100kHz
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Chaxlfmay 1S the maximum amplitude of the
harmonic of the % sideband at frequen@yay
Theoretical spectrum ofi. (Fig.6) can be
calculated using spectrum of, and (2) as
follows:

|Sioat ()] =Stmoav (F)|/(278L) , (8)
where Spo(f) is modulated inductor current
spectrum;Syoaf) is modulated inductor voltage
spectrum. The theoretical attenuatioy of
maximum amplitude of unmodulatédspectrum
is calculated using Matlab by the following

expression:
J , )

where Sinmod(f) and Syoa(f) are unmodulated and
modulated inductor current spectrum
respectively. As a result, in Fig.7 the theoretical

ma){%nmodl ( f )|
ma)4Smodl ( f )|)

A = 20|0910[

e

| | | | |

| | | | |

e [ T [

| | | |

14 ----- 4-——=== [t A\/L* = —-—-—-—--= 1

| | | |

m12F--—--— 4 I —" _ L - - — - — J
© |

3 | | | |

S0F----- A

< | | | | |

28— --===-= +-——=—-= -——=--- 1

) | | | | |

=2 gl _/- 4 [ 1o [ 1

<6 | | | | |

| | | | |

L ity Al E [ [

| | | | |

2F—f---- 4-——=== --===-= +-——=—-= === 1

| | | | |

1 1 1 1 |

OO 1 2 3 4 5

frequency deviation, Hz

Fig.7 TheoreticalpA, andAy as a function offfg,
for f=2 kHz

attenuation as a function dfs,, with f,=2kHz is
shown for bothv, andi.. As we can see from
this figure attenuation of maximum amplitude of
VL spectrum is increasing function aoffs,
However, it is not the case for: A, increases
when changing4f,, up to 30 kHz, then it



becomes almost constant and afA&y, =45kHz it
decreases slightly. The difference betwégrand
A is caused by amplitude modulation (AM) of tt
input current. The reason for AM effects is th
inductor current ripples Aip. are inversely
proportional to switching frequency according -
(3). In the frequency domain, AM effects result
spectrum distortion characterized by the spectri
asymmetry with respect to central switchir
frequency [10]. As a result, more energy .
concentrated in the lower half of the sideba 92 0 Frequency deviation, He
[10]. Despite the fact that for smaflfy,, AM

effects are not pronounced appreciably, they m Fig.9 Theoretical, as a function afff, andto
be reduced, because the higiiéy, is, the higher for =2 kHz

attenuation is.
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Analysis of Fig.5 and Fig.6 can give importai & I T I
information to minimize AM effects and improve g 1or= =i ST TR oo e !
the attenuation. Since more energy is concentre % ! ! ! o o, !
in the lower half of the sideband of modulate R R L lmetokdz R
input current spectrum, one should decrease ler ‘ % : ’:f et T e % . i i
of time spent by modulating waveform i ! ! ! ! o o
frequency range below the central switchir Y T E—yr—
frequency [10]. This can be done by usir torTm
different slopes of modified sawtooth modulatir Fig.10 Theoreticalp, as a function of,, andt, for
waveform (Fig.8) for the lower and upper halve A, =40 kHz
Amd)
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Fig.8 Modified sawtooth modulating waveform % -30” ' iilalatati Timnn ’ it
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of the sideband [10]. The slopes are controlled il TN Hm
changing values df. L AT R R il
8

Despite the modified sawtooth is used also in [1 Frequency(Hz) o

to reduce AM effects in electronic ballasts, the

is no information how to choosdg for optimum Fjg 11 Theoretical spectrum of modulatidvith
EMI  attenuation taking in account FN mogdified modulating sawtooth waveform.

parameters. In order to find the optimum valu pModulation parameterstf,=40kHz,f,=2kHz
of t, to get the best attenuation, numeric f.,=100kHz,t,=0.27T,,

calculations in Matlab are again performed for t

different values off,, Afs, (in the range 0 — 50 ) o )
kHz) andt, (in the range OB, — 0.5T,). As a fixed Afs,=40kHz is shown in Fig.10. Analysis

result, A, as a function of bothif,, andt, for of the figures can reveal some interesting facts.
f.=2kHz is depicted in Fig.9 using Matlab meshirstly, the highedlfs, is, the lowert, should be
function. A, as a function of, for differentf,, but (0 minimize AM effects appreciably.

[N
N
[N
o

20



As it can be deduced from Fig.9 we can get 3.76Input current ripples are analyzed by the use of a
dB higher attenuation with optimunt, at spectrum analyzer (Agilent E4402B) with
Af,=50kHz compared with unmodified sawtootrRBW=200Hz. The experimental inductor current
modulating waveform (with;=0.5T;;)). Secondly, spectrum fof,=2kHz, Afs,=40kHz and optimum
the higherf,, is, the lower difference betwedn 1,=0.27 is shown in Fig.13. Attenuatiofy of
and 0.9, should be. maximum amplitude of unmodulat@dspectrum
Optimum values of, for a givenAf,, andf,, can both experimental and theoretical as a function
be found from those curves or using our Matlatf Afg, for modified and unmodified sawtooth
code. The optimum values of, give us a modulating waveform is depicted in Fig.14.
possibility to achieve the best attenuatiolo achieve the best attenuation theoretically
drastically reducing AM effects. After applyingobtained optimum values of were used in our
optimumt,, the spectrum of modulatédbecomes experiments. The comparison of the results prove
more symmetrical with respect to the centrahat experimental results are in close agreement
switching frequency, as it is also shown in Fig.11lwith the theoretical calculations.

0

Experimental verifications s
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A frequency-modulated low power boost?g:z:
converter (Fig.12) is designed and built to test th
theoretical calculations described above. Thgé_a0
converter operating in CCM is tested in open loop., I
mode. The input voltage of 5V is fed from a i
regulated DC source. Output resistive load is ™ ™ ™ wequencyme 7
R.=12Q. The nominal output voltage =8V at

D=0.5. The nominal switching frequen€y=100 Fig.13 Experimental spectrum of modulated

kHz. with modified modulating sawtooth waveform.
To perform the frequency modulation, frequencflodulation parameterstfs,=40 kHz,f,=2 kHz,
modulated square waveform from an arbitrary fsw=100 kHz,t,=0.27T,,

waveform generator is fed into driver controlling
the power MOSFET. Al the modulation

. . \ T \ T
parameters, includingt,, can be set by the ! ! ! ! i
generator. ; ; ‘ ;
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Fig.14 Theoretical and experimental as a
function ofAf, for f,=2 kHz. (Solid line:
theoreticalp, for modified sawtooth with
optimumty; dashed line: theoretica| for

unmodified sawtooth witky=0.5T,; (*)
experimental, for modified sawtooth with
optimumty; (0) experimentad for unmodified
sawtooth withty=0.5T},)

Fig.12 Simplified schematic diagram of the
experimental setup

Experimental results
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Conclusions

Analysis of the spectrum of frequency modulate8l

Electronics. — 2002. - Vol. 49, No.3. - pp.
618-627.
. Kuisma M., Jarvelainen T., Silventoinen P.

boost converter input current causing conducted Analyzing current ripple in variable
EMI has been presented in this paper. The frequency DC/DC Boost converter // IEEE
analysis is based on theoretical calculations of 2007  Power  Electronics  Specialists
spectra of modulated and unmodulated inductor conference, pp. 1535-1540.

current and attenuation of maximum spectruré.

amplitude of unmodulated one. During the

Balcells J., Gonzales D., Gago J., Satolaria
A., Bunetel J.C.L., Magnon D., Brehaut S.

analysis it was found out that the main reason for Frequency modulation techniques for EMI

worsening the attenuation with increasing
switching frequency deviation are amplitude
modulation effects inherent in the input current of

the boost converter. The amplitude modulation.

effects can be effectively neutralized by the
modification of the modulating waveform, leading
to reduction in the input current spectrum
distortion and improvement of the attenuation.
The theoretical calculations have been verified

experimentally showing the attenuation up to 18.

dB with modified modulating waveform.
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D. Stepins. Improving EMI attenuation in frequency modulated power converters

The effect of frequency modulation on a power $wity converter electromagnetic interference (E
attenuation is examined in this paper. A methooWimas “modified ramp” is appdid for EMI reduction i
boost converters and it is optimized in such a teageduce EMI more effectivelfhe method is based on
use of a modified sawtooth modulating waveform wdifferent slopegor the lower and upper halves of
frequenc-modulation-generated sidebands. The usefulnefiseainethod for boost convertassalso verifiec
experimentally by the use of a low power boost edav operating in continuous conduction mode and
controlled via an arbitrary waveform generator. EMttenuation up to 15 dB is achieved after using th
modified sawtooth modulating waveform with optinusdues of a parameteg tontrolling the slopesAnalysis

of the results shows that the experiments are itloge agreement with the theoretical calculatiombe
optimum values ofytare calculated using numerical analysis of EMI dpem taking into account amplitus
modulation effects. Influence of frequency modoifaiarameters on is also discussed.

D. Stepins. Elektromagretisko traucejumu uzlaboSana frekvertu modulétos impulsu parveidotajos

Saja darhy tiek izgetita frekvedu modulicijas ietekme uz impulsuzveidotzju elektromagatisko trau@jumu
(EMT) wjingjumu. Metode zidma lka ,lauztais za:is” pielietotz boost @arveidotja EMT samazi@Sanai un it
optimizta efekivakai EMT samazif$anai. $ metode ir balsta uz lauztazagveida moddtijas sigrila
pieleitodanas. Sim modidijas sigrilam ir daZidie stvumi sinjoslu kreisajai un labai dam. Ss metods
efektiviite boost prveidotzjos ir ari parbaudta eksperimedti izmantojot mazas jaudas paaugstin
impulsu pirveidozju vadimo no sigala gezeratora. 15 dB EMT djingjums bija sasniegts izmantojéb
metodi ar optimlam parametra ¢ vertibam, kur$ kontrad stavumu. legto rezultitu analze parada, &
eksperimerdlie rezultti labi sakit ar teoretiskiem. Optimlas § vertibas ir apekinatas izmatojot EMT spekt
skaitlisko anatzi zemot ¥ra amplitzdas moduicijas efektus. Frekven moduéicijas parametru ietekme ug t
ir ari apskatta.

J. Crenun. YiyduieHue ocia0aeHust 3JJeKTPO-MATHUTHBIX MOMeX B HMIYJILCHBIX MPeoGpa3oBaTeisx ¢
MOAYJSAIMENR YACTOTHI KOMYTAIIMH

B Oannoti pabome ucciedyemes enusnue 4acmomuou MoOyiayuu Ha snexkmpomacnumuvie nomexu (OMII) 6
UMNYTIbCHBIX NPeodpaz08amensix 1eKkmpuieckoll sHepeuu. Memood 0CHOBaHHbIU HA TOMAHHOM NUIOOGPAZHOM
cueHane npumernen 0na ocrabnenus OMII ¢ nosvuuaiowem npeobpaszosamene (I1I1) u onmumusuposan 0ns
bonee sgexmusnoco ocnabnenus OMII. Dmom Mmemod O0CHOBAH HA UCNONBL306AHUU NULOOOPAZHO2O
MOOYIUPYIOUe20 KONeOaHUs, UMEIoWe20 PAasHylo KPYMuU3sHy OIS Je6ou U Npasoil NoL0GUHbL OOKOGbIX NOJOC.
Opghexmusrnocms dannozo memooa ¢ 11 maxice nposepena IKCHEPUMEHMATLHO, UCNOTIb3YS NOBLIUATOWUL
umnynvcublll npeobpazosamens manou mowpocmu. Ocnabrenue IMII 6 15 0B 6vi1o docmuenymo, npu
UCNONL308AHUU NULOOOPASHO2O MOOYAUPYIOUe20 KOACOAHUS ¢ ONMUMANbHLIMU 3HaA4YeHusMu napamempa ty
pe2yupyiowe2o Kpymusny. AHAIU3 NOJIYYEHHbIX Pe3yIbmamos NOKA3AL, 4MO IKCHePUMEHNb CXOOSMCS C
MeopemutecKuMy GbIYUCTCHUAMU. .
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