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Abstract. Electromagnetic interference (EMI) is one
of the major problems of switching power converters.
This paper is devoted to switching frequency modula-
tion used for conducted EMI suppression in switch-
ing power converters. Comprehensive theoretical ana-
lysis of switching power converter conducted EMI spec-
trum and EMI attenuation due the use of traditional
ramp and multislope ramp modulation waveforms is
presented. Expressions to calculate EMI spectrum and
attenuation are derived. Optimization procedure of the
multislope ramp modulation waveform is proposed to
get mazimum benefits from switching frequency modu-
lation for EMI reduction. Experimental verification is
also performed to prove that the optimized multislope
ramp modulation waveform is very useful solution for
effective EMI reduction in switching power converters.
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1. Introduction

Switching power converters (SPC) used in many elec-
tronic devices for electric power conversion are no-
ticeable sources of electromagnetic interference (EMI)
which can deteriorate normal operation of other elec-
tronic equipment. EMI both conducted and radiated
must be reduced in order to meet international elec-
tromagnetic compatibility standards (e.g. CISPR 22)
requirements. Traditional ways for conducted EMI re-

duction usually are input EMI filters, proper design of
printed circuit boards, soft-switching techniques, etc.
Recently two more novel conducted EMI reduction
techniques have been proposed and used [1], [2], [3], [4],
[6]. The first one is active EMI filtering using digital
signal processing [4] and the second one is spread spec-
trum technique [3]. The spread spectrum technique
which is usually based on switching frequency modula-
tion (SFM) is very attractive technique mainly because
it is simple to implement. By modulating the switch-
ing frequency peak conducted EMI levels can be easi-
ly suppressed using simple periodic modulation wave-
forms (such as sine, triangle, sawtooth, etc) as shown
in Fig. [3] The main parameters of periodic SFM are
switching frequency deviation A fs,,, modulation fre-
quency f,, and modulating waveform m(t) with uni-
tary amplitude. Of course, for modulating the switch-
ing frequency random and chaotic signals can be used,
but the use of simple periodic modulation waveforms
is more popular in practical SPC, mainly because neg-
ative effect of periodic SFM on peak-to-peak output
voltage ripples is less visible and periodic SFM is sim-
pler to implement than random or chaotic SFM [6],
7.

Benefits of periodic SFM for EMI reduction can be
significantly reduced due to amplitude modulation of
SPC currents caused by SFM [8]. The amplitude mod-
ulation leads to EMI spectrum sidebands distortion
and asymmetry with respect to central switching fre-
quency fswo and consequently EMI attenuation is lower
than expected for the given value of modulation in-
dex [8], [9]. In order to increase effectiveness of SFM
for EMI reduction in SPC (especially for higher va-
lues of Afs,), multislope ramp modulating waveform
(MRMW) was proposed by S. Johnson and R. Zane [§].
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Fig. 1: Typical conducted EMI measurement setup (top) and boost SPC schematic diagram with LISN (bottom) used in the

analysis.

Slopes of the MRMW are set by parameter to (Fig. .
As it is stated in [§], electronic ballast output current
spectral distortion and output EMI can be effectively
reduced when to = 0.357,, (where T, is modulation
period). However as it will be proved in our paper, to
is the function of both A f,,, and f,,,. Thustq = 0.35T,,
can be optimal only for one set of Af,, and f,, values
(e.g. for Afgs, =5 kHz and f,,, = 500 Hz), but for the
other set of values of the parameters, it can even worsen
EMI attenuation and be less effective than traditional
ramp modulating waveform. Therefore optimization of
MRMW is necessary. Lack of the theoretical analysis
in [8] does not give a possibility to calculate optimum
values of ty to get maximum EMI attenuation. Thus
the main aim of the paper is to make the theoretical
analysis of EMI spectrum and its attenuation due to
the use of MRMW and propose a procedure for opti-
mum ty values calculation in order to get full benefits
from the use of MRMW for EMI reduction in SFM
SPC.

The paper is organized as follows. In the section 2
effect of SFM on conducted EMI of boost converter
is theoretically analyzed in details. In the section 3
theoretical analysis of conducted EMI and attenuation

due to the use of MRMW is presented, expressions to
calculate EMI spectrum are derived and procedure to
calculate optimum tg values is proposed. In the section
4 experimental verification of the theoretical results is
performed. And finally, in the section 5 conclusions are
given.

2. Effect of SFM on

Conducted EMI

In the analysis boost DC-DC converter operating in
continuous conduction mode will be used (Fig. [1]).
Since for conducted EMI measurements line impedance
stabilization network (LISN) is used, it will be taken
into account. To simplify the analysis several assump-
tions will be considered:

e conducted EMI dominates at lower frequencies,
because fundamental switching frequency har-
monic amplitude is more pronounced than others
5], [101,
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Fig. 2: Simple boost SPC model. For boost SPC: By = —V;5,; B2 = Vout — Vin. Note the model is modified version taken from

[11).

e conducted EMI levels are the highest when duty
ratio D of control signal is 50 % [3],

e inductor, power switch and diode voltages are of
rectangular shape.

Considering the assumptions described above, sim-
ple EMI model [II] can be used as shown in Fig.
The model can be used up to several MHz. For higher
frequencies more complex models (taking into account
other non-idealities) should be used. Using the model
the transfer function between equivalent noise source
Vens and Vprgny can be derived [9]:

Kemi(f) =

50 ( Z.  Zow > (1)
50+ Zos \Zen+ Ze  2(Zoin+21))°

where Z, = (25 + Z¢5/2) (54 Z13) /(55 + Zes + Z13);
Zos = 1/(42nfC5); Zen = 1/(j2nfCh); Zrs =
j2n f Ls; C, is parasitic capacitance between MOSFET
drain and grounded heatsink; Z¢;,, is real input capa-
citor complex impedance and Zy, is real power inductor
complex impedance.

If fowo/fm is an integer number then period of SEM
voltage or current equals modulation waveform period
T.,- In this case complex Fourier series coefficients for
SFM Ve, (Fig. [2) can be derived as follows:

B, N/2 , 4
dgp, = —— Z [e—ﬂ‘fmfm,t21‘, _ e—JQTmfmtm—q
j2mn p
o )
_ 2 Z [e*jQﬂ"ﬂfmthrl _ e*j2ﬂ'nfmt2i]
j2mn ’

where an integer number N = 2f5,,0/ fm; time instants
ti, at which V., crosses zero (Fig. [2)) can be calculated
by solving the equation [12]:

cos (27 fswot + 0(¢)) = 0, (3)

where time-dependent phase angle [3]:

0(t) = 27r/0 Afsw - m(T)dr. (4)

By solving Eq. (3] simple expression to calculate t;
can be derived. For example, for sawtooth SFM it is
91

_ —fswmin + v/ Fou min + Afsw(2k —1)/T
2A fsw/Tm, ’

te (5)

where minimum switching frequency fsw min = fswo —
Afsw§ modulation index ﬂ = Afsw/fm; Tm is m(t)
period.

In general fqu,0/fm is not an integer number. In this
case period of SFM voltage or current does not equal
T, but it equals KT,,, where positive integer K can
be calculated as follows:

F

K=—"
fst 'Tm

(6)

where F' and K are least positive integers. Let us con-
sider two examples:

o if fou,0 = 80 kHz and f,, = 1 kHz (T}, = 1 ms),
then K = 1, F = 80 and SFM signal period is
T =1 ms,

e if fo,0 =380 kHz and f,,, = 3 kHz (T}, = 1/3 ms),
then K = 3, F = 80 and SFM signal period is
3T, =1 ms.
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Fig. 3: Vp;sn spectra before and after the use of SFM with
sawtooth m(t). Parameters: frn, = 1 kHz; Afsw =
40 kHz; fswo = 80 kHz; Cp, = 10 pF; Vi, =4 V.

In general case (when fs,0/fm is not an integer)
complex Fourier series coefficients for SFM V., can
be calculated using the following expression:

dep =
F
_ Bl j :|:€—j27'rnf1"<”t27;
j2mn

i=1
F

_ B2 Z |:e—j27rnf1"(” toit1
j2mn

_ e—j2ﬂn%t21_1:|
(7)

_ p—i2mnip tﬂ

In order to calculate Vi;gn (conducted EMI) spec-
trum the following Eq. can be used

mn
dsnKEMT (f>

|Svrisn(f)] =2 %

wheren=1,2,3 ...

;o (8

As an example calculated Virsny spectra of boost
SPC with and without SFM are shown in Fig. [3] SFM
leads to EMI spectrum spreading and in its turn to
EMI attenuation. The attenuation (Agprr) which is
the difference in dB between maximum amplitude of
unmodulated and SFM conducted EMI spectra in the
frequency range of interest can be calculated as follows
9, [13):

Apnr = 20logyg ( max |Syrrsn ()| >

max |Sy rrsni(f)] ©

where Syrrgy and Syrrsyi1 are unmodulated and
SFM V15N spectra. As an example, calculated Agpsy
versus A fs, is shown in Fig.

3. Improving EMI Attenuation
Using Optimization of
MRMW

Fundamental switching frequency sideband can be-
come highly asymmetrical with respect to fs,o (Fig.[3)

20

Apv, dB

0 1 2 3 4
4
Afswr HZ x10

Fig. 4: Agpr versus Afgs,y. Modulation waveform: sawtooth.

due to parasitic amplitude modulation of SPC currents
[8], [9]. As it is proved in [8], [9] this leads to degra-
dation of benefits of SFM because EMI attenuation is
lower than it is expected for the given set of values of
Afsw and f,,. In order to increase effectiveness of the
use of SFM for EMI reduction in SPC (especially for
higher values of Af;, ), multislope ramp modulating
waveform (MRMW) can be used [8].

3.1. Theoretical Analysis of MRMW
In this subsection comprehensive theoretical analysis
of MRMW for conducted EMI reduction in boost SPC
will be done.

As it can be seen from Fig. [f] slopes of the MRMW
are set by parameter tg. Vprsny spectrum can be calcu-
lated using Eq. and Eq. . However it should be
noted that in the case of MRMW (when to # 0.5T,,)
central switching frequency is:

fstl = fst + (0-5 - to) Afsw- (10)

Tm

Fig. 5: MRMW.

Time instants tx at which Vs crosses zero (Fig. [2)
can be calculated by solving the following Eq. :

cos (27 fswo1t + 0(¢)) = 0, (11)

where time dependent phase angle can be derived using
Eq. as follows:
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t
-b
/(Tt —l—a)dr ib<t<to+b
O(t) = 2 A foy {70 0 ¢
1 T — b — to .
7t0(§+a)+/ <a>d7 ifto+b<t<Tpnp
to+b Tom —to
t2 b, b _
— — (1 +a+ )+—+b( +1) ifo<t<ty+b
_onAfi, ) 2t 2, (12)
B +ab+t2+(t°+b) (D) wneb<t<T
20 2(Tom — to) Tpn —to 0 =mb
where a = 0.5 — to/T; b= Tn(p —1); pis modulation period number(p =1,2,3... K).
Following the derivations given in App.[A] time instants ¢, can be derived as follows
—by + /b — 4
Lt : Qe 1) <t <to+Tn(p—1)
ty = “1 ; 13
k 71)2 + \/ 4(1202 ( )

2@2
where by = fow01— Afsw(1+a+b/to) = Afsw/(2t0);
e = b b4 AL (BT, - Dia+1));
b2 = fstl Afsw (t0+Tm,(;:0 b +a); az = Q(Tfiu;go)a

(to+Tm (p—1))*

_1_k
co=1-EtAf, ( 2(Tm —to)

Viisn spectra and EMI attenuation due to the use
of MRMW can be calculated using Eq. . Eq. .
Eq. @ Eq. ., Eq. ., Eq. , Eq. . For
all the calculations Matlab® softvvare is used. As an
example Agyr as a function of both to/T,, and A fs,
for f,, = 1 kHz is shown in Fig. [f} But in Fig.
Agmr as a function of to/7,, for different values of
fm is also shown. Presented results clearly show that
optimum tg for which EMI attenuation is maximum
is function of both Afg, and f,,. That is why for
a given set of Af,, and f,, values optimum ¢ty value
should be found. For example, if f,, = 1 kHz and
Afsw = 40 kHz, then (according to Fig. @ optimum
value of ¢y is 0.23 and maximum Ag,s; is 16.8 dB; if
fm = 10 kHz and Af, = 40 kHz, then (according
to Fig. optimum value of ¢y is 0.34 and maximum
AEMI is 7.5 dB.

+al,(p—1)— §t0).

3.2. MRMW Optimization

Procedure

In order to get full benefits from the use of MRMW
for EMI reduction procedure for optimum ¢q value cal-
culations is to be proposed. The optimization proce-
dure can be used not only for boost converter with
different specifications but also for other power con-
verter topologies. Since f,, and Afg, can affect not
only EMI attenuation, but also other SPC parameters,
such as peak-to-peak output voltage ripples, then re-
commendations for the choice of f,, and A f, values

(©2015 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING

to+Tm(p—1) <t <Tpyp

proposed in [8], [14] will be taken into account in the
procedure.

The MRMW optimization procedure is as follows:

choose f,, slightly higher than RBW (resolution
bandwidth) of a spectrum or EMI analyzer [§],

choose A fy,, lower than A fg,c at which peak-to-
peak output voltage ripples are equal to maximally
allowable values [14],

derive conducted EMI equivalent circuit model
(with LISN),

derive analytic expression for complex trans-
fer function K g,,;(f) between equivalent noise
source V., and Viisn,

calculate values of By and By for Vs,

change ¢y with a small step (e. g O 01), and using
Eq. . Eq. . Eq. @D Eq. (10), Eq. .,Cal—
culate Vign spectrum and AEM 1 for each value
of tg in the range 0.1 — 0.9,

find global maximum for all Agys; values calcu-
lated in the previous step and find optimum ¢q for
which Agpsr is maximum,

end.

For determining optimized ty value Matlab software
algorithm has been implemented. Matlab code for the
optimization procedure is shown in App.

In order to show usefulness of the optimization pro-
cedure proposed, let us consider one example. Let us
assume that we have boost converter with the follow-
ing specifications: Vj,, = 4...8 V, Dy = 50 %,

14
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Fig. 6: Theoretically calculated Agpsr as a function of Afs,, and tg Parameters: f,, = 1 kHz; fs,0 = 80 kHz.
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Fig. 7: Theoretically calculated Agprr as a function of to/Tm
for different f,, Parameters: Afs, = 40 kHz and
fswo = 80 kHz.

Potmax = 20 W, feuo = 80 kHz, L = 40 uH,
Cin = 330 uF, C,,y = 1000 pF, output capacitor
equivalent series resistance (ESR) rcou: = 0.033 €,
output load minimum resistance Ry, = 12 2, ma-
ximally allowable peak-to-peak output voltage ripple
value Vp, max = 150 mV. Let us assume that our task
is to improve conducted EMI attenuation using opti-
mized MRMW according to CISPR16 in Band A.

3.3. Solution

1)  15* Step: Choice of f,,
Since CISPR16 in Band A requires conducted EMI

measurements to be done with RBW = 200 Hz and f,,
should be higher than RBW, let us choose f,, = 1 kHz.

2) 274 Step: Choice of Af,,

According to the procedure A f,,, should be lower than
A fower at which Vi, max are equal to maximally allow-
able values. In order to calculate A fqcr €xpression for
the Vjpmax calculation should be derived. The expres-
sion for the boost converter is as follows [I5]

—(( Vinwe Vinmax Dusa
Vip max = ((1—Dmax)2Rm TURRLT )T00“t+

(14)
‘/in max Dmax

(1 - Dmax)RoutCoutfsw ’

_|_

If fsw is modulated then foumin = fswo — Afswer
should be substituted in Eq. instead of fy,. It
can be derived that

Afswcr = fst_

Vvin maxDmaerout V;n maxDmax (15)
2L (]— —_ Dmax)RoutCout
V;'n maxT Cout ’

Vpp max—
(1 - Dmax)QRout
From Eq. (15) it can be obtained that Afeuer =
40.4 kHz. So Af4, is chosen to be 40 kHz.
3) 3% Step

Boost converter conducted EMI equivalent -circuit
model (with LISN) is derived as shown in Fig.
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Fig. 8: Vi;sn spectra before and after the use of SFM with

optimized MRMW (t9 = 0.23T},). Other modulation
and circuit parameters: the same as in Fig. Note:
V515N spectrum when non-optimized ramp modulation
waveform is used is shown in Fig.

4) 4B Step

Analytic expression for complex transfer function
K (f) between equivalent noise source Vi,s and
Virsn is derived according to Eq. .

5) 5 Step

Bl = _‘/in; B2 = Vout - ‘/zn

6) Final step

Using Matlab code shown in App. [B] optimum ¢y is
calculated to be 0.23.

Viisn spectrum after the optimization of MRMW
is shown in Fig. As it can be seen from Fig. [3
Fig. [§ and Fig. [I3{d the use of optimized MRMW gives

20 ,
AEMH
B e i
S
=
E QOF v g o]
~
5 I o o e e ie et aiserersnae s s sansesnuasmicasetoseas s banesteunsatoasasatoasss cml
0 i i i
0 1 2 3 4

4
Switching frequency deviation, Hz x 10

Fig. 9: Calculated Agpr (when to = 0.5Ty,) and Ay
(when optimum tg is used) as a function of A fg, for
fm = 1 kHz and fswo = 80 kHz.
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Fig. 10: Experimental setup picture. 1 DC power source TTI
EL302D; 2 DC LISN (homemade); 3 boost converter
under test; 4 arbitrary waveform generator Agilent
33220A; 5 spectrum analyzer Agilent E4402B.

3.5 dB better Agpsr than the use of conventional ramp
modulation waveform (when ¢ty = 0.57,,) and 1.7 dB
better Agarr than the use of MRMW proposed in [§]
(when to = 0.35T,,). Comparison of Agy; versus
A f4 for conventional ramp modulation waveform and
optimized MRMW is depicted in Fig. 0] The results
clearly show that optimized MRMW is more useful for
higher A fq,.

4. Experimental Verification

4.1. Experimental Setup

For the experimental verifications a low power SFM
boost SPC is used (Fig. . The converter operates
in open-loop continuous conduction mode. Duty ra-
tio D and input voltage of the converter can be va-
ried. However in the experiments duty ratio of 50 %

is chosen because from conducted EMI point of view
it is the worst situation [3]. Input DC voltage of the

Y YY) N
L 1

0.08mH " SR504

e | IRFSBO'_ & L
power LISN —Cin 2 1mF

source 0.33mF +

I | ) :

MOSFET
Driver
ICL7667

spectrum +

analyzer Arbitrary
waveform
generator

Agilent 33220A

peol

|||—

Fig. 11: Simplified
setup.

schematic diagram of the experimental
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converter can be changed from 2 V to 8 V. Nominal
switching frequency is 80 kHz. Nominal output power
is 20 W. In the experiments power MOSFET is used
with grounded external heatsink. Measured parasitic
capacitance Cp, between MOSFET drain and ground is
of about 10 pF. Arbitrary waveform generator (AWG)
Agilent 33220A controls the power MOSFET via MOS-
FET driver ICL7667. The control signal of the power
MOSFET can be both unmodulated and switching fre-
quency modulated. All the necessary SFM parame-
ters (including ¢p) can be set using the AWG which
has built-in frequency modulator and waveform edi-
tor. MRMW with custom ¢y can be obtained using the
waveform editor. Figure [I2] depicts the photo of the
AWG Agilent 33220A front panel and display.

Waveform editor

display MRMW with

t0=0.23

Craeer”
) v

G

FM enabled AWG output connected

to MOSFET driver input

Fig. 12: AWG front panel and waveform editor display photo.

4.2. Experimental Results

Conducted EMI (Vrsny spectrum) is measured using
Agilent E4402B spectrum analyzer with RBW=200 Hz
and peak detector. Experiments have been done for
different V;,, and output power values. Comparison
of the experimental and the theoretical Vi sy spectra
when V;,, =4 V and D = 50 % is presented in Fig.
Experiments revealed that changing input voltage and
output load does not have any noticeable influence on
EMI attenuation and optimized ¢y value. Experimen-
tal results confirm theoretical predictions that the use
of optimized MRMW can noticeably increase EMI at-
tenuation: the use of optimized MRMW gives 3.8 dB
better Agps; than the use of conventional ramp mo-
dulation waveform (when ¢y = 0.5T},,) and 2 dB better
Agpr than the use of MRMW proposed in [8] (when
to = 0.35T},). Experimental and theoretical results
are in a good agreement: when Afy, was increased
to 40 kHz, experimental EMI attenuation increased to
16.9 dB, but theoretical one to 16.8 dB.

5. Conclusion

Comprehensive theoretical analysis of SPC conducted
EMI spectrum and attenuation presented in the pa-
per shows that the use of multislope ramp modulation
waveform can noticeably improve EMI reduction in
switching-frequency-modulated switching power con-
verters. However in order to get full benefits from
the use of MRMW, optimum value of the parameter
to which controls the slopes of the waveform should
be found. For this purpose the optimization procedure
has been proposed and usefulness of the procedure has
been verified experimentally using boost SPC. The pro-
cedure is based on the analytic expressions derived for
conducted EMI spectrum and attenuation calculation.
It has been shown that optimum value of parameter
to is the function of switching frequency deviation and
modulation frequency.
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Fig. 13: Experimental (a), (c), (¢) and theoretical (b), (d), (f) conducted EMI spectra in the frequency range 20 — 600 kHz: (a),
(b) conventional ramp (tg = 0.5T,); (c), (d) modified ramp proposed in [8] (to = 0.35Tm); (e), (f) optimized MRMW
propsed in this paper (optimum tg = 0.23T},). Spectrum analyzer parameters: RBW=200 Hz; peak detector. SPC and

SFM parameters: V;, =4 V; D = 0.5; fswo = 80 kHz; f,,, = 1 kHz; Afsy = 40 kHz; Cj, = 10 pF.
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Appendix A Derivation of Eq. (13

By substituting Eq. and Eq. into Eq. the following trigonometric equations can be obtained

[ 12 b b?

cos |27 fowort + 21Afo | =— —t | 14+a+ — |+ —+bla+1) )| =0
i 2t to) | 2t

ifb<t<ty+b,

(A1)
[ 1 t2 + (to + b)? to+b
27 fsworl + 27 A fow | — =t b+ ——m——— —t | —— =0
C%_Wf01+7Tf ( 20+a+_2gh—%) ﬂn—%+a
ifto+b<t<Tmp.
Assuming that arccos(0) = —w/2 + wk, where &k = 1,2,3..., the following equation can be obtained from
Eq. (Al).
27 fswort + 2TAf, ﬁ—t 1+a+£ —i—ﬁ—i—b(a—i-l) = I 4k
sw01 sw 2t0 to 2t0 - 2
ifb<t<to+bh,
(A2)
1 t2 + (to + b)? to+b T
2 t+21rA ——1 b —t =—— k
T fswort + 27 fs’w( 2o+a + (T — to) Tm—t0+a 2+7r
if to+b<t<Tpnp.
From Eq. (A2) one can get the following quadratic equations
Afsw o b 1k b?
t sw0l — A fsw [ 1 — ||t —— =4+ Afeu | — +0 1 =
2% +(f 01 I <+a+t0>> +<4 5+ f <2t0+(a+) 0
ifb<t<to+bh,
Afsw 2 tO + b (AS)
—t swol — A —_— t
2(Tm _ tO) + (.ﬁwOl fsw T, —tg +a +
1k (to + b)? 1
- — =4+ Afsp | ————— b— —t =0
+<4 5 T (2(Tmto) ab= gt
ift(]+b<t§Tmp.

Finally Eq. can be derived by solving Eq. (A3).

Appendix B Matlab code for optimum ¢, calculation

delta=40e3; $ enter switching frequency deviation

fsw=80e3; % enter central switching frequency

fm=1le3; % enter modulation frequency

Tm=1/fm; K=5; Uin=4; D=0.5; % enter input voltage and duty ratio

1L=40e-6; % enter power inductor inductance

Ch=10e-12; % enter parasitic capacitance Ch between MOSFET drain and ground
Cin=330e-6; Lp=10e-9; esr=0.06; $ enter parameters of input capacitor
L3=50e-6; R3=5; C5=0.22e-6; % enter LISN parameters

Uout=Uin/ (1-D); % calculation of output voltage

for p=1:40 % calculation of time instants tk according to Eq. (13)
£t0=0.1xTm+0.01*Tm*p;

to(p)=t0;

f=1; al=delta/2/t0; a2=delta*0.5/(Tm-t0); a=0.5-t0/Tm; t1=0; fswl=fswtaxdelta;
M=K+2xfswl/fm;

form=1:M
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1f t1<tO0+Tm* (£f-1)
bl=fswl-deltax* (1l+a+Tm* (£-1)/t0);
c1=0.25-m/2+ ((Tm. 2% (£-1) ."2) /2/t0+Tm# (£-1) « (a+1) ) xdelta;
tk(m)=(—bl+sqrt(bl.A2—4*al*cl))./(Z*al);
tl=(—b1+sqrt(bl.A2—4*al*cl))./(2*a1);
1f t1>t0+Tm* (£-1)
b2=fswl-deltax ((t0+Tm* (£f-1))/ (Tm-t0) +a) ;
c2=0.25-m/2+deltax (-0.5+t0+axTm* (f-1)+0.5./ (Tm—t0) . % (£0+Tmx (£-1)) ."2);
tk (m)=(-b2+sqrt (b2.”"2-4%a2%c2)) ./ (2%a2);
tl=(-b2+sqrt (b2.72-4%a2xc2)) ./ (2xa2);
end
else
b2=fswl-deltax ((t0+Tm* (£f-1))/ (Tm-t0) +a) ;
c2=0.25-m/2+deltax (-0.5+t0+axTm* (f-1)+0.5./ (Tm—t0) . % (£0+Tmx (£-1)) ."2);
tk(m)=(—b2+sqrt(b2.A2—4*a2*02))./(2*a2);
tl=(-b2+sqrt (b2."2-4%xa2+c2)) ./ (2*a2);
if £t1>Tmxf
f=f+1;
bl=fswl-deltax* (1+a+Tmx (f-1) /t0);
cl1=0.25-m/2+ ((Tm. 2% (£-1) ."2) /2/t0+Tm= (£f-1) « (a+1)) xdelta;

tk(m)=(—bl+sqrt(bl.A2—4*al*cl))./(2*al);
tl=(-bl+sqgrt (bl.”"2-4xalxcl)) ./ (2*al);
end
end
end

for n=200:1000 %calculation of complex Fourier series coefficients dsn according
to Eg. (2)
for i=1:M/2
ann (1) =Uout#* (exp (= J*n*2xpi*fm/K+tk (2x1i)) —exp (=Jj*xn*2xpi*fm/K* (tk (2+xi-1)))) ./
(Jx2xpixn);
end
an=sum (ann) ;
w=2xpixfm+n/K;
Z=(J*wxL3+R3) . % (50+1./ (J*w*C5)) ./2./ ((J*wxL3+R3+50+1./ (J*w*C5))); $enter LISN
impedance Ze
KEMI=-(1./(j*Cin*w)+esr+Jj*xLp*w) ./ (J*L*w) ./2+Z./(Z2+1./ (3J*Chxw)); S%Senter KEMI from
EMI model
VLISN (n)=abs (2xan.*KEMI); %calculation of VLISN spectrum
end

Z1=(J*2+pi*fsw*L3+R3) . » (50+1./ (J*2+pi*fswxC5))./2./ ((j*2xpi*xfsw*«L3+R3+50+1./
(J*2+pixfswxC5)));

KEMIl=-(1./(j*Cin*2xpixfsw)+tesr+jxLp*x2+«pixfsw)./ (J*xLx2*pi*fsw)./2+Z21./(Z1+1./
(J*Ch*2xpixfsw));

ccl=4%Uin/pi;

VLISNl=abs (ccl.+xKEMI1l); %Scalculation of VLISN 1lst harmonic amplitude without SFM

AEMI (p) =max (abs (20%10ogl0 (VLISN1./ (max (VLISN))))); %calculation of AEMI wvs tO
end

[x,y]=max (AEMI); $determination of max AEMI (finding global maximum)
optimumtO=to(y) ./Tm $Soptimum t0 calculation
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