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Introduction

Nowadays switch-mode power converters (SMPC) are
essential to electric power conversion with high efficiency
(linear regulators used widely in the past had very low
efficiency and therefore nowadays they are in rather limited
use) [1-3]. SMPC are widely used in power supplies of
various electronic devices, active power factor correctors,
etc. Despite their advantages (mainly high efficiency and
specific power) [3, 4], they have also their drawbacks: high
electromagnetic interference (EMI) both conducted and
radiated [2, 5]. Filters, shielding, grounding etc are classical
ways to mitigate EMI. Another successful method to reduce
EMI is spread spectrum which is usually based on the use
of switching frequency modulation (FM) [1, 2, 6].

Despite the fact that FM has its benefits in reducing
EMI, it can increase output voltage ripples significantly [7-
13]. In addition to natural high-frequency (HF) output
voltage ripples, FM causes also low-frequency (LF) output
voltage ripples which are more problematic than HF ones
[8, 9]. Detailed examination of the effect of FM on the
output voltage ripples in SMPC operating in continuous
and discontinuous conduction modes (CCM and DCM
respectively) was performed mainly in [7, 9-13]. Although
the main causes of the increase in the output voltage ripples
in CCM are found out in [7, 9, 10] and expressions to
calculate the peak-to-peak output voltage ripples V., in
closed-loop FM SMPC are derived in [9], closed-form
expression for V,;,,, which can appreciably simplify
analysis of the effect of SMPC and modulating signal
parameters on V., is not derived. Recommendations to
reduce the ripples proposed in [9] consider mainly the LF
ripples not V. So the main aim of the paper is
quantitative analysis of the ripples followed by worked-out
recommendations to reduce them.

Output voltage ripples of FM SMPC

For the examination closed-loop FM buck converter

(Fig. 1) will be used. It is assumed that the converter
operates in CCM. As it is concluded in [7-13] FM
increases output voltage ripples. In general the ripples
consist of HF switching ripples with switching frequency
fsw and LF ripples with modulation frequency f,, as it can
also be seen in Fig. 2 (b-d), where simulated in SIMULINK
output ripples for the open-loop and closed-loop buck
converter (using simulation circuit shown in Fig. 2 (a)) are
shown.
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Fig. 1. Schematic of closed-loop buck converter
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A general expression to calculate the peak-to-peak
output voltage ripples in FM SMPC is derived in [9] as
follows

Vofmpfp = 1’naX{VLF ([) + AHF (t)} - Inin{VLF (t) - AHF (t)} ’ (1)

where V;(?) is the LF ripples; 4yx(?) is the envelope of the
HF ripples, which can be derived by substituting
instantaneous switching frequency f;,,(z) into the expression
for the unmodulated SMPC output voltage ripples V),,. As
it is derived in [9], for instance, for FM buck SMPC with
typical output filter capacitor in CCM

AHF (t) — rc'outVout (1 - D)

, 2
2L, (1) @
where L is the power inductor inductance; 7., is the
equivalent series resistance (ESR) of the output capacitor;
D is the average duty ratio; V,,, is DC output voltage.
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The instantancous switching frequency is

.fsw (t) = f;w + Af;wm(t) > (3)

where Af;,, is the switching frequency deviation; m(?) is the
modulating signal (e.g. sine, triangular, sawtooth, etc); f;,, is
the nominal switching frequency.

The main cause of the LF ripples for FM SMPC in
CCM is nonzero difference |¢,| between the switching
delays [7,9,10,12], which are mainly due to power
transistor switches, their drivers and logic circuits (e.g. flip-
flops) of pulse width modulated (PWM) integrated circuits.
A general expression to calculate the LF ripples of closed-
loop FM SMPC in CCM considering nonzero |¢,| is derived
in [9] in operator form as follows

V0 (5) =d($)H, () 1+ T() 1, | Afy, m(s)H,, () (1+T(s5)) , (4)

where H,,(s) is the control-to-output transfer function; the
open loop gain T(s)=H j,(s)H.(s)H_ o(s)Hpwu(s) [15] (where
Hpy(s)is PWM gain; Hy,(s) and H,(s) are voltage divider
and compensation circuit transfer functions). As an
example the transfer functions for the closed-loop buck
SMPC are shown in Fig. 3. The buck converter H,,(s) in
CCM is [14]

in (1 + 57 Coul )
s ZLCau/ + S(L / Rload + Couz rcuuz ) +1 ’

cout

HCO (S) =

(6))

To derive the steady-state LF ripples V;g(2) in time
domain, the inverse Laplace transform of the (4) should be
applied. The LF ripples in the time domain for sinusoidal
FM can be easily obtained from (4) as follows

Ve (=11, |8, cosaf, ¢+ arglH (241, )| H (21, (6)
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Fig. 2. Closed-loop buck FM converter simulation circuit (a) and simulated output voltage waveforms: (b) open-loop; (c), (d) closed-
loop. (D=0.5; Af,,=30kHz; open loop gain cut-off frequency f.,,~5kHz; R;,,;~10Q)
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where Hy(j2nf,,)=H..(j2nf)/(1+T(2xf,)). The LF peak-
to-peak ripples of FM SMPC in CCM are

Viepy = 2100 | M JH w21, (D)

As it can be seen from (4) and (7) Vip,, are
proportional to |¢,| and Af;,,.
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Fig. 3. Closed-loop buck FM SMPC transfer functions in CCM.
(Parameters: C,,=330uF; L=125pH; 7.,~0.04Q; R,.,~10Q;
feu=SkHz; V;,=10V)
Derivation of closed-form expression for V,,,.,
Expression (1) derived in [9] does not clearly show
the effect of FM and SMPC parameters on V., because
it can be evaluated only numerically. Therefore closed-
form expression for V,,,, needs to be derived. In order to
get the expression, (1) can be used, as it can also be
deduced from Fig. 4. Since Af;, is usually lower than
0.25f;, [2], then (2) can be approximated using the first-



order-Taylor-series-approximation as follows

A )=V, (1=5-m(1))/2, 8)

where 0=Af,,/f,; unmodulated buck SMPC output voltage
peak-to-peak ripples V., are as follows:

:
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Fig. 4. Calculated envelopes of the output voltage ripples for

open-loop buck FM SPC in CCM taking in account |tg=110ns.

(Parameters: C,,~330uF; L=125pH; V,=10V; f,=2kHz;

Af o =30kHz; f;,,=76kHZ; r.0,~0.04Q; D=0.5; R, =10Q; m(t) is

sine)

0.0232 0.0234

V[J*[J = Veour Vour (1 - D) /(Lfm,) . (9)

Since for sinusoidal FM m(t)=sin(2xf,,t), then closed-
form expression for V., can be simply derived

2
2 . 2 V.
qump—p = Vp—p + Afsw Z tj |H_ﬁ¢[l (‘]279{”‘ )| + =k -

=1 vaw (10)

- (=1

L 21 coslare(H (21, )]
2y, VW S m B e T M m

It can be seen that difference between unmodulated
and FM buck SMPC output peak-to-peak ripples Vo p-Vop
is proportional to Af;, and V. Similarly closed-form
expressions for V., can also be derived for other m(z).

In order to prove that derived expression is useful
experimental verification and SIMULINK simulations were
performed for closed-loop buck SMPC with sinusoidal FM.

Table 1. Comparison of the theoretical, simulated and
experimental results for closed-loop buck FM SPC with
Af,=30kHz; f,=150kHz; f.,~SkHz; t/~110ns; m(t) is sine;
Rlaad: 10Q

Calculated
£, KHzZ : Simu- Experi-
Using Using (10) lated mental
(1),(2),(6)
Vofinp-ps Vofinp-ps Vofmp-ps Vofinp-ps
mV mV mV mV
Unmo- 53 53 53 6
dulated
0,2 10 9.9 10 10.5
1 11.8 11.7 11.9 11.5
2 9.8 9.7 10 10.5
10 6.7 6.5 6.7 7

The comparison results for different f,, are shown in Table
1. As it can be seen the results are in a good agreement
proving that (10) is precise enough to calculate the peak-to-
peak output voltage ripples in buck FM SMPC.

Effect of D and Ry,,s on V5.,

Since D and R, (or output power P,,,) in real SMPC
are continuously changing parameters, it is of importance to
investigate how they affect V,,,, of FM buck SMPC. By
analyzing (10) it is concluded that V,g,, is almost
independent on P, (as it can also be seen in Fig. 5).

In fact unmodulated buck SMPC output ripples are
also independent on R, in CCM (as it can be deduced
from (9)). After analyzing the (10), it is concluded that
Vopp depends on D, as it can also be seen in Fig. 6.
Moreover D, at which Vg, , is maximum is equal to 0.5,
as it is also for unmodulated buck SMPC V.
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Fig. 5. Vijinp/Vpp versus Poy/Poyom (Where Py, is nominal
output power). (Parameters: P, 0,=12.5W;  f..,~SkHz;
fo=150kHz; D=0.5; 4f;,~30kHz; m(%) is sine)

D, %

Fig. 6. V,/V,pr versus D (where V,,; is V,, at D=0.5).
(Parameters are the same as in Fig. 5)

Recommendations to reduce V4.,

The analysis provided allows us to propose some
recommendations to reduce the ripples:

o ¢, should be as small as possible; for this purpose the
techniques proposed in [9] can be used;

e Choice of f,, and 4f;,,: (a) from V., point of view: the
lower Af;,, is the lower V., is; f,, should not be
chosen in the vicinity of the resonance frequency f,,,, of
the buck converter output filter (see Fig. 3); (b) from

47
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In the paper the closed-loop frequency modulated (FM) buck converter output voltage ripples are examined theoretically, using
SIMULINK simulations and experimentally. A closed-form expression to calculate and analyze the peak-to-peak output voltage ripples
in continuous conduction mode is derived and confirmed experimentally. The expression can appreciably simplify the analysis of the
effect of FM on peak-to-peak output voltage ripples of FM buck converter. The effect of duty ratio and the output power on the output
voltage ripples of the FM buck converter is also analyzed. Some useful recommendations to mitigate the ripples effectively are
proposed. I11. 6, bibl. 15, tabl. 1 (in English; abstracts in English and Lithuanian).

D. Stepins, J. Jankovskis. [tampos pulsaciju sumaZinimas daZninés moduliacijos keitiklyje // Elektronika ir elektrotechnika. —
Kaunas: Technologija, 2012. — Nr. 3(119). — P. 45-48.

Uzdarojo ciklo dazninés moduliacijos (DM) zeminanciojo keitiklio jtampos pulsacijos tyrinétos teoriskai, taikant SIMULINK
modeliavima, ir eksperimentiskai. Gauta iSraiSka pastebimai supaprastina zeminanciojo keitiklio jtampos pulsacijy efekto analize.
Istirtas impulsy skvarbos ir i$¢jimo galios jtakos jtampos pulsacijoms efektas DM Zeminanéiajame keitiklyje. Pateikta pasitlymy, kaip
efektyviai sumazinti jtampos pulsacijas. Il. 6, bibl. 15, lent. 1 (angly kalba; santraukos angly ir lietuviy k.).

48




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


