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Reducing Negative Effect of Frequency Modulation
on Switching Power Converter Efficiency

Deniss Stepins, Riga Technical University

Abstract - In the paper, the effect of frequency modulation (FM)
on efficiency of classical dc/dc switching power converters (SPC)
is examined. The results obtained show that FM can decrease the
efficiency of SPC. A procedure and expressions to calculate the
efficiency and total power losses in the basic SPC topologies
(buck, boost, buck-boost) are presented. Recommendations to
improve the efficiency are also proposed.
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I. INTRODUCTION

Nowadays switching power converters (SPC) are often used
for electric power conversion, because of their advantages,
mainly high efficiency and high specific power. Nevertheless
SPCs have also their disadvantages, mainly high
electromagnetic interference (EMI), which can be harmful to
other electronic equipment. Despite the fact that filters,
shielding, etc are classical ways to mitigate the problem, they
usually increase weight, size and cost of SPC [1,2].

Spread spectrum approach, which is usually based on
frequency modulation (FM), is one more successful technique
to reduce EMI. In fact, the technique usually does not require
the increasing size and cost of electronic equipment [2,3].
Nevertheless the use of FM has also several drawbacks,
mainly, it can increase output voltage ripples significantly and
reduce efficiency of SPC [4,5]. By analyzing the publications
[5-7] about adverse effects of FM on SPC losses and
efficiency (), it is revealed that the problem is not well
understood, mainly because examination of the problem in the
publications is experimentally substantiated without relevant
theoretical explanation. For example, it is found out
experimentally in [7] that efficiency of FM 600W boost power
factor corrector decreases by several percent due to the use of
FM. In [7] this was explained by the increased losses in power
inductor core. However the experimental investigation of the
same PFC in [5] showed that FM does not affect efficiency. It
is also found out experimentally in [6] that FM has no
influence on efficiency of FM 600W SPC. The theoretical
investigation of the problem was only presented in [4,8].
Despite a detailed study of the effect of FM on SPC efficiency
presented in [4], a boost converter was only investigated.
Moreover, for power inductor magnetic core loss analysis
traditional Steinmetz equation is used in [4]. This can be a
major source of errors because the equation is only useful
when triangular-like power inductor current duty ratio is 50%
[9]. That it is why in this paper a modified Steinmetz equation
proposed in [9] for unmodulated SPC is used to get much
more precise loss calculation for FM SPC.

Thus, the main aim of the paper is to examine classical FM
dc/dc SPCs (buck, boost, buck-boost) operating in continuous
conduction mode (CCM), to develop a simplified procedure to

calculate losses and the efficiency of the basic converters, and
to propose some recommendations to improve the efficiency.

Il. GENERAL EXPRESSIONS TO CALCULATE L0oss oF FM SPC

As it has been mentioned before, a detailed study of the effect
of FM on boost SPC losses in continuous conduction mode is
done in [4]. General expressions to calculate 10sses (Pjossmod)
and the efficiency (#) can be derived as follows [4]:

1 ™ 1 Tn/Tsw
Ploss mod — T_ .[ Pioss (t)dt = T_ kleloss (rsw,k )TSWk (1)
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where pioss(t) are instantaneous losses of FM SPC; Pioss(Tswx)
are average losses at k-th switching period Tgyx; Tew iS
unmodulated SPC switching period; T, is modulation signal
period; P, is output power. Note that the expression is only
useful when T,,/Ts, is an integer number.

Assuming that T, is higher than T, at least by an order of
magnitude and that fy, is periodically modulated by m(t) (e.g.
sine or triangular), (1) can be shown to be:

T

Piossmod = Ti fpmss( o (t))dt (3)

m 0

where fg,(t) is instantaneous switching frequency according to:
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Fig. 1.Classical SPC examined: (a) buck; (b) boost; (c) buck-boost.
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where m(t) is the modulating signal; Afg, is frequency meTEm 2| p B2D?2 2NS ) ffe

deviation; fy, is the central switching frequency. As it can be
seen from (1) - (3), the expressions can be used for various
FM SPC topologies.

I11. EFFECT OF FM ON SPC EFFICIENCY
A. Losses of unmodulated SPC

It is assumed in the analysis that the power transistor is
MOSFET but the free-wheeling diode is the Schottky one. The
three basic converters examined (see Fig.1) operate in CCM.
The power MOSFET loss in the converters is mainly
conduction loss (Preon) and switching loss (Pg,) [10] as
follows:

2
IDTcon = RDS I Drms ()

Psw = (1/ Z)BZ[(I Lavg _AiL lz)tr +(| Lavg +AiL /Z)tf )] fsw (6)

Where Rps is power MOSFET on-resistance; lpms IS RMS
drain current of MOSFET; V, is output dc voltage; I g is
average inductor current; t, and t; are the power MOSFET rise
and fall times respectively; Ai_ is the power inductor current
peak-to-peak ripples. After several simplifications of (5) and
(6), simple expressions to calculate power MOSFET losses of
the converters can be derived:

RpsD3B?
— R.DI2.. 4 PRpsD7Bi (7
Prcon = RosDl Cavg 121272,
Psw :O'SBZILavg (tr +tf)fsw ’ (8)

where D is duty ratio; B; and B, are topology-dependent
coefficients listed in Table 1. For precise calculations of 1 4
real components should be taken into account.

Since Schottky diode switching losses are usually small, only
conduction losses are considered as follows [4,11]:

|2
d ' Lnms

Pdcon = (1_ D)R +Vd I Lavg (1_ D) (9)

where Vy is diode threshold voltage; Ry is diode forward
resistance. For the topologies examined the formula (9) can be
rewritten:

(1- D)RyD?B?

10
12122 a-o) 49

2
Pdcon = (1_ D) Rd I Lavg T +Vd I Lavg

Power inductor loss can be subdivided into winding losses
(P,) and magnetic core losses (P..c). The winding losses are:

R, D?B?
12122,

2 2
Pv =R rms = RLILavg + (11)

where R, is the power inductor DC resistance.
In the analysis, magnetic core losses are derived using
modified Steinmetz equation [9] as follows:

12

where C,, a, f are Steinmetz equation empirical coefficients
that are usually listed in magnetic core material datasheets; N
is number of turns of power inductor; S is the magnetic core
cross-section area; V. is the magnetic core volume; B; is
topology-dependent coefficient from Table 1. Note that for
magnetic core loss calculation (12) is much more precise than
the expression used in [4] for different D values.

TABLE1
TOPOLOGY-DEPENDENT COEFFICIENTS FOR LOSS CALCULATIONS
B, B, B; B4 Bs Bs B~
Buck | Vin-Vou Vin -Vout D 1-D 1 0
Boost Vin Vout Vin-Vout 1 0 1-D D
Buck-
Boost | Vi | VitV | Ve D | 1D| 1D | D

Input and output capacitor losses for the three topologies are
the following:

PCin = I'-CinB4(BSI Eavg + AiE /12) (13)

l:)Cout = rCoutBG(B7 | Eavg + AiE /12) (14)
where B, - B, are topology-dependent coefficients listed in
Table 1.

As it can be deduced from (7) - (14) and as it is also proved in
[4], the losses can be rewritten in the form:

Ploss = Peonst + Rin( fsw) * Prontinl fsw) ,

where P,y is total power losses of unmodulated SPC; Pegnst
are independent on fy, losses; Pjin(fs) are linearly dependent
on fy, losses and Pyonin(fsw) are nonlinearly dependent on f,
losses. The total power loss components therefore are the
following:

(15)
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Fig.2. Calculated Py and its components dependence on fy, for
unmodulated boost SPC in CCM with the powdered-iron-core power
inductor (L=46uH; Couw=330uF; Vin=5V;R16a=12.7Q).
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+ BeBrYcout + BaBsleinl where Proniinmoa(fsw) are nonlinearly-dependent on f,, losses of
1 7 FM SPC. So the losses of FM SPC examined, for example, for
Rin(fsw) = 2 B2l Lavg (tr +11) fow triangular or sawtooth FM are the following:
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Pnonlin( fsw) =
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As an example unmodulated boost SPC losses versus fy, are
shown in Fig.2 [4]. As it can be seen Pj.(f,,) are more
pronounced at higher fg,, while P, qqin(fs) are more pronounced
at lower fy,.

B. Losses of FM SPC
As it was proved in [4] FM can only affect Pponin(fsw), s it can

also be deduced from (1), (3), (15)-(18). That is why the total
power losses of FM SPC (Possmod) are:

I:)nonlinmod ( fsw) = All( fs%/vc _Afs%v) +
+ A ( fswc + Afsw)m_ﬂJrl — ( fswc — Afsw)a_ﬂJr1
2 2Mf g (- B +1)

(20)

where A; and A, are coefficients from (18).

As an example calculated FM boost SPC losses and efficiency
versus fy, are shown in Fig.3. But in Fig.4 experimental results
for the same boost FM SPC are depicted. As it can be seen, the
theoretical results are in a good agreement with the
experimental ones. This clearly shows that the expressions
derived for FM SPC are very useful. The same conclusion was
also deduced from comparison of theoretical and experimental
results for buck and buck-boost converters.

It should be noted that triangular or sawtooth FM gives better
results than the sinusoidal one, as it can be seen in Fig. 3 and
Fig. 4.
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Fig.3. Calculated Pjossmoa and 1 versusfs, for unmodulated and FM boost SPC. FM parameters: fq,=70...500kHz; Afy,=60kHz; f,=1kHz; m(t) is sine and

triangular.
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Fig. 4.Experimental  and the total losses versus fs, for unmodulated and FM boost SPC. Parameters are the same as for Fig. 3.
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IV. PROCEDURE TO CALCULATE EFFICIENCY OF FM BuUCK,
B0OOST AND BUCK-BoOST SPC

Despite the procedure to calculate losses and efficiency was
also proposed in [4], it is not so useful for the topologies
examined. Using the procedure developed in [4], we propose a
new simplified one:

e depending on SPC down
coefficients from Table 1;

o calculate losses Pyi(fsw) and Peone Of unmodulated

SPC using Eq. (16), (17);

derive the expression for fg,(t) for a given m(t);

derive Pnonlin(fsw) USing Eq (18):

calculate FM SPC P,oniinmod(fsw) Using Eq. (3);

finally, using Eqg. (2) and (19) calculate the total

power loss and the efficiency of FM SPC.

topology, write

V. RECOMMENDATIONS

Based on the results obtained in the paper for the basic FM
SPC examined, now we can propose some useful
recommendations to reduce the negative effect of FM on SPC
efficiency. As losses of unmodulated SPC (Pponiin(fsw)), Which
are nonlinearly-dependant on fg,, usually decrease as fg,
increases and FM can increase only Ppoin(fsw), minimum
switching frequency fgumin=fsw-4fsw Should be chosen so that
fsw(t) changes in the region where Pponin(fsw) is much lower
than PgonsttPiin(fsw). This condition is usually satisfied when
fswmin 1S higher than f..;, (frequency at which total power loss of
unmodulated SPC (Pos) has its minimum; see also Fig. 2
and Fig. 3).

V1. CONCLUSIONS

The use of FM in SPC to mitigate EMI can decrease the
efficiency of SPC, if instantaneous switching frequency f,(t)
changes in the region where Py oin(fs) iS comparable with
PeonsttPiin(fsw). This is because FM can only affect Pponjin(fsw)-
In order to calculate the efficiency and total power losses of
basic FM SPC (buck, boost, buck-boost) procedure developed
and expressions derived in the paper can be used. The
expressions are very useful and can be used for different D
and load resistance values. The results obtained in the paper
can be used not only for the basic SPC investigated but also

for other single-ended ones. If the recommendations proposed
are considered, FM has almost invisible impact on the
efficiency. This gives a designer a possibility to design high-
quality FM SPC without sacrificing the efficiency.
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Deniss Stepins. Frekvences modulacijas negativas ietekmes samazinasana uz impulsveida sprieguma parveidotaja lietderibas koeficientu

Saja darba ir izpétita frekvences modulacijas (FM) ietekme uz klasisko vientakta impulsveida sprieguma parveidotaju (ISP) lietderibas koeficientu. Izpétitie
klasiskie ISP ir pazeminosais, paaugstinosais un pazeminosi-paaugstino$ais ISP. Energijas zudumu analizes rezultata ir pieradits, ka vispargja gadijuma pilnie FM
ISP energijas zudumi sastav no trim sastavdalam: neatkarigie zudumi, lineari atkarigie un nelineari atkarigie no komutacijas frekvences. legitie rezultati liecina
par to, ka FM var samazinat ISP lietderibas koeficientu, tapéc ka FM ietekmé& no komutacijas nelineari atkarigus frekvences zudumus. Ir pieradits, ka nelineari
atkarigie zudumi ir galvenokart saistiti ar speka induktora magnétisko serdi. Ir izstradata efektiva metodika un ir izveérstas analitiskas izteiksmes lietderibas
koeficienta un pilno energijas zudumu aprékiniem klasiskajos ISP. Izvréstas analitiskas izteiksmes nem véra arf magnétiskas serdes zudumus. Sim noliikam tika
izmantota modificéta Steinmeca izteiksme, kas lauj iegiit precizakus rezultatus neki tradicionald izteiksme. Teorétiski iegiitie rezultati ir ari eksperimentali
parbauditi, izmantojot frekvences modulétos klasiskos ISP. Ir piedavatas dazas efektivas rekomendacijas energijas zudumu samazinasanai un lietderibas
koeficienta uzlabosanai frekvences modulétos ISP. Ir pieradits, ka, ja minimala komutacijas frekvence ir lielaka par frekvenci, pie kuras nemodulétam ISP ir pilno
zudumu minimums, tad FM praktiski nepasliktina lietderibas koeficientu un nepalielina energijas zudumus. Ir ari pieradits, ka energijas zudumi FM ISP ir
atkarigi arT no modulacijas signala formas: modulacijas signali ar mazako vidgjo taisngriezto vértibu dod mazakus zudumus. Rekomendacijas un iegtitos
rezultatus, kas ari bija eksperimentali parbauditi, var pielietoti kvalitativu frekvences modul&to ISP projektésanai, optimizacijai un t talakai attistibai.

Jennc CrenuHc. YMeHbLIEHHE BPEIHOI0 BJIMSIHUS YACTOTHOH MOAYJISIMM HAa KOI(P(PHUIMEHT M0JIe3HOr0 AelCTBHA MMIYJbCHBIX CHJIOBBIX
npeodpa3zoBareeit

B nanHOU craThe M3yueHO BiMsHHME 4acTOTHOW Moxaymsuuu (UM) na koadduuuent nonezHoro aeiicteust (KITJ]) xmaccndecKux OMHOTAKTHBIX HMMITYIbCHBIX
cunoBbIx peodpaszopareneii (MCII): monmKaromero, MoBBIMIAOIIETO M TOBBINIAIOIIE-TIOHMKAIONIEro IpeobpasoBareneil. B xoze nccienoBanus noTepb 3HEPTUn
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B UM UCII 6bL10 BBISICHEHO, YTO B 001IeM ciydae nonHbie norepn UM VICII MOXXHO pa3fenuTs Ha TPU BHAA: IOTEPH, KOTOPbIC HE3aBUCAT, JIMHEHHO 3aBUCAT U
HETHMHEITHO 3aBUCAT OT YacTOTH KOMMYyTanuu. IlomydeHHbIe pe3ysbTaThl MoKa3biBaioT, uto YM Moxker ymensmmts KI1JT MCII, motomy uto UM Biusier Ha Ty
4acTh HOJIHBIX HOTepb, KOTOpas HEIMHEHHO 3aBUCHUT OT 4acTOThl KOMMYTAalHH. BBIICHEHO, 4TO MOTEpU, HEIMHEHHO 3aBHCHMbIE OT YacTOThl KOMMYTallUH,
IJIaBHBIM 00pa30oM CBsI3aHbI C HOTEPSMH B CEPACUHHKAX CHIIOBBIX Jpoccenel u TpaHcdopmaTopoB. MeTouka U Beipaxkenus st pacyera KIJ{ u moteps B 31X
mpeobpa3oBaTeNsIX TakXkKe IIPeCTaBIeHbl. BrIBeeHHbIe BRIpaKeHHs UL pacdeTa MoTeph IPUHUMAIOT BO BHUMAaHHUE TakXKe IIOTepU SHEPTUH B cepAedHuKax. J{s
HoJsryyeHnst OoJjiee TOYHBIX PE3yJIbTATOB IIPU pacueTe MOTepb B CEPACYHHKAX HCIOJb3yeTcss MoauduipoBaHHoe ypasHenue lllteiinmenia. Teopernuecku
MOJTYYEHHBIE PE3YJIbTAThl TAKXKE KCIEPUMEHTAJIBHO ITpoBepeHbl. Pexomennanuu no ynyuenuto KITJ u ymensinenuto noreps B UM UCII Takxe npeyioxkeHsl
1 DKCTICpPHMEHTAILHO TIPOBEPEHBI. B cTaThe M0Ka3aHO, YTO €CJIM MHHUMAbHAs YacTOTa KOMMYTAllUH BeIOpaHa GoJblle, 4eM 4acToTa Ha KOTOPOH IOIHBIE TOTepH
HemoynupoanHoro VICIT munumanbhel, To UM npakrtuuecku He Biusier Ha KIIZI u nmorepu UM npeoOpas3oBaresns. BbIACHEHO Takke, 4TO NPUMEHEHHE
MOJYJIUPYIOIIUX CUTHAJIOB C YMEHbLICHHBIMU CpPEIHEBBINPSIMICHHBIMU 3HAYEHUSMH, JaeT Bo3MokHOcTh yBenuuuth KIIJI B UM HUCII. Pexomenmauuu u
MIOJTy4EHHBIE PE3yIbTaThl MOTYT OBITH IPHMEHEHBI JUIs IpOeKTHpoBaHUs kadecTBeHHBIX UM M CII, a Taxoke [Uis HX JalbHEHIIero pa3BUTHS.
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