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Simulating EMI with LTspice in General

Limits

= Reasonable LTspice EMC simulations:
= Conducted EMI (content of this presentation)
= Surge

= For other EMC phenomena, the SPICE simulation is less useful because:
= The coupling paths are unknown,
» The phenomena are field-bound,
= An evaluation criterion is missing. = For an ESD or burst pulse, it is not clear when a real circuit no longer works
correctly.

5 | FLYBACK EMI LTSPICE

PUBLIC | STEFFEN SCHULZE



Simulating Conducted EMI with LTspice

Limits

= Asimple system is required for the analysis (e.g. a DC/DC converter).
= A complex system requires too much computing time or LTspice gets stuck with convergence problems.

= There are no detectors implemented in LTspice.
* |nasimulation with an AC input voltage you can't capture the difference between Quasi-peak, Peak and Average.
= As aworkaround you can simulate with a DC voltage that corresponds to the AC peak voltage (e.g. 325V).
» This is how the peak values can be estimated.

= (Coupling paths should be known as far as possible.
» (Conducted coupling can be simulated very well.
» The problem with capacitive coupling is that the values of the parasitic coupling capacitors are often unknown in reality.
» |nductive coupling is difficult to analyze and model (refer to Demonstration Board - V2022.1 vs. V2023.1)
> A circuit with a bad layout (parasitic loop antennas) cannot be realistically simulated with LTspice.

= The simulation is only as good as the SPICE models used.
= The relevant component models (e.g. input capacitor) should at least be based on the simplified equivalent circuit
diagram (e.g. ESR, ESL included).
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Technical specification — Example application

= DC/DC Flyback-Converter CCM (Forced Continuous Conduction Mode)
« U =24V (19-30V)
. Uout =5V
= = 5A (25W)

out,max

= f, = 300kHz
= Efficiency = 90% Z ]

= |C: ADP1071-2 (Analog Devices)
= with synchronous rectifier

= Transformer: WE-PoEH 749119550
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Introduction - Flyback Converter

Parasitic Model
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Introduction - Flyback Converter

Hot Node and Critical Loops
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Introduction - Capacitive Coupling in a Flyback Converter
High du/dt Nodes

Source

] Load

High common-mode currents through parasitic capacitances
(electric dipole and monopole antennas)
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Introduction - Inductive Coupling in a Flyback Converter

High di/dt Loops
LISN
T PP ) SUPT— S ) 4
A f L , ;
Source 500 : ;
% Load
»‘. ] v

Inductive coupling caused by high di/dt differential-mode currents
(magnetic loop antennas)

1 1 | FLYBACK EMI LTSPICE

PUBLIC | STEFFEN SCHULZE



Introduction - Inductive coupling
Flyback EMI - Demonstration Board - V2022.1 - Modification

= There is no short noise return
path from Y-capacitor C15 to
CM noise source (switch node,
secondary side).

= (M noise bypasses the filter
and couples inductively into
the filter (parasitic loop
antenna).

= CM/DM conversion
)

_ L
Switch Node
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Introduction - Inductive coupling
Top - Flyback EMI - Demonstration Board - V2022.1

Never switch in operation!
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Introduction - Inductive coupling
Top - Flyback EMI - Demonstration Board - V2023.1
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Introduction - Inductive coupling

Layout improvement - Flyback EMI - Demonstration Board - V2022.1 vs. V2023.1
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Name Description
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Board overview

Jumper location
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Schematic

Test point location
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Board overview

Test point location
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Test#1: Schematic
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Test#1: Board configuration
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Test#1: Waveforms - Switch node voltage
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Test#1: Waveforms - Input capacitor current
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Test#1: Waveforms - Input capacitor voltage ripple
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Test#1: Background

= The stray inductance of the transformer and the output capacitance Cycc of the MOSFET (Infineon -
IPP320N20) create a resonance circuit:

10*

.L Ciss
10° —x—?—i—————
1 . . 9 E ) _.__Coss__ COSS = ZOOPF? .
S "IN == 2 Cpggdepending on Ve
N1 N2
—> Spread spectrum
6
4= || 10 1
10" f——— — —_ ——
N4 N3 \\____ Crss
5 7
0 40 80 120 160
Vs [V]
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Test#1: Background
Theory

* The stray inductance of the transformer and the output capacitance of the MOSFET create a resonance
circuit (Thomson's equation of oscillation):

Lyarasitic ® Lstr = 0,4uH

Cparasitic ~ Cpss

1
21 + \/Lstr * Coss

- fring ~

= The output capacitance of the MOSFET in this case is highly voltage dependent (not constant):

1 1
2 — B
(anring) *Lg1r (2r10MHz)* - 0,4uH

= Coss = ~ 633pF
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Test#1 - Simulation: Simulation\Test1-7\Flyback EMI_Test1a.asc

- Simulation settings Simulation in time domain; influence of the snubber circuit R1, R2, C11, D2, D4
T
ool S SW{Ron=1m Roff=1Meg V=0.5 Yh=—0.5)

tran 0 1.0082m 1.0022m 10n

step param test list 3 4

.options abstol=0.001 trtol=2

options numdgt=7

.options plotwinsize=0

options noopiter gminsteps=0

save V(L_RF) V(gDM_KFﬁ(CM_IlF} V(N_RF)
ic \rim}=24

Jumper )8 as a variable resistor:
.param J8=table(test,3,1G,4,10m)
.step param test list 3 4

icv(OUT)=4.95

e Supply CLISN 1 L

- Flyback-Converter e e

C€5: 100pF/35V -

C€7-C10: 100pF/ 6.3V-

uz K2LLLN 06225 . 870135675003 875015119003 i
SpH o uz 5 ) our PULSE(0 1 0.2m 0.5m 0 1)
L L o8y :: 2 ! 10 TsW vz
== ipF = 100nF E Pri — C7-10 ot
1 s e
M DS 12 7 1004 st
SO0R W AUX: :
LPE i LD P s
Vi e [> s ] Rlaad
24 o8u PE B XIM we R4 cyﬂ_\ !
Rser=1 S0R 1viuv A — P e 0.001
IPP220N20NZ | ™| repoaznozi’ P,
== ipF == 100nF 16
IR |4.7r|
n SpH ]
CISPR_25_DM_CH h hd
Ri1 RS RE
100k 1.5k, 33m
Jes
Taoo
- s a7
.param 18=table(test,3,1G,4,10m,5,10m,6,10m,7,10m) 4_| cs SR
100p
c22
R3 D3 Gate veeg2 [—> 5
AUX: v 2.2p S
47 1N4148 o R
vin SNl ove
: LPE = Line inductance PE
: LL = Line inductance L/ + EN B |—a
: LN = Line inductance N/-
: ADP1071-2
: LLK = Primary-side leakage inductance - Rid
: CDE = Drain to Earth (PE) capacitor " B,
: = Prii indi i i indi i c24
: CPS = Pr!mary to secondary wm!:hng capacitor (|nterwm|:!|ng ca_pacrtor) o ss2 _|H 26 28
: RPS = primary to secondary resistor (find the DC operating point) Agndl  Agnd2 in % 00p N
: V3 RPS
: Line inductance measured with LCR45 (Imm=1nH)

¢ K2 = V(1-L5C/LC) = V(1-0.48pH/0.8pH) = 0.6325
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Simulation/Test1-7/Flyback_EMI_Test1a.asc
Simulation/Test1-7/Flyback_EMI_Test1a.asc
Simulation/Test1-7/Flyback_EMI_Test1a.asc
Simulation/Test1-7/Flyback_EMI_Test1a.asc
Simulation/Test1-7/Flyback_EMI_Test1a.asc
Simulation/Test1-7/Flyback_EMI_Test1a.asc
Simulation/Test1-7/Flyback_EMI_Test1a.asc

Test#1 - Simulation
Simulation\Test1-7\Flyback EMI_Test1a.asc

Quality of the simulated parasitic oscillating circuit is not realistic!!

V(vds_t2)@1 V(vds_t2)@2
140V (vds_t2)@ (vds_t2)@

120V \\
100V i N
80V - ) ,/ n

60V A AL’A ALIA\_IA\_I\_I\J! o / i A AAAA . \\
4LOV V VT\‘ '\ / N W \
20V
ov

(C5)@1 (C5)@2

2.0A -

1.5A A-A-pA \ AN //
LA | \\ \/ /

1.0A V ImiRYRIRYAY, / A AAR

0.5A - | i N V LA\ yd

0.0A v -
-0.5A

-1.0A — —

-1.5R \(in_ac)@1 V(in_ac)@2
100mV F

60mV

20mV A

N N AN N \
-20mV MNNI v '_ w/

-60mV u

-100mV - )
0.0ps 0.5ps 1.0ps 1.5ps 2.0ps 2.5ps 3.0ps 3.5ps 4.0ps 4.5ps 5.0ps 5.5ps
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Simulation/Test1-7/Flyback_EMI_Test1a.asc
Simulation/Test1-7/Flyback_EMI_Test1a.asc
Simulation/Test1-7/Flyback_EMI_Test1a.asc
Simulation/Test1-7/Flyback_EMI_Test1a.asc
Simulation/Test1-7/Flyback_EMI_Test1a.asc
Simulation/Test1-7/Flyback_EMI_Test1a.asc
Simulation/Test1-7/Flyback_EMI_Test1a.asc

Test1b.asc

Test#1 - Simulation: Simulation\Test1-7\Flyback _EMI

Simulation settings

Jib usig.lib

Jib SMAL.lib

Jib SMC201.1ib

model SW SW(Ron=1m Roff=1Meg ¥t=0.5 Vh=-0.5)

Aran 0 1.0082m 1.0022Zm 10n

step param test list 3 4

.options abstol=0.001 trtol=2

.options numdgt=7

.options plotwinsize=0

.options noopiter gminsteps=0

save V(L_RF) V(gDM_KFﬁ(CM_IlF} V(N_RF)
Jic V(IN)=24

[icV(OUT)=4.95

~ Supply + LISN + Line

C€5: 100pF/35V -
870135675003

Stray inductance with more damping!

(1009 parallel resistor)
Rpar=100

11112131

u2 K2 LL LN 0.6225
SpH LL
L
== 1yF == 100nF
: *1M
: - § SR IWW
: Vi > c5
: o.8p PE L *x1M L
: - 50R IWuV 100p
== 1yF == 100nF
o 94
SpH hva
TISPR_25_DM_CH
Note
100
.param 18=table(test,2,1G,4,10m,5,10m,6,10m,7,10m)

! LPE = Line inductance PE

i LL = Line inductance L/ +

: LN = Line inductance N/-

: LLK = Primary-side leakage inductance

: CDE = Drain to Earth (PE) capacitor

: CPS = Primary to secondary winding capacitor (interwinding capacitor)
: RPS = primary to secondary resistor (find the DC operating point)

Line inductance measured with LCR45 (1mm=1nH)

¢ K2 = V(1-L5C/LC) = V(1-0.48pH/0.8pH) = 0.6325
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R15
50

Load
C7-C10: 100pF/6.3V-
875015119003

PULSE(0 1 0.2m 0.5m 0 1)

' swW
Jg?—m vz

]j:fx -

L Rload
R4 cpﬂ_\ :
|
T2 3.3 T1
IPP220N20N2 ||'- "'| 1proaznodi ¥
[=13
|4.7r|
1
b N
Ri1 RS RE
100k 1.5k, 33m
€17
IN_AC 4 s SR
100p
c22
vreg2 z
UL 2.2p S
vdd2
R
47
e ove - c18
4.7k__|10n
FB[—# T
R
ADP1071-2
R14 '1.47k
Comp 1.5k real
33k
c24
552 _|H C26 c28



Simulation/Test1-7/Flyback_EMI_Test1b.asc
Simulation/Test1-7/Flyback_EMI_Test1b.asc
Simulation/Test1-7/Flyback_EMI_Test1b.asc
Simulation/Test1-7/Flyback_EMI_Test1b.asc
Simulation/Test1-7/Flyback_EMI_Test1b.asc
Simulation/Test1-7/Flyback_EMI_Test1b.asc
Simulation/Test1-7/Flyback_EMI_Test1b.asc

Test#1 - Simulation

Simulation\Test1-7\Flyback EMI_ Test1b.asc Now the simulated waveforms are nearly exact.

V(vds_t2)@1 Vivds_t2)@2
140V (vds_t2)@ — (vds_t2)@

120V \
100V A N
80V y N\
/
60V / AN
/ AL \
4OV \

20V

ov
2.0A @1 I(C5)@2

1.5A \\ /
108 N\ e /
0.5A N\ yd
0.0A -
-0.5A
-1.0A
-1.5A
100mV

—_—k
L

\(in_ac)@1 V(in_ac)@2

60mV

A
20mV - - F F

-20mV
v

-60mV

-100mV T
0.0ps 0.5ps 1.0ps 1.5¢s 2.0ps 2.5ps 3.0ps 3.5ps 4.0ps 4.5ps 5.0ps 5.5ps
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Simulation/Test1-7/Flyback_EMI_Test1b.asc
Simulation/Test1-7/Flyback_EMI_Test1b.asc
Simulation/Test1-7/Flyback_EMI_Test1b.asc
Simulation/Test1-7/Flyback_EMI_Test1b.asc
Simulation/Test1-7/Flyback_EMI_Test1b.asc
Simulation/Test1-7/Flyback_EMI_Test1b.asc
Simulation/Test1-7/Flyback_EMI_Test1b.asc

Test#2: Schematic

VIN 19-30V NI

VOUT 5V/5A

Lestpoint red
Clip JRI X2
bi 36900000 _ 740119550 VOUT X4 =
[ J— EA 3 ) 9 a 5A s
Lz > ] 2 i
" 16 XX D2 o 3 I
MBRS360B 2x2 RI g 7OV Unidir SMA %2 1 'g S
o . 47R 824500701 1 =
RO z
COVUNS, £ I 5 761020132004 1 +] o7 4l cs oo +l cuo Looo s *
- c4 _ : Lok - e T TI0WFSV3 _100uF/6V3 I0ouFievs  _ _loouFievi o
S0V 5 S0V 5015 3 75015 3 75015 3 175015 3 o )
§§3tn\‘m‘ Bidir SMC | sl 133673003 10nF/200 13 057 o 2%1,5(171 AN ) graoiiines f{:%‘é.}gfﬂ) & ;‘?‘Ji\lf?gg’:) 5y Unidir svc
824551301 12 A=Y y ) " 885342207005 47R C0805 ; PN p(7.3%4.3) (77X (7. 3xd 824550500 2 vl
e A p 0805 2mH/10A NC
: XX mH 10A NG
$3501220000W 744822222 1 Testpoint black 7448031002
Cl1210 <5 B D4 Xx4
. 17 P 1 I D3 2
v T
o N Testpoint black usiD TIA148 . |ZaN| o o
MP2 19 GND Py X6 12
th 1 SIL-2 o O wilas o I Testpoint black
_ - [ Testpoint yellow _| —
Clip R4
36900000 RI6 | x 3R3 X RIT
~a C1s I IPP320N20N3 G 00030332011 I ]
7250V — R
S~ §853522140011 [PPO42NO3L G o
IS 2220 Testpoint black Cl6
~ 222 TR2
x22 ™ AnTE/ 100V
749252100 §85012207120 PE
CO805
Input capacitor current """
T
100pF/50V
885012007057 0Ro033 i
CO803 RIS I
I AGND GND 1 |
11 2 I
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Test#2: Board configuration

. 5 o : > I n operatio r'|r
- Jumper -Depat T 2 FnEUUENr_\ -
3 a SO0k Hz

: VIN L (L :. K/ ¢
: 15U-30V S GND %%

vouT
Bl
B

]

@@ @®

el
c E Snubber Lo oo
. fa3] USH & 4= .
01 -—-O -..‘.E'l”

H-3 - DZECL

SIS TEL HNICAL FLYBACK EMI

600 005
‘ DEHDN‘ TRATION BOARD V20221
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Test#2: FFT of input capacitor current

Y
o

I in(300kHZ)| ~ 0,944
k=1

o o
[00] (o]
——

RMS Current (A)
o o o
Ul [e)] ~

o
~

| in(900kHz)| =~ 0,264
k=3

o
w

0,2

0.1

00 —
100 kHz 1 MHz 10 MHz

Frequency
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Test#2 - Simulation
Simulation\Test1-7\Flyback EMI_Test2.asc

I(C5)

1 |Ic,in(300kHz)| ~ 0,964

0.9A
\ |/ k=1
0.8A

0.7A

1.0A

0.6A

0.5A

0.4A

0.3A /

0.2A _—

e K | N TN Ll

100KHz 1MHz 10MHz

\ |I¢in(900kHzZ)| ~ 0,284
k=3
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Simulation/Test1-7/Flyback_EMI_Test2.asc
Simulation/Test1-7/Flyback_EMI_Test2.asc
Simulation/Test1-7/Flyback_EMI_Test2.asc
Simulation/Test1-7/Flyback_EMI_Test2.asc
Simulation/Test1-7/Flyback_EMI_Test2.asc
Simulation/Test1-7/Flyback_EMI_Test2.asc
Simulation/Test1-7/Flyback_EMI_Test2.asc

Test#2: Background - EMI
REDEXPERT: Impedance

= Noise is generated by the voltage drop across the impedance of the input capacitor caused by the capacitor current
= [mpedance of the input capacitor:

Impedance / Frequency

1kQ k = 1:
870135675003 N i
100 0 WCAP-PTHT |U¢ in(300kHZ)| = |Z¢ 1n(300kHZ)| - | I i (300kHZ)|
100pF 35V Z@900kHz =9,42mQ - 0,944 ~ 8,85mV

10 Q1

8,85mVl/
1uv

e | mam]
Z@300kHz

8,85mV £ 20 - log( ) ~ 79dBuV

101

Impedance

k = 3:

100 m&Y

|Uc in(900kHZ)| = |Z¢,in(900kHZ)| - |I; 1 (900kHZ)|

- / =33,8mQ - 0,264 ~ 8,79mV
® . 8,79mV _
' ma REDEXPERT 8,79mV 2 20 10g< ) < 79dBwY

100 Hz 1 kHz 10 kHz 100 kHz 1 MHz 10 MHz 100 MHz
Frequency
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Test#2-3: Background - EMI

Theory: Conducted emissions measurement - Symmetrical LISN

|
e —O _ _ Uginac
U,rr = UNRrF = >

s

l eult) : —O
L 11, ~
N T
Co=C5 20 - log (—) ~ —6dB
in I_ 2
.................. <
' k=1:
J |U, rr(300kH2)| = |U¢ 1n(300kHz)| — 6dB

= 79dBuV — 6dB = 73dBuV

k = 3:
|U,, rr(900kH2)| = |U¢ 1n(900kHz)| — 6dB
= 79dBuV — 6dB = 73dBpV

— Noise Current Noise Voltage

FLYBACK EMI LTSPICE
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Test#3-7: Conducted emissions - Precompliance

Test setup

[ [ & OMDEASCMWARZ  RTA4004 - Digital Oscilloscope - § GSwa + 10-bit ADC

(

ojenuues)

i
WURTH
[ ¥4 EfxTRO
HORE THAN
YOUEXPECT

Oual AN 150kHs - 200MHs
Swh [ 300

FLYBACK EMI LTSPICE
PUBLIC | STEFFEN SCHULZE



Test#3: Schematic

PE

—[]

——pvouT
A
MPL
E 1
VIN 19'3 OV PE VOUT 5V/5A Lestpoint red
Clip JRI X2
b 36000000 _ 749119550 VOUT
p EA 3 ] a 5A
= o J6 XX1 D2 X3
MBRS360BT x2 RL 7 79VEC Unidie SMA 2x2
15 47R 824500701 NI H
d ol s N 561020132004 | +] +] cs +| o +| cuo Lo
§§DG - ; []?Uk cll __(wﬁolzr S0V __slxg?gll::ﬁl\léﬂ‘oo" __;923}1-:1\1300‘ é:gﬁj\moo __;2?31()1\19’00 'ng
SOVDC Bidir SMC L0nF200V k3 885012007057 HLChip(73x43) | H-Chip(7.3x43) | HChip(73x43) | H-Chip(7.354.3) ‘T onioe Umdir SMC
824551301 12 885342207005 47R C0805 824550500 2~
e © : C0805 : 2mH/10A NC
4uTF/S0V XX ) 7443031002
883012209048 2% Testpoint black 8 l $x4 :
1210 7 o X5 1 5 Ulﬂ‘/‘ D3 l 2x2
d T
7N Testpoint black UsiD TIA148 I . o i
ND2
MP2 19 GND X7 ) X6 nz
PE SIL-2 o VBIAS  GND 1 | 11 Testpoint black
_ - |_ Testpoint yellow _| -
Clip | l
36900000 x F
3 RI6 o R17
Cls ] ||:l IPP320N20N3 G : 00030332011 lj 1
ITEASOV ! e
;gZF’?ZOl‘elO(H 1 o I [PPO4NOIL G o
C2\220 Testpoint black C16
X22 '7"3(31_’ | 4nTF/ 100V b
749252100 I 885012207120
PE GND — l CO805
| b ] GRD2
1 €29 |
- GND <]‘—||
Tesipomi vellow I $853522140011 1 110
1 2220 STL-3
2—|(‘;NT)3
sl | I
17 “\:|_* | .
100pF/SOV - IR6
883012007057 oR033 1
CO803 RIS I
W AGND GND I |
11 2 I

FLYBACK EMI LTSPICE
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Test#3: Board configuration

Jumper -Depot

> VIN
. 18U-30V

ELEKTRONIK
MORE THAN
YOU EXPECT
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PS-Cap *
SHITCHING
FREQUENCY
300kHz

: c29

SICIN = -
. M 11 Snubber G o5
saal] o DE‘ USH ee” s

e
R1
A

TR1

J TECHNICAL

DEMONSTRATION BOARD

600 005

V2022.1

FLYBACK EMI




Test#3: Total conducted emissions - Line

110

100 86dBuV >73dBuV(@900kHz ??
90 80dBpV > 73dBpV(@300kHz??
80
s /0 —Test3
% 60 ﬂ A o™ ﬁA\ ’ i —Test4
;.; - ) ,/J\NJ WA ! l Test5
2 40 i ) z_L'_)OCIB@’H)'V'HZ Test6
30 ——Test?7
20 ——55032QP Class B
10 ——55032AV Class B
0
-10
100 kHz 1 MHz 10 MHz 30 MHz
Frequency
Name Description

Test#3 Reference (no improvement)
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Conducted EMI Simulation with LTspice
FFT Analysis

= The FFT (Fast Fourier Transform) is a method of calculating harmonics using a special algorithm.
= |t requires that the number of samples N to be analyzed is a power of 2 (N = 2%).

= When you perform a FFT, you're just taking a snapshot of the signal.
» The snapshot (duration T) should contain complete periods of all your frequencies (signal).

= The FFT simulation uses a sliding time window (FFT window) to make the periodicity of the signal coincide with the

time frame (duration T).
= Buta well chosen time frame which contains full periods of the signal is much better.
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Conducted EMI Simulation with LTspice
FFT Analysis

= N=number of points E,, = 30MHz (CISPR 32, EN 55032)
= At= Resolution in the time domain " Atgpax < 1/F=1/(2.56 - F,) =1/(2.56 -
= F,=sampling frequency= 1/At 30MHz) =~ 13ns > Selected: 10ns
» T=Total sampling time= N - At = N/F; B34 = 9kHz (CISPR band B)
= Af=frequency resolution=1/T = F,/N Window = Blackman (highest amplitude accuracy)
* B,4p= 3dBresolution bandwidth=k - F,/N = k/T T =k/Bsgg = 1.74/9kHz = 193.33pus
= k= Window coefficient (Blackman: 1.74; Hamming: Number of periods:n =T - f;,y, = 58 = Perfect!
1.64; Flattop: 3.73; Rectangle: 0.99)
= F,=Maximum frequency < F;/2.56
= Atleast F,/2 (Shannon theorem) and E,/2.56 for
N = 2%
= fow= Switching frequency of the converter
" Tsw=Switching period= 1/f.
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Conducted EMI Simulation with LTspice

Simulation Command

E‘I Edit Simulation Command

Transient  AC Analysis DC sweep

Perform a non-inear, time-domain simulation.

Start external DC supply voltages at OV:
Stop simulating if steady state is detected:

Don't reset T=0 when steady state is detected:

Skip initial operating paint solution:

Syntax: .tran <Tprint> <Tstop> [<Tstart= [<Tmaxstep:>]] [<option> [<option=] ...]

>

Moise DC Transfer DCoppnt Transient Frequency Response

stoptime: | [L193333m | S tstop = tss + T

Time to start saving data: l im | > tss
Maximum Timestep: I 10n I > Atmax

Step the load current source:

OO OO0

Jran 0 1.193333m 1m 10n

Cancel
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V(OouT,com)

5.5V

5.0V

4.5V

4.0V

3.5V

3.0V

Uyt Settled

2.5V

2.0V

1.5V

1.0V —

0.5V

0.0v

0.0ms

0.2ms

0.4ms

0.ems

0.8ms




Conducted EMI Simulation with LTspice
View = FFT (FFT directive)

[‘,‘7 Select Waveforms to include in FFT X u S|gna| to ana|\/2e

conespendta e tinsdamai, FNS anpltucde. = By default, LTspice scales the voltage in dBV
CtGckiotoade Cance = \/(I_rf) is already divided by 1V - resultin dBpV

= Number of points in the time domain
= Greater than 100000 (required minimum)
= Power of two (here: 278)
= |n principle, the standard value is ok

Mumber of data point samples in time: 262144 = -

Quacrstc nterpolate uncompressed data 7] = Time section already defined by the simulation call (.tran O
Time range to include
Start Time: 0s (®) Use Extent of Simulation Data 1 -93333m 1 m 1 On)
() Use cument zoom Extent
—_—

Binomial Smoothing done before FFT and windowing

Mumber of Points: 3 H—]

Windowing (Periodic and nommalized to unit area)

End Time: | 193.33259s () Specify a time range
= Smoothing of data values before FFT and windowing
= Recommendation: 3 or 5 points

Windowing Function: | Blackman ~ |\

2 = Window function
Preview Widow = Blackman for the highest amplitude accuracy

NOTE: The DC componert is removed before windowing.

Reset to Default Values
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Conducted EMI Simulation with LTspice

Limit lines in LTspice using the plot file: Limit_lines_calculator\LTspice_limit_lines_calculator EN55032AV.xIsx

Include limit lines in the output graphic
Editing the plot settings file (*.plt) with a text editor
Generate the line definition using the Excel file LTspice_limit_lines_calculator_EN55032AV.xIsx

Definition of support points

Information:
= “dB" = vertical scaling

Cells to copy

= 8 =8th colorin the color palette that starts with (default).

= 0O =line style (solid)

Text can be freely placed in the diagram
Reload definition: Space

60 |
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Ei Save Plot Settings
u
[ Open Plot Settings File

ine Start End AmMrt Amm Line def for LTSPICE
r— — L P
1| 150000/ 500000 56 46)0 Line:"dB"80 |(150000,630.957344480193) (500000,199.526231496888)
2| 500000 5000000 46 460 Line:"dB"80 |(500000,199.526231496888) (5000000,199.526231496888)
3| 5000000| 5000000 46 50§ Line:"dB"80 |(5000000,199.526231496888) (5000000,316.227766016838)
415000000 3F+07 50 50 Lirﬁ' "dB" 8 0 (5000000,316.227766016838) (30000000.316.227766016838) mj Flyback EMI_Test3a_FFT.plt - Editor - a

Datei Bearbeiten Format Ansicht Hilfe
|[FFT of time domain data]
{
Mpanes: 1
{
traces: 1 {524298,8,"V(1_rf)"}
X: ('M",0,100000,2.99e+86,3e+87)

Reload Plot Settings Space

Y[el: (* ',0,08.316227766016838,10,316227.766816838)
Y[1]: ('K",0,-10000,10000,100000)
Log: 1 2 8
GridStyle: 1
PltMag: 1
Line: "dB" 11 8  (1568888,1995.26231496888) (500000,630.957344480193)
Line: "dB" 11 @  (500000,630.957344480193) (5600000,630.957344480193)
Line: "dB" 11 @ (560008080,630.957344486193) (50600000,16000)
Line: "dB" 11 @ _ (5000600, 1008) (30060008,1000)
Line: "dB" 8 @ (156000,630.957344480193) (500880,199.526231496888)
Line: "dB" 8 @ (5P0000,199.526231496888) (5000000,199.526231496888)
Line: "dB" 8 @ (5000000,199.526231496888) (5000000,316.227766816838)
Line: "dB" 8 @ (5800000, 316.227766016838) (30000000,316.227766016838
TERC: OB 11 (100222.591350739, 2891 . 55002900100, 1000320F Class-B
Text: "dB" 8 (150222.591356739,798.643462856397) ;55832AV (lass-B
¥
¥

Zeile 1, Spalte 1 100% Unix (LF) UTF-16 LE



Limit_lines_calculator/LTspice_limit_lines_calculator_EN55032AV.xlsx
Limit_lines_calculator/LTspice_limit_lines_calculator_EN55032AV.xlsx
Limit_lines_calculator/LTspice_limit_lines_calculator_EN55032AV.xlsx

Conducted EMI Simulation with LTspice
Tips and Tricks

= Tricks to speed up simulation and increase accuracy:
1. Reduce the startup time of the switching converter
= Reduce the size of the soft start capacitor
= The ADP1071-2 device has two soft start mechanisms.

* |nthe simulation, the capacitor C24 is reduced from a real 1pF to 1nF.

= The pull-down resistor R11 on the FET gate, which controls the open
loop soft start, is increased from 10kQ to 100kQ .

2. Delay switching on the load (here: 0.2ms)
= Switch model with smooth transition between on and off
.model SW SW(Ron=1m Roff=1Meg Vt=0.5 Vh=-0.5)

3. Setinitial conditions:
= \/oltage across input capacitor C5: .ic V(IN)=24
= Qutput voltage: .ic V(OUT)=4.95
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c24
552
im

PULSE(O 1 0.2m 0.5m 0 1)

5w
V2

51

Rload

ic V(OUT)=4.95



Conducted EMI Simulation with LTspice
Tips and Tricks

4. Increase SPICE tolerance:
= Transient Error Tolerance ( .options trtol=7)
= Default: 1
= Most commercial SPICE programs: 7
= Value smaller = Fewer artifacts, but slow
= \/alue larger - Faster, but with artifacts

= Absolute Current Tolerance ( .options abstol=0.01)
» Defines the smallest current amplitude in a simulation run
= Currents smaller than this value are ignored when checking convergence
= 10mA is still okay for EMI simulations, as the noise level increases slightly, but the simulation speed
increases significantly
= For switching regulator simulations in the time domain, a value of 1nA should be used
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Conducted EMI Simulation with LTspice
Tips and Tricks

5. Increase the precision of number representation ( .options numdgt=7)
= Double precision arithmetic

6. Turn off lossy data compression ( .options plotwinsize=0 )

7. Save only the signals that are interesting ( .save V(L_RF) V(DM _RF) V(CM_RF) V(N_RF))
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Test#3a: Simulation- Total conducted emissions - Line
Simulation\Test1-7\Flyback EMI_ Test3a_ FFT.asc

110dB va_rf)
100dB

90dB

80dB - =72dBpV@300kHz?  =70dBpV@900kHz?

70dB —55032QP Ciass-B K' ) (- .
60dB \\n ™ I

55032A\ICIas<B |

50dB E— —

40dB ,I

30dB MI\ | i

20dB —\[V\,WVV 'V |v ] ; .ll” I | ||
10dB \ | H | 1B I Rl I ||

0dB I
-10dB

100KHz 1MHz 10MHz
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Simulation/Test1-7/Flyback_EMI_Test3a_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test3a_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test3a_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test3a_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test3a_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test3a_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test3a_FFT.asc

Test#3: Background - Noise categories

Theory: Noise categories

— DC > DC
Vsupp - > DC Vsupp > DC

Differential Mode Common Mode
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Test#3: Background - Noise categories

Theory: Noise categories

= Differential mode currents
= Current path as in circuit diagram
= Easy to follow paths
= Return current path very close
= Relatively large currents

= Filters with LC, T, T topologies
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Common mode currents

Current path unexpected
Current via parasitic paths
Return current path very large
Relatively small currents (pA)

Filtering with CMC and Y-Caps



Test#3: Background - Noise categories
Theory: DM and CM noise paths in a flyback converter

I ll - + S
' LRF = Ycm T3 Upm
' 500 Iusw(t) .. . | O
| :
<>' I||_ " Cpg == C,=C14 UN,RF = Ucm — = Upm
' 500 c-cs O—1 PRl T >
—teeed beeo-
Lt o IR
I DE

I —— —

' LISN —p

-----J

/%7 PE-Frame _I_ PE = Reference Ground

Upm = ULrr — UNRF

— DM Current ULRrr + UnRF
— UM =

—p (M Current - 2

FLYBACK EMI LTSPICE
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Test#3: Conducted emissions - Common mode

110

100 86dBpV@900kHz
90 76dBpV@300kHz O
|
% | il
5;. " ﬂ ! ——Test3 CM
g 60 WIFNY A — Test4 CM
= o o
5 S P N R | T ——Test5 CM
= 140 :50dB@1OMHZ Test6 CM
30 ——Test7 CM
20 —55032QP Class B
10 ——55032AV Class B
0
-10
100 kHz 1 MHz 10 MHz 30 MHz
Frequency
DC Name Description
Vsupp ) DC Test#3 Reference (no improvement)

N

Common Mode
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Test#3b - Simulation: Simulation\Test1-7\Flyback_EMI_Test3b_FFT.asc

A

Simulation settings

lib us1g.lib

Jlib SMALIib

Jlib SMC201.lib

model SW SW(Ron=1m Roff=1Meg Vi=0.5 Vh=-0.5)

tran 0 1.133333m 1m 10n
m tast=3

.options abstol

‘options numdgt
‘options plotwinsize=0
.options noopiter gminsteps:
28 V(DM RF) V{CM RE)
i V(IN)=24

Filter

CMC: 2.2mH/ 2A - 744822222
€2, C15: 4.7nF/250VAC X7R 2220 -
8853522140011

C12: 4.7pF/50V X7R 1210 - @
885012209048

Common-Mode Noise Model!

c1 J1

0.0047p {J1}
CTDVOUT1

<DUT >
26p €1, C19: 4.7nF/ 250VAC X7R 2220 -
CTVINVOUTL 8853522140011

details later

c2
D6: TVSP 30V/3kW DO-214AB -
0.0047p =
Supply + LISN + Line e . Load
C5: 100pF/ 35V - C7-C10: 100pF/6.3V-
uz K2 LL LN 0.6325 870135675003 Rpar-100 875015119003
SpH LL J6 LLK Ki ouT PULSE(D 1 0.2m 0.5m 0 1)
TR .
L L 0.8y o6} Jl:r]u
T oMe
LR 35 1 4 p
—-— D6 15> ]
LPE R DM _RF LM__‘J
x 2 [ |2 cs g
Ofp PE smc3oi1zocAa |C12 T crﬂ:
= § 744822222_2.2m 1o00p T2 o 1T
2.680 IPP220N20NZ |"‘= | 1ppoaznodi®
N_RF cie
. t
H N 0.8p 7%
CISPR_25_DM_CM
Ci5
Note 0.0047p ==
1. Run simulation

i 2. view FFT
¢ 3. Select V(cm_rf), V(dm_rf) and V(I_rf) by holding the ctrl-key - OK
: 4. Plot Settings - Reload Plot Settings

I LPE = Line inductance PE

: LL = Line inductance L/ +

I LN = Line inductance Nf-

: LLK = Primary-side leakage inductance

: CDE = Drain to Earth (PE) capacitor

: CPS = Primary to secondary winding capacitor (interwinding capacitor)
: RPS = primary to secondary resistor (find the DC operating point)

Line inductance measured with LCR45 (1mm=1nH)
{ K2 = V(1-1SC/LC) = V(1-0.48pH/ 0.8pH) = 0.6325

FLYBACK EMI LTSPICE

PUBLIC | STEFFEN SCHULZE

.param J8=table(test,3,16,4,10m,5,10m,6,10m,7,10m) @
o

ble(test,3,16,4,16,5,10m,6,10m,7,10m)

ble(
ble(
ble(
ble(

.param J5=table(

table(test,3,16,4,16,5,10m,6,10m,7,10m)

test,3,16,4,16,5,16,6,10m,7,10m)
test,3,16,4,16,5,16,6,10m,7,10m)
‘test,3,10m,4,10m,5,10m,6,16,7,1G)
‘test,3,10m,4,10m,5,10m,6,16,7,1G)
‘test,3,16,4,16,5,16,6,16,7,10m)

ADP1071-2
Comp

PULSE(0 5 0 10n 10n {0.571/200k} {1/200k3})

10Meg
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Test#3b: Simulation - Conducted emissions - Common mode
Simulation\Test1-7\Flyback EMI_Test3b_FFT.asc

110dB V(cm_rf)
100dB I,
85dBuV(@900kHz
2048 7 77dBpV@300kHz ,-)
80dB ( )\ y i
70dB 55032qp Class-8.
60dB — -:5555y Class 8 — —
50dB B— | | g ( ”
40dB | :55d8@1 OMHZ
30dB (A\r\ I//\i\ A (I\W LA l || o ol
20dB | r I
V | : n !
R AL
0dB
-10dB
100KHz 1MHz 10MHz
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Test#3: Conducted emissions - Differential mode

110

100
90
- =69dBpV(@300kHz =71dBpV(@900kHz
70 O T — Test3DM
Eg 60 ! . l | ' | ’ I' AR ’ ||||““ i & — Test4 DM
2 50 o L L LA ARV m N Testsom
E" 40 ,/Wv W Al Test6 DM
30 W M J-/J\ ——Test7 DM
20 —55032QP Class B
10 ——55032AV Class B
0
-10
100 kHz 1 MHz 10 MHz 30 MHz

Frequency

DC Name Description

4>
v supp < > DC Test#3 Reference (no improvement)

Differential Mode
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Test#3b: Simulation - Conducted emissions - Differential mode

Simulation\Test1-7\Flyback EMI_Test3b_FFT.asc

73 |

110dB

100dB

90dB

80dB

70dB

60dB

50dB

40dB

30dB

20dB

10dB

odB

-10dB

V(dm_rf)

- ~7

2dBpV(@300kHz

u

70dBpV(@900kHz

55032QP Class-B
\

_g—

—
\

55032AV Class-B
\

M

vl
&

I

100KHz
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1MHz

10MHz
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Test#4: Schematic

-2 pvouT
1 MPL
VIN 19-30V PE 5 VOUT 5V/5A
) X1 TRL X2 .
DI 36900000 _ Q© Testpointred  VIN J49119550 \'(RJT X4 =
[ N7 3 A 3 =
MBRS3G0BT r-l 6 XXl D2 ! xX3 2 -g 2
0 2x2 Rl q 70VDC Unidir SMA 2%2 T
Is 47R 824500701 N 1 =
1 =
I 4] N 561020132004 | i o 4] cs o oo o o I, Al e
6 - C4 _ 10k cn — 6 T I00uF/6VE  ___100uF/6V3 100uF/6V3  ___100uF/6V3 e
L00pE/S0V R L00pF/50V 75015 3 375015 3 75015 3 75015 3 Sy [ G
EE-‘"VDC Bidir SMC S50 2007057 10aF/200V 3 §85012007057 Tem H(17l o 3) lél’—;%::?m?g?l‘:) lﬁlf.:‘[{ql‘\# ! 3) ?Ic\?d\(l“l 2222) Bsvoc v swic
824551301 12 885342207005 47R C0805 PN PR (77X P 2xS 824550500 2 vl
ey C0805 : 2mH/10A NC
4uTF/50V XX 2t 10A N
885012200048 2x Testpoint black = | x4 48031002
C1210 X x5 ’ D4 . :
17 2 1 2 11 D3 l 2x2
d T
o Testpoint black USID L4148 1 Ry s .
ND2
MP2 19 GND Py ) X6 12
bE o VBIAS  GND | | 11 Testpoint black
| - |_ Testpoint yellow I _| |
Clip R4
36900000 RI6 | x I 3?030;01“011 x| R17
Cls | IPP320N20N3 G I 0eas | ]
4nTF/250V
§853522140011 o ] [PPO4INOSL G "
2270 Testpoint black C16
o x22 TR2 | AnTF/ 100V
749252100 | 885012207120 PE
PE GND — l CO805
| N ] GRD2
1 €29 |
GND<]——|
Tesipomi vellow I o -
: | 8853522140011 110
2220
| ERTTR,
) ] ———]GND2
1 m
[ e | o
100pF/SOV - 6
883012007057 0r033 1
CO803 RIS I
I AGND GND I |
11 2 I
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Test#4: Board configuration

> VIN
2 18U-30V
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Jumper -Depot

WURTH

ELEKTRONIK

MORE THAN
YOU EXPECT

Neue mntch in aperatmn'
™ |;|| T..-all &

P*:—c,ap ® foos 10kHz | = TkHz

SHITCHING
FREGUENCY
300k Hz

TECHNICAL

DEMONSTRATION BOARD

FLYBACK EMI

600 005

V2022.1




Test#4: Quiz

= \Which type of noise (CM/DM) is influenced by the EMC
improvement according to Test#4 (activating RCD snubber)?

= A: Differential-mode noise
= B: Common-mode noise
= C: Both
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Test#4: Total conducted emissions - Line
110 Up to 8dB reduction around 10MHz

100
90
80
70 —Test3
60 I v ——Test4

50 I ——Testb5

Level (dBpV)

40 Testé
30 ——Test7
20 ——55032QP Class B
10 ——55032AV Class B

0

-10
100 kHz 1 MHz 10 MHz 30 MHz

Frequency

—

Vsupp ) ) DC Test#3 Reference (no improvement)
Test#4 Test#3 + RCD-snubber

Combined
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Test#4: Conducted emissions - Common mode

110 Up to 8dB CM noise reduction around 10MHz
100
90
80
s /0 ’1 —Test3 (M
S 60 [ — Tests CM
E 50 N I ——Test5CM
= 40 Al Test6 CM
30 ——Test7 CM
20 ——55032QP Class B
10 ——55032AV Class B
0
-10
100 kHz 1 MHz 10 MHz 30 MHz
Frequency
— T
Vsupp ) DC Test#3 Reference (no improvement)
Testi4 Test#3 + RCD-snubber

N

Common Mode
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Test#4: Conducted emissions - Insertion loss CM

80

70

60

50

40

30

Insertion Loss CM (dB)

20

Up to 8dB CM noise reduction around 10MHz

10

0

-10
100 kHz 1 MHz 10 MHz 30 MHz
Frequency

supp DC + RCD-snubber

L L

Common Mode
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Test#4: Simulation configuration

Simulation settings Filter

Jib us1g.lib
Jib SMALlib

CMC: 2.2mH/ 2A - 744822222

8853522140011
ptions noopiter gminsteps=0

‘save V(DM_RF) V(CM_RF)
Lic V(IN)=24

C12: 4.7pF/50V X7R 1210 -
885012209048

D6: TVSP 30V/3kwW DO-214AB -
824551301

€2, C15: 4.7nF/250VAC X7R 2220 -

Common-Mode Noise Model!

c1 J1

0.0047p {J1}

3

c2
0.0047p 3

C5: 100pF/35V -

Flyback-Converter

LLK,11,12,13: 749119550

>

€1, C19: 4.7nF/250VAC X7R 2220 -
8853522140011

Load

C7-C10: 100pF/6.3V-

u2 K2 LL LN 0.6325 870135675003 875015119003
SpH LL PULSE(D 1 0.2m 0.5m 0 1)
: SN .
: L L W
== juF - O JPT]I] Y2
: REY
; Il:fx
: 35 ]
: LPE pvr—— D6 {353
Q" @y s 2| s -
24 o8k PE O RF smcaoiz0cA €12 L, crﬂ:
H Rser=1 -
a ""l 1opoaznodi®®t
= juF N_RF o
s -
" Syt W oS

CISPR_25_DM_CM

Note

: 1. Run simulation

i 2. view FFT

3. Select V(cm_rf), V(dm_rf) and V(I_rf) by holding the ctri-key - OK
: 4. Plot Settings - Reload Plot Settings

ble(
ble(
ble(

I LPE = Line inductance PE
: LL = Line inductance L/ +
I LN = Line inductance Nf-
: LLK = Primary-side leakage inductance

: CDE = Drain to Earth (PE) capacitor
: CPS = Primary to secondary winding capacitor (interwinding capacitor)
RPS = primary to secondary resistor (find the DC operating point)

Line inductance measured with LCR45 (1mm=1nH)
{ K2 = V(1-1SC/LC) = V(1-0.48pH/ 0.8pH) = 0.6325

FLYBACK EMI LTSPICE
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ble(test,3,16,4,16,5,10m,6,10m,7,10m)
table(test,3,16,4,16,5,10m,6,10m,7,10m)
test,3,16,4,16,5,16,6,10m,7,10m)
test,3,16,4,16,5,16,6,10m,7,10m)
‘test,3,10m,4,10m,5,10m,6,16,7,1G)
(test,3,10m,4,10m,5,10m,6,16,7,16)
test,3,16,4,16,5,16,6,16,7,10m

R13
a2k

V3
PULSE(0 5 0 10n 10n {0.571/200k} {1/200k3}) @r

ADP1071-2
Rt Comp
Sync s52
Agndl  Agnd2
RPS
10Meg




Test#4b: Simulation - Conducted emissions - Common mode
Simulation\Test1-7\Flyback EMI_ Test3-4b FFT.asc

Up to 8dB CM noise reduction around 10MHz

110dB V(cm_rf)@1 V(cm_rf)@2

100dB ||"|I |,

90dB

80dB

70dB

55032QP C|as<3
60dB i

55032AV Class-B —

\
50dB —

40dB

30d8 <~ [\ A

20dB

10dB

I

odB

-10dB
100KHz 1MHz 10MHz
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Test#4: Conducted emissions - Differential mode

110
100 : :
o Up to 5dB DM noise reduction around 10MHz
80
70 | —Test3DM
3« | 1] | |
2 . | N 'WT””””W i i ——Test4 DM
%>: >0 T q" I\ 1o l, LA ‘.‘l‘lll - " ——Test5 DM
3 40 MWR M Test6 DM
30 W ——Test7 DM
20 —55032QP Class B
10 ——55032AV Class B
0
-10
100 kHz 1 MHz 10 MHz 30 MHz

Frequency

—— |
v supp DC Test#3 Reference (no improvement)

Testi#s4 Test#3 + RCD-snubber

Differential Mode
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Test#4: Conducted emissions - Insertion loss DM

80

70

60

50

40

30

Insertion Loss DM (dB)

20 Up to 5dB DM noise reduction around 10MHz

10

0

-10
100 kHz 1 MHz 10 MHz 30 MHz
Frequency

3 DC Description
v supp < ) DC + RCD-snubber

Differential Mode
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Test#4b: Simulation - Conducted emissions - Differential mode
Simulation\Test1-7\Flyback EMI_ Test3-4b FFT.asc

110dB V(dm_rf)@1 V(dm_rf)@2

100dB

90dB Up to 5dB DM noise reduction around 10MHz
80dB N

70dB

55032QP Class-B

\ n
60dB —
55032AV Class-B |

\
50dB —

40dB

30dB

20dB -

10dB - !
|

odB

' |
-10dB
100KHz 1MHz 10MHz
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Test#4: Quiz

Answer

= \Which type of noise (CM/DM) is influenced by the EMC
improvement according to Test#4 (activating RCD snubber)?

= A: Differential-mode noise
= B: Common-mode noise
= C: Both
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Test#4: Background - Switch node voltage

Common Mode

140

120 switch node ringing f=10MHz
100
80

60

Voltage (V)

usw

40 —— USW RCD-Snubber

20

0
-20

-3,0 -2,5 -2,0 -1,5 -1,0 -0,5 0,0 0,5 1,0 1,5 2,0 2,5 3,0
Time (ps)

= The voltage change at the switch node is the cause of the CM noise
= The 10MHz switch node ringing is damped by the snubber
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Test#4: Background - Input capacitor current
Differential Mode

2,0

current ringing f=10MHz

1,5
1,0

0,5

Current ()

0,0 ICIN

——ICIN RCD-Snubber
-0,5

-1,0

-1,5
-3,0 -2,5 -2,0 -1,5 -1,0 -0,5 0,0 0,5 1,0 1,5 2,0 2,5 3,0
Time (ps)

= The input capacitor current waveform causes a voltage drop across the impedance of the input capacitor
= The 10MHz current ringing is damped by the snubber
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Test#4: Background - Input capacitor voltage ripple

Differential Mode

100

80

60

40

20

0

Voltage (mV)

-20

-40

-60

-80

-100

e

-3,0 -2,5 -2,0

-0,5

input capacitor v

) 1,5
Time (ps)

bltage ringing f~10MHz

M UCIN

—— UCIN RCD-Snubber

2,0 2,5 3,0

- So the input capacitor voltage ripple ringing generated by the current waveform is damped too
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Test#5: Schematic

1

>VOUT

InTF 250V
§853 8853522140011
L TE s
Eﬂ . [:] 22
VIN 1 9'3 OV PE 13 VOUT 5 V/SA Lestpoint red
Clip X1 TR1 X2 !
bi 36900000 _ © Testpointred  VIN VOuT X4 =
p EA L 3 a 5A s
AT 5 3 2 o
- N 16 XX1 D2 XX3 2 o
MBRS360BT 'l 2x2 Rl 7 7OVDC Usidir SMA 22 1 -g g
15 47R 824500701 pel =
S6102013 3 e
¢ cY o] s N 561020132004 | i o 4] cs o oo o o I, ol e
6 - C4 _ Lok - — T I00uF/6VE  ___100uF/6V3 100uF/6V3  ___100uF/6V3 e
S0V sov 75015 3 75015 3 75015 3 75015 3 Ty U
EE-‘""D“ Bidir SMC égggfztﬁmw i égfgfm?mw ?[ 2%115(171 9?2 3) ?l’ :?1: 1'122?{‘:- lﬁlf:‘?ql‘ltl; 933) ?1 c\‘?:i\l*J 2222) Bisvoc vnarsue
824551301 12 1) n - - 885342207005 cosos L Ap(f. IR ~Chip(7.5x4.3) “HHIpLT R (73NN 524550500 2~
TS0V C0805 : 2mH/10A NC
: XX TR,
835012209048 2x Testpoint black ’ 7448031002
C1210 X X5 8 D4 XX4
7 ) o 1 Rl D3 2x2
® v T
7N Testpoint black UsiD L4148 . o i
MP2 19 GND Py X6 12
th o VBIAS  GND L 11 Testpoint black
_ - Testpoint yellow -
Clip H R4 —
36900000 RI6 x 3?030;01“011 x| R17
3 . 3
Sl;r sy | IPP320N20N3 G SR [ 1
4nTF/25 .
§853522140011 o [PPO4NOIL G o
2270 Testpoint black Cl6
X22 '7"3(31_’ 4nTE/ 100V
A 749252100 §85012207120 PE
GND = CO805
Tesipomi vellow
GND2
[
100pF/S0V
883012007057
CO803

AGND GND
I
1
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Test#5: Board configuration

P —— . s | )
£ - - Typa Ll a & i .

SWITCHING

Tumper -Depot 2@ ; a FREGUENCY
— . g reead g ot 5 300kHz

' UIN %) M} |ooe n ol 2 I l  DEeDUEE

G HEAEL — 3 3 5 GND 4000 . S 1+
' P2 o4 AP : 5o
S GND * 5 A SRl E RN L ) oo S :
: ¥ \ \8 ZE 8l 5 ¥

VN 8
8

wouT

8 p~_ D
|"’||

.ICIN "

) & — ame
L @
> | | :

nnnnnnnnnn

ELEKTRONIK L FLYBACK EMI

MORE THAN - o 600 005
YOU EXPECT r) DEMONSTRATION BOARD V20221
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Test#5: Total conducted emissions - Line

110
100
90
80
’>=‘_ /0 —_ —Test3
3 60 —Test4
E 50 o TAY /\“ I ——Test5
4 w0 P ;/\4\ v Tests
30 \MMJ ——Test7
20 ——155032QP Class B
10 ——55032AV Class B
0
-10
100 kHz 1 MHz 10 MHz 30 MHz
Frequency
=
supp D‘ DC Test#3 Reference (no improvement)
Test#4 Test#3 + RCD-snubber

J__\ g / J__ Test#5 Test#4 + primary to secondary y-capacitors

Combined
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Test#5: Conducted emissions - Common mode
110 1)1:

100

90 2) 6dB noise reduction at f,,=300kHz

80 f\

70 —Test3 (M
“ Ll .

\
60 4 , - i — Testts (M

50 m l I ——Test5 CM
40 Test6 CM

30 w M\W\N —Test7 CM

——55032QP Class B
——55032AV Class B

=~ 4MHz

0,cm

Level (dBpV)

20
10
0

-10
100 kHz 1 MHz 10 MHz 30 MHz

Frequency

"

Y supp Test#3 Reference (no improvement)

EEE— DC

Testi#s4 Test#3 + RCD-snubber

J__\ ¢ / J__ Test#5 Test#4 + primary to secondary y-capacitors

Common Mode
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Test#5: Conducted emissions - Insertion loss CM

80
70
= 60
=
g 50
a
S 0
s
‘é’ 30
£ 1)f6cmz4MHZ 1) CM-filteri
o 2) 6dB noise reduction at £, =300kHz -Titering
0 /\/
-10
100 kHz 1 MHz 10 MHz 30 MHz
Frequency
e DC
Vsupp DC + RCD-snubber
+ primary to secondary y-capacitors

L L

Common Mode
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Test#5b: Simulation - Conducted emissions - Common mode
Simulation\Test1-7\Flyback EMI_Test4-5b FFT.asc

110dB V(cm_rf)@1 T—
’|) fO,cm =~ 4MHz

100dB h |
90dB - 2) 6dB noise reduction at f,,=300kHz \ ) I |
80dB I ’

70dB 455032qp ClassB ﬁ

60dB Ty

55032AV C|aS<B T
50dB =
40dB

30dB N n/\ N ’ il | |
wa | VYN ( It helth BLNARIRTE
10d8 -~ .Vl'\ TN \Nﬁ/\N‘\! ' A b I
\V/\’V (Y
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Test#5: Background - Line inductance

Measurement: 1) Line inductance PE - 0,8m

mel‘\u Br“r'['e,» et
e E OFr

LPE =~ 0,8 I.lH
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Test#5: Background - Line inductance

Measurement: 1) CM line inductance L+N (+/-) - 0,8m

Lemi+n = 0,8pH
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Test#5: Background - Line inductance

Simulation settings Filter

lib us1g.lib

Jlib SMALIib

Jlib SMC201.lib

model SW SW(Ron=1m Roff=1Meg Vi=0.5 Vh=-0.5)

.ran 0 1,193333m 1m 10n
ram test=3
.options abstol

CMC: 2.2mH/ 2A - 744822222

€2, C15: 4.7nF/250VAC X7R 2220 -
8853522140011

‘options numdgt
‘options plotwinsize=0
.options noopiter gminsteps=0
‘save V(DM_RF) V(CM_RF)
i V(IN)=24

C12: 4.7pF/50V X7R 1210 -
885012209048

3

Common-Mode Noise Model!

c1 J1

0.0047p {J1}

<{ouT »
€1, C19: 4.7nF/250VAC X7R 2220 -
8853522140011

c2
D6: TVSP 30V/3kW DO-214AB -
0.0047p == -
Supply + LISN + Line e . : Flyback-Converter Load
C5: 100pF/35V - . C€7-C10: 100pF/ 6.3V-
LLK,L1,12,13: 749119550 : 100pF/6.
2 LLLN 0.6225 870135675003 " 875015119003
SpH LL J6 PI.ILSE(B 1 0.2m 0.5m 0 1)
- .
L 0.8y {36} JE:T]I] - vz
cMC
¥ 5 1 4 Foly
15’ f
\PE —-_ D6 {153
A3 2| s '
ofn Y > sMc3oizoca |C12 crﬂ:
§ 744822222 2.2m .y
=68 =) ""l epoaznodit? Y
7
" : A
{7}
CISPR_25_DM_CHM
c15
Note 0.0047p ==

: 1. Run simulation

i 2. view FFT

3. Select V(cm_rf), V(dm_rf) and V(I_rf) by holding the ctri-key - OK
: 4. Plot Settings - Reload Plot Settings

.param J5=table(test,3,16,4,16,5,16,6,16,7,10m)

I LPE = Line inductance PE

: LL = Line inductance L/ +

I LN = Line inductance Nf-

: LLK = Primary-side leakage inductance

: CDE = Drain to Earth (PE) capacitor

: CPS = Primary to secondary winding capacitor (interwinding capacitor)
: RPS = primary to secondary resistor (find the DC operating point)

: Line inductance measured with LCR45 (1mm=1nH)
{ K2 = V(1-1SC/LC) = V(1-0.48pH/ 0.8pH) = 0.6325

FLYBACK EMI LTSPICE
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.param J8=table(test,3,16,4,10m,5,10m,6,10m,7,10m)
ble(test,3,16,4,16,5,10m,6,10m,7,10m) @
table(test,3,16,4,16,5,10m,6,10m,7,10m)
ble(test,3,16,4,16,5,16,6,10m,7,10m)
ble(test,3,16,4,16,5,16,6,10m,7,10m)
ble(test,3,10m,4,10m,5,10m,6,16,7,16)
ble(test,3,10m,4,10m,5,10m,6,16,7,16)

ADP1071-2
Comp

Rt
R12
82k

; Sync 552
Agndl  Agnd2 =
v3 RPS
PULSE(0 5 0 10n 10n {0.571/200k} {1/200k3})
10Meg




Test#5: Background - Ground capacitance C¢

................i.........................
H
PE H
: l
: 1
H
. |
c2 .
4n7. :
el gsqim,:uoon .
1 = LER R NN
VIN 19-30V PES—{ 5 VOUT 5V/5A
Clip X1 X2 N
DI 36900000 _ Q© Testpointred  VIN VOUT X4 =
[ | 4 | o 5A xugs S
Al o 3 3 2 vy
. R 16 XX D2 o B I
MERS3G0BT 'l 20 RI g7 70VDC Unidie sMA 20 1 'g S
Is 47R f 524500701 1 Iy
<6102 2
¢ o N R 561020132004 | i @ o] cs ol o o] e R
6 - c4 _ Lok - e T I00uF/6V3  __100uF/6V3 00uF/6V3  _ _100uFievs o
100pF/50V . 100pF/50V 75015119003 75015119003 75015119003 75015119003 TR
EE-‘"VDC Bidir SMC ssgguonmi? i 3 483012007057 ?t.;‘ri.llr:(lvl 9?2 3) ?I’-;%;s?m:gg‘:) lﬁlf:?«l‘;({fl 933 3) ?lc\?d;(l*l 9,3?; ) Bsvoc v swic
824551301 1o o) > 885342207005 47R 0805 xS Bhat . 43 924550500 2 L3
TR0V % C0805 - 2mH/10A NC
885012209048 2x Testpoint black s | . 7443031002
c1210 X x5 ’ D4 . gy
17 2 o 1 2 11 D3 l 2x2
d v T
o N Testpoint black usin TIA148 1 s |ZaN| P T - -
ND2
MP2 19 GND Py | X6 H n2 H
5 VBIAS  GND I Testpoint black . =
PE 2 Testpoint yellow I [ . .
— cs el v - -
Clip |_ l R4 _| H
36900000 Rli6 x [T [ S | R17 . H
Cls I PPRONAONIG ~0332 I ] . H
4nTF/250V R N 0R . =
§853522140011 | IPPO42NO3L G : :
2270 Testpoint black l Cl6 u
X22 TR2 AnTE/100V :
749252100 | $85012207120 PE H
. 22 H
PE GND = CO803 H
H
| N GND2 H
: H
H
- H
Tesipomi vellow -
H
H
7 GND2
RS H
H
(&%) L1 H
loopFisov kS H
885012007057 .
CO803 RIS ]

11 AGND
I
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Test#5: Background - Ground capacitance C¢

Theory: Effective ground capacitance in common mode

G Cour>> €1,029,C14
and
AC coupling by capacitor

C1

1 01 | FLYBACK EMI LTSPICE
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Test#5: Background - CM-Filtering
Theory

= 1) The line inductance and the reference ground capacitance act as common mode filter
= Reference ground capacitance Cg:

1 1 N 1
Cg C1+C Cqg

C (Cl + ng) . C14 (4,7nF + 4,7nF) - InF
- =~ =
B €L+ Cyo+Cyy ~ 4,7nF + 4,70F + InF

= Line inductance L.

~ 0,904nF

Rule of thumb:

WH
1—-0,8m - 0,8uH
m

= Lijine = Lpg + LemL+n = 0,8pH + 0,8uH = 1,6uH
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Test#5: Background - CM-Filtering
Theory

Gain Plot 2nd Order LC Filter

10 100

t t )E

= The line inductance and the reference ground
capacitance act as a common-mode filter for free.

= Corner frequency of the common-mode filter
(Thomson's equation of oscillation):

-40dB/Dec.

40 4
~ 4,2MHz 50

1 1

27 \[Line - Cg 27 - y/1,6uH - 0,904nF

fO,cm =

-60

-70 4=

Usup

(dB)

mn
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Test#5: Background - Switch node capacitance

G 1 T SUI TCHING
Jumper =Depot ‘e g : FREI:IIJENH

: . JGND 2 00k Hz : 1 .
: yIN Lﬁ\ k."\l"\ﬂ l'x:“' i AP I or i & B
} 19U-30V — : . 1

+

JTEE:HNIEHI_ — FLYBACK EMI

8 . 600 005
YOU EXPECT DEMONSTRATION BOARD  V2022.1

ELEKTRONIK
MORE THAN
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Test#5: Background - Switch node capacitance

Measurement: 2) Parasitic capacitance

CT,PS =~ 50pF CDE =~ ZOpF
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Test#5: Background — Cp

Theory: Interwinding capacitance from primary to secondary side of the transformer

106 |

Xl
(P Testpointred VN
A

RI

B X

561020132
o - 561020132004
100uF/35V "
870135675003 10k 1l
57| (ox12s)
X210

FLYBACK EMI LTSPICE
PUBLIC | STEFFEN SCHULZE

[ 100pF/50V
885012007057
C0805

H-Chip(7.354.3)

] 7 +
T 100uF6VE
875015119003

GND2

| 71
_|
|

IPPO42NO3L G

Schematic

Crps = Crvinvour + Crpvour

CI',VIN,VOUT
o good! o
VIN/GND >, quiet” || VOUT/GND2 - ,quiet
Pin 3 | Pin 9,10
[ ]
Prim Sec
Pin1 4+ C Pin 6,7
| Nt - T.DvoUT "N o
Drain - ,very noisy bad!
Pin 4 4
[
Aux Note: The influence of the synchronous
rectifier and the auxiliary winding
. rectifier on CM noise is negligible
p”_ﬁ , compared to the much higher primary
GND -, quiet switch node voltage. Pin3 and Pin 5 are

Simplified 2 capacitor transformer CM noise model

“connected” in CM due the low
impedance of the input capacitor (C5).



Test#5: Background — C; ;5

Theory: Measuring C; ps, Cy7yin vout @nd Cp yout

Crps = Cryvinvout + CrpvouT

*= (pg can be determined with an LCR meter (=50,5pF(@200kHz) or with a 2
port VNA measurement (=46pF@3MHz) between the shorted primary-
referenced windings and shorted secondary winding

. CT,VIN,VOUT and CT,D,VOUT can be determined with a 2 port VNA
measurement
» The S21(Res,,+j:lms,,) gain can be converted into a series reactance
assuming symmetrical properties of the DUT:

100Q - R3521
> Xe= ———— 222
S Regz1?+Imgyq?

2
1OOQ'R6321
b gl = (oo
l Sl Regz1%+Imgyq?

» Finally the parasitic coupling capacitance can be calculated from the
series reactance:

1
> G T w- Xl
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USB MODE




VIN/GND VOUT/GND2
Test#5: Background — C; Pin’3 Pin9,10
: . Prim Sec Ctps = Crvinvour + Crpyour
Theory: Measuring C; ps with VNA
' Pinf Pin 6,7
ramn
| I (A ' ;
e g 0
UNA Port 2 - P|n679’IO, ad Na — o
sl b IRRET . -10
i & i / ; ‘ it | 80
-20 70
E M 60 -
Pt 50 @
8 g
40
-40
30
\/NA GND not 50 Note:.T.he couplir_wgincreases with increasing frequency > 20
, capacitive behavior
connected to the DUT} 10
\/NA Port 1 =Pin 1,3,4,5 gl § | -60 0
;‘ B & 100 kHz 1 MHz 10 MHz
; Frequency
Note: Pin1,3,4,5 and Pin6,7,9,10 are connected via jumpers
- " —521(dB) ——_521 phase (°)
Measuring Cpc S21
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VIN/GND VOUT/GND2
Test#5: Background — C; ¢ Pin3 Pn5,10
—_ =
. ) Prim Sec Ctps = Crvinvour + Crpyour
Theory: Measuring C; oo with VNA
’ Pin1 Pin 6,7
Drain
100k0 >3 pF Note: In the frequency range from 400kHz to 4,5MHz, the setup
provides a stable measurement. The magnitude at 200kHz
2 52pF agrees nearly with the LCR-meter measurement (50,5pF)
1OOQ ° R6521
sl = I\ Respa? + Imsys? b Cr.ps(200kHz) ~ 50,5pF
S21 S21 Ny 7Z) =~ ,
10 k0 . oa TPS P
50 p e,
a N
g g Com— 2
c = . S =
_g S 49 pF v w |XS|
g &
= |Xs|(3MHz) ~ 1,15k Y 48pF
1kQ
4L7pF
Note: [X| decreases almost linearly with increasing frequency.
The behavior can be modeled with a single capacitor 46 pF
100 0 45 pF Ctps(3MHz) ~ 46pF
100 kHz 1 MHz 10 MHz 100 kHz 1 MHz 10 MHz
Frequency Frequency
——521 [Xs| through ——521 Cs through
Xl CT,PS
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«quiet”

VIN/GND VOUT/GND?2
Test#5: Background — C; ; yourt Pin 3 Pin 9,10
_ . Prim Sec Ctps = Cryvinvout + Ctpyour
Theory: Measuring C; oy With VNA very noisy
Pin1 Pin 6,7
— ) R . Drain
# zmh L 0T R ‘ | : 140
-10 120
-20 100
g -30 80 E
E 0
8 -40 60 &
-50 40
Note: The coupling increases with increasing frequency >
-60 capacitive behavior 20
-70 0
100 kHz 1 MHz 10 MHz

Frequency

Note: Pin3 and Pin5 are connected | \ ERT ——521(dB) ——521 phase (°)

Measuring C; b your S21
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Test#5: Background — C; yout

Theory: Measuring C; oyt With VNA

1 MQ

100 kQ

100Q - Resy; \°
|XS| = == 2 2
Regy1” + Imgyq

10kQ

@ |Xs|(3MHz) ~ 2,02k
%
k¥
1}
&  1kQ
100 Q
Note: |X<| decreases almost linearly with increasing frequency.
The behavior can be modeled with a single capacitor
10Q
100 kHz 1 MHz 10 MHz
Frequency

——521 |Xs| through

Xl

1 1 1 | FLYBACK EMI LTSPICE
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»Lquiet”

35 pF

30 pF

Capacitance
NJ
Ul
©
=

N

(@]
©

T

15 pF

10 pF

«quiet”

VIN/GND VVOUT/GND2
Pin 3 Pin 9,10
Prim Sec
wvery noisv‘
Pin1 Pin 6,7

Drain

Crpyvour(3MHz) = 26pF

Note: In the frequency range from 400kHz to 8MHz, the setup
provides a stable measurement.

100 kHz 1 MHz 10 MHz

Frequency

——521 Cs through

CT,D,VOUT




«quiet” Lquiet”

VIN/GND VOUT/GND2
TESt#S: BaCkgrOund - CT VIN VOUT Pin 3 Pin 9,10
. . Prim Sec
Theory: Measuring C; ;y yout With VNA
Y Pin1 Pin 6,7
Drain
il 350pF 140
p 'M‘
i r\( -10 120
i v
/ -20 100
@ -30 80 =
-50 40
-60 50
-70 0
100 kHz 1 MHz 10 MHz
\VVNA GND = Pin 1 \/NA Port 1 =Pin 3 Frequency
Note: Pin3 and Pin5 are connected —S21(dB) —S21 phase (°)
Measuring C; y vout S21
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«quiet” «quiet”

T t#5 B k r nd C VIN/GND VOUT/GND2
. — Pin 3 Pin 9,10
€s dCKgrou T.VIN,VOUT
. . Prim Sec
Theory: Measuring C;\;y youtr With VNA
o Pin1 Pin 6,7
Drain
1™ 25 pF
2
100Q - Regyq
100 k |XS| = — 5 = 20 pF
Resy1” + Imgp, /
a
g € 1
£ 10 2 150 Cs = o xel
G |Xs|(3MHZz) = 2,58k g S
(]} 1]
@ U
Cryvinyvour(3MHz) = 20pF
1k 10 pF
i q | i v with | o £ Note: In the frequency range from 400kHz to 8MHz, the setup
Note: |X| Jecreases a most inearly w.|t increasing frequency. provides a stable measurement.
The behavior can be modeled with a single capacitor
100 5 pF
100 kHz 1 MHz 10 MHz 100 kHz 1 MHz 10 MHz
Frequency Frequency
——521 |Xs| through ——521 Cs through
IXSI cT,VIN,VOUT
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Test#5: Background - Lower noise level from switching frequency
Theory

= 2) The effective parasitic capacitance between switch node and reference ground is
reduced

= The CM noise is reduced as the effective parasitic capacitance acting against the
switch node (drain) is reduced

= |t can be shown that approx. 26pF (@3MHz) of the interwinding capacitance (C; pour)
acts from the switch node against the secondary-side

= A large part of the resulting CM noise current is diverted directly through the Y-
capacitors between the primary and secondary side (C1, C29)

= This effect starts at the switching frequency (300kHz), which can also be shown in an
LTspice simulation

1 14 | FLYBACK EMI LTSPICE
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Test#5: Simulation - Conducted emissions - Insertion loss CM

Simulation\Insertion Loss\Insertion Loss-CM.asc

Simulation settings

.ac dec 1k 100k 30Meg
.step param test list 4 5

i L R Common

Mode Noise Model = Zsourceé

ci n
I,
CDE 0.0047p {11}
. _ 20p CTDVOUT
CMC: 2.2mH/2A - 744822222 (BT | o>
P

C2, C15: 4.7nF/250VAC X7R 2220 -
8853522140011

C12: 4.7pF/50V X7R 1210 -

C1i, C19: 4.7nF/250VAC X7R 2220 -
8853522140011 :

c29 J10

885012209048 P A <Gup2 >
c2
LISN = Zload D6: TVSP 30V/3kW DO-214AB = o047y = Flyback-Converter
824551301
C5: 100uF/35V -
R .. K2LL1N0.6325 3 i1 870135675003
L4 i LL 16 HH
113} ::
£1h : = T 5
su |ce : 0.8u I{\J/ﬁ}l i 3
S =—=100n :
é: — 15 cMc
: : R15 Oy L 4
L LPE 50 D6 e V2
; C) I — Zload = 2 | | 3 cs
H _ 0.8p 400pF ] o
: 24 : émﬁ Cl12 100
: Rser=1 : s0 = S_744822222_2.2m H
: 3.68p AC1
: c4 = Ac7-10
= =100n 100y
1 LN 37 oy
A : LER @
C 0.8y o G
L5 G
: c14)
i LL = Line inductance L/ + Note 0.0047p =

! LN = Line inductance N/-

! LLK = Primary-side leakage inductance

i CDE = Drain to Earth (PE) capacitor

: CPS = Primary to secondary winding capacitor (interwinding capacitor)
! RPS = primary to secondary resistor (find the DC operating point)

: Line inductance measured with LCR45 (1imm=1nH)

i K2 = V(1-LSC/LC) = V(1-0.48uH/0.8pH) = 0.6325

FLYBACK EMI LTSPICE

PUBLIC | STEFFEN SCHULZE

.param J1=table(test,3,1G,4,1G,5,10m,6,10m,7,10m)

.param J3=table(test,3,16G,4,1G,5,1G,6,10m,7,10m)
.param J9=table(test, 3,16G,4,1G,5,1G,6,10m,7,10m)
.param J6=table(test,3,10m,4,10m,5,10m,6,16,7,1G)
.param J7=table(test,3,10m,4,10m,5,10m,6,16,7,1G)
.param J5=table(test, 3,16G,4,1G,5,16,6,1G,7,10m)

param 110=table(test,3,16,4,1G,5,10m,6,10m,7,10m)



Simulation/Insertion_Loss/Insertion_Loss-CM.asc
Simulation/Insertion_Loss/Insertion_Loss-CM.asc
Simulation/Insertion_Loss/Insertion_Loss-CM.asc
Simulation/Insertion_Loss/Insertion_Loss-CM.asc
Simulation/Insertion_Loss/Insertion_Loss-CM.asc
Simulation/Insertion_Loss/Insertion_Loss-CM.asc
Simulation/Insertion_Loss/Insertion_Loss-CM.asc

Test#5: Simulation - Conducted emissions - Insertion loss CM

Simulation\Insertion Loss\Insertion Loss-CM Test5.asc

(V(L_RF)@1+V(N_RF)@1)/(V(L_RF)@2+V(N_RF)@2)
80dB

70dB

60dB

50dB

40dB /~\\

/S

20dB
2) 6dB noise reduction at £,=300kHz 1) e = 4MHZ //

10dB /

i /
0dB \\‘( >/

\_—/

-10dB

100KHz 1MHz 10MHz
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Simulation/Insertion_Loss/Insertion_Loss-CM_Test5.asc
Simulation/Insertion_Loss/Insertion_Loss-CM_Test5.asc
Simulation/Insertion_Loss/Insertion_Loss-CM_Test5.asc
Simulation/Insertion_Loss/Insertion_Loss-CM_Test5.asc
Simulation/Insertion_Loss/Insertion_Loss-CM_Test5.asc
Simulation/Insertion_Loss/Insertion_Loss-CM_Test5.asc
Simulation/Insertion_Loss/Insertion_Loss-CM_Test5.asc

Test#5: Conducted emissions - Differential mode

110
100
90
80
70
60
50
40
30

Level (dBpV)

20
10
0
-10

100 kHz

I I | | | | | || FITERRAN

i ‘.5\ AL ' I

il
i AL

v
supp

— DC
< A

Differential Mode

117 |
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1 MHz

r" ‘r.“n Al ‘.““ll‘lll“

10 MHz 30 MHz

Frequency

Name Description

Test#3 Reference (no improvement)
Testi4 Test#3 + RCD-snubber
Test#5 Test#4 + primary to secondary y-capacitors

——Test3 DM
——Test4 DM
——Test5 DM

Test6 DM
——Test7 DM
—55032QP Class B
——55032AV Class B



Test#5: Conducted emissions - Insertion loss DM

80

70

60

50

40

30

Insertion Loss DM (dB)

20
10

0 —\

-10
100 kHz 1 MHz

10 MHz 30 MHz
Frequency

DC + RCD-snubber

V
supp

+ primary to secondary y-capacitors

Differential Mode
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Test#5b: Conducted emissions - Differential mode
Simulation\Test1-7\Flyback EMI_Test4-5b FFT.asc

110dB \V(dm_rf)@1 V(dm_rf)@2
100dB

90dB

80dB

70d8B 55032ng55if1 n |
60dB —1c033a0 Ci — |

Sdid — l |

50dB —

40dB

30dB q

= TOLAARA T Wt o Al
N V| V\ll | " ' || ! |

-10dB
100KHz 1MHz 10MHz
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Simulation/Test1-7/Flyback_EMI_Test4-5b_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test4-5b_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test4-5b_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test4-5b_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test4-5b_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test4-5b_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test4-5b_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test4-5b_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test4-5b_FFT.asc

Test#6: Schematic

VIN 19-30V

DI
P
|2
MBRS360BT
15
D6 -
30VDC Bidir SMC
824551301 ——c
T AuTrsov
885012200048
C1210

SHIELL

g
ShielDIY;
360002

FLYBACK EMI LTSPICE
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PE

Clip
36900000

PE

—[]

—2 pvouT
VOUT 5V/5A
JRI X2
749119550 VOUT
3 ] a 5A
D2 XX3
RI 7 7OVDC Unidir SMA %2
47R 824500701 N 1
4] N 561020132004 | i o 4] cs o oo o o L, o
C4 L0k cn — 6 T I00uF/6VE  ___100uF/6V3 100uF/6V3  ___100uF/6V3 e
SOV S0V 5015 3 375015 3 75015 3 375015 3 o .
Lo e T e T e T s T B e |
885342207005 47R coos " -Chip(7.3%4.3) ~Chip(7.3%4.3) ~Chip(7.3x4.3) -Chip(7.3%4.3) | ¢o4550500 2 vy
C0805 : 2mH/10A NC
Testpoint black l 7448031002
: 8 D4 XX4
Py 1 B D3 | 2
T
Testpoint black USID L4148 1 Ry s e
ND2
GND X7 ) X6 nz
o VBIAS  GND | | 11 Testpoint black
- |_ Testpoint yellow I _| |
R4
FE— | T I 350:01“011 T R
Cls | IPP320N20N3 G I 0eas | ]
4nTF/250V
sgs ’:2140011 R 1 TPPO42NO3L G OR
2270 Testpoint black C16
X22 TR2 | 4nTE/ 100V
749252100 | 885012207120 PE
PE GND = C0805
: |
| N ] GRD2
1 €29 |
Tesipomi vellow P ] | I -
: | 8853522140011 110
2220
| SR
i | ——]cND2
1 m
[ -
loopFisov kS RG
883012007057 0r033
CO803 RIS

AGND

GND

X4 =
=
91z
—O |z
0 |=
2
&




Test#6: Board configuration

122 |

l witch in

FLYBACK EMI LTSPICE
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Jumper -Depot

ELEKTRONIK
MORE THAN
YOU EXPECT

SHITCHING
FREQUENCY
300k Hz

Snubber L—.
m Ubl-l e

TECHNI CAL

FLYBACK EMI

600 005

V2022.1

- ‘ DEMDN::TDHTIDN BOARD 2. :




Test#6: Quiz

= Does the CMC have an influence on the differential-mode noise
(without the X-capacitor)?

= A: No, a CMC works in common mode, as the name suggests.

= B: Yes, there is a differential-mode filter effect.
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Test#6: Total conducted emissions - Line

110
100
90
80
70

60 T
50 ——

40

o N

20

Level (dBpV)

10
0

-10
100 kHz

Vv 4:

Combined
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7/“\«/” A

1 MHz
Frequency

Name Description

Test#3 Reference (no improvement)

Testi#s4 Test#3 + RCD-snubber

Test#5 Test#4 + primary to secondary y-capacitors
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Test#6: Conducted emissions - Common mode
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Test#6: Conducted emissions - Insertion loss CM

80

70
= 60
=
g 50
a
S 4o
c
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E 30
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20 Acmisw=33dB @ fg, = 300kHz
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-10
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Vsupp DC + RCD-snubber
+ primary to secondary y-capacitors
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Common Mode
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Test#6b: Simulation - Conducted emissions - Common mode
Simulation\Test1-7\Flyback EMI_ Test5-6b FFT.asc

110dB V(cm_rf)@1
100dB
90dB
80dB )
70dB | I It
55032QP Class-B
\ |
L
60dB = :ch35ny C|as<3 ~ |
50dB —
40dB =
v
20dB
10dB A\J\ /.Vr\\/ [\VA .
'1 OdB —— T T T T T T T T T T T | T ‘-J“ 1

100KHz 1MHz 10MHz
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Test#6: Simulation - Conducted emissions - Insertion loss CM

Simulation\Insertion Loss\Insertion Loss-CM Test6.asc

(V(L_RF)@1+V(N_RF)@1)/(V(L_RF)@2+V(N_RF)@2)
80dB

70dB

60dB

50dB

40dB /~\\

30dB / \

20dB -

A, ey=39dB @ f.,, = 300kHZ ?
£ //
10dB /
/
odB I — S pd
-10dB
100KHz 1MHz 10MHz
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Simulation/Insertion_Loss/Insertion_Loss-CM_Test6.asc
Simulation/Insertion_Loss/Insertion_Loss-CM_Test6.asc
Simulation/Insertion_Loss/Insertion_Loss-CM_Test6.asc
Simulation/Insertion_Loss/Insertion_Loss-CM_Test6.asc
Simulation/Insertion_Loss/Insertion_Loss-CM_Test6.asc
Simulation/Insertion_Loss/Insertion_Loss-CM_Test6.asc
Simulation/Insertion_Loss/Insertion_Loss-CM_Test6.asc

Test#6: Background - CM-Filter
Theory

= The CM filter results from the inductance of the CMC and total capacitance to reference ground (overall Y-
capacitance):

= |nductance of the CMC = 2.2mH (744822222 — 2.2mH/2A, WE-CMB size S)
= Y-capacitors C2/C15 = 2:4.7nF (8853522140011 — 4.7nF/250V, WCAP-CSSA)

1 1 1
27 \[Lem  Corotat 27" /Lem - (2 - Cy + Cg) 2 -\J2.2mH - (2 - 4.7nF + 0.904nF)

fO,cm = ~ 33.4kHz

A =] fsw 40dB =1 300kHz 40dB ~ 38dB
Cm,f,SW - Og f0’cm - Og 33.4‘kHZ ~
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Test#6: Background - CM-Filter

Selection

1. Selection of the Y-capacitors:
= 8853522140011 (4.7nF/X7R/250V)

2. Cutoff frequency of the input filter min. @ 1/10 of the switching frequency of the switching regulator:
= 300kHz/10 = 30kHz

3. Calculation of inductance:

1 1
= L — —
foem oIic (2nfyem)? Cerotal (21 - 30kHz)2- 2 - 4.7nF

= 3mH

4. Selection of the component:
= 744822222 (2.2mH/2A)
= Due to smaller winding losses, SRF near the 3rd harmonic (900kHz)
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Test#6: Background - CM-Filter
REDEXPERT: Common-mode impedance

» The attenuation of the CM filter is limited by the natural resonance of the CMC

Common Mode Impedance

10 ke

744822222
WE-CMB S fres,cmc
0,cm

TKQ| e—————

900kHz

Acm,max - 10g<

100

Impedance

Zom, min @900 kHz AT

10 O

REDEXPERT"

1 kHz 10 kHz 100 kHz 1 MHz 10 MHz 100 MHz 1 GHz
Frequency
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Test#6: Background - CM-Filter

Simulation\Insertion _Loss\Insertion Loss-CM _simple.asc

80dB
. 70dB
Insertion Loss CM:
Zload << ZOUTfilter
simplified AC-CM-model 60dB
A
.ac dec 1000 10k 20Meg
: LCM1 ; 50dB
N
Rpar=9.01k Cpar=12.53p :
: ; 5 : 5o 40dB 7
SCM Zfilter ACetotal Zsource D
-2t Zload 10.304n : Act:
: : : : 30dB
Acm,max257cI B
A 20dB
LCM =12 =2.2mH
CE = (C1+C29)*C14/(C1+C29 +C14) = (4.7nF+4.7nF)*1nF/(4.7nF+4.7nF+1nF) = 0.904r
2¥CY = C24+C15 = 4.7nF+4.7nF = 9.4nF 10dB
CEtotal = 2*¥*Cy+CE = 9.4nF+0.904nF = 10.304nF
Cpar = 1/(2*n*f*ZCM@10MHz) = 1/(2*n*10MHz*1.27kQ)=12.53pF 0dB A 4 %
Rpar = ZCM@fRes = 9.01kQ
f0,cm= fLC =1/(2n*V(LCM*CEtotal))= 1/(2n*Vv(2.2mH*10.304nF))
= 33.4kHz (double pole [/ loss: +40dB/Decade) -10dB Acm f SWz38d B @ fSW = BOOkHZ
fres,cmc= 900kHz (double zero [ loss: -40dB/Decade) r
Acm,f,sw = log(fsw/f0,cm)*40dB =log(300kHz/33,4kHz)*40dB = 38dB
Acm,max = log(900kHz/33.4kHz)*40dB = 57dB -20dB
-30dB
10KHz 100KHz 1MHz 10MHz
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Test#6: Conducted emissions - Differential mode

110
100
90
80
_ 70 ——Test3 DM
% 60 | — 3 F — R ERRRARH b ——Test4 DM
S 50 i s adl it —— - ——Test5 DM
3 40 Y Test6 DM
30 W ——Test7 DM
20 —55032QP Class B
10 ——55032AV Class B
0
-10
100 kHz 1 MHz 10 MHz 30 MHz

Frequency

—— |
v supp DC Test#3 Reference (no improvement)

Testi#s4 Test#3 + RCD-snubber

Test#5 Test#4 + primary to secondary y-capacitors

Differential Mode
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Test#6: Conducted emissions - Insertion loss DM

80

70
60
50
40
30

20 £y am = 2.5MHz DM filtering
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Insertion Loss DM (dB)
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-10
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+ primary to secondary y-capacitors

Differential Mode

1 34 | FLYBACK EMI LTSPICE

PUBLIC | STEFFEN SCHULZE




Test#6b: Simulation - Conducted emissions - Differential mode

Simulation\Test1-7\Flyback EMI_ Test5-6b FFT.asc

135 |

55032AV Class-B

110dB V(dm_rf)@1
100dB
90dB
L
IO,dm = 2.5'\/“_2
80dB /\
70dB :032QP Class-B i i1
60dB ‘ \ H
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L ‘

50dB

\

40dB

30dB

20dB

10dB

AN

0dB -
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|

— ——
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Simulation/Test1-7/Flyback_EMI_Test5-6b_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test5-6b_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test5-6b_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test5-6b_FFT.asc
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Test#6: Simulation - Conducted emissions - Insertion loss DM

Simulation\Insertion Loss\Insertion Loss-DM.asc

Common-Mode Noise Model

c n

Filter = Zfilter

Simulation settings

<our)
0.0047p {11}
.ac dec 1k 100k 30Meg CMC: 2.2mH/2A - 744822222
.step param testfist 456 7 :
C2, C15: 4.7nF/250VAC X7R 2220 - CTVINVOUT i
C1i, C19: 4.7nF/250VAC X7R 2220 - :
8853522140011 E——D  gg53522140011 f

20p

C12: 4.7pF/50V X7R 1210 - A L Cﬁ|9 Ji0 i
885012209048 0.0047u {110}
LISN = Zload DO TVSP 30V/3KWDO-214AB - ponaru = Flyback-Converter = Zsource
C5: 100pF/35V -
K2 LL LN 0.6325 870135675003
Sp <6 : 0.8y 3
S ==100n :
: n - T
© %ms :
LPE : 50 |
e ; Zload = n
H 2 - 3 C5 AC1
0.8p R16 = (D
50 = 100p
__04 __CITI]I] :=(:7-10
T T n 100
ip LN =H
A4 : p * >
S : 0.8 o
L3 a
Cl4__
D.DD]@
{ LL = Line inductance L/ + Note

0.0047p =
i LN = Line inductance N/-

! LLK = Primary-side leakage inductance

! CDE = Drain to Earth (PE) capacitor

CPS = Primary to secondary winding capacitor (interwinding capacitor)
! RPS = primary to secondary resistor (find the DC operating point)

¢ Line inductance measured with LCR45 (1mm=1nH)

! K2 = V(1-LSC/LC) = V(1-0.48uH/0.8uH) = 0.6325

.param J1=table(test,3,1G,4,1G,5,10m,6,10m,7,10m)
.param J10=table(test,3,1G,4,1G,5,10m,6,10m,7,10m)
param J3=table(test,3,1G,4,1G,5,1G,6,10m,7,10m)
param J9=table(test,3,1G,4,1G,5,1G,6,10m,7,10m)
param J6=table(test,3,10m,4,10m,5,10m,6,1G,7,1G)
param J7=table(test,3,10m,4,10m,5,10m,6,1G,7,1G)
.param J5=table(test,3,16,4,16,5,1G,6,1G,7,10m)
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Test#6: Simulation - Conducted emissions - Insertion loss DM

Simulation\Insertion Loss\Insertion Loss-DM Test6.asc

(V(L_RF)@1-V(N_RF)@1)/(V(L_RF)@2-V(N_RF)@2)
80dB

70dB

60dB

50dB

40dB

30dB

20dB

DM filtering

10dB

/7 N\
N—

0dB ~—

-10dB
100KHz 1MHz 10MHz
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Simulation/Insertion_Loss/Insertion_Loss-DM_Test6.asc
Simulation/Insertion_Loss/Insertion_Loss-DM_Test6.asc
Simulation/Insertion_Loss/Insertion_Loss-DM_Test6.asc
Simulation/Insertion_Loss/Insertion_Loss-DM_Test6.asc
Simulation/Insertion_Loss/Insertion_Loss-DM_Test6.asc
Simulation/Insertion_Loss/Insertion_Loss-DM_Test6.asc
Simulation/Insertion_Loss/Insertion_Loss-DM_Test6.asc

Test#6: Quiz

Answer

= Does the CMC have an influence on the differential-mode noise
(without the X-capacitor)?

= A: No, a CMC works in common mode, as the name suggests.

= B: Yes, there is a differential-mode filter effect.
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Test#6: Background - DM-Filtering

PE

cl1 hil
E 1 2 o
o2 —Z pvou
ATE2S0V ViNg | IV vour
8853522140011 | sss3s22140011
AP S 1 2220
E 1 - '
VIN 19'3 OV PE l VOUT 5 V/SA Testpoint red
Clip X1 l JRI X2
; . 36900000 Q Testpointred  VIN 749119550 vouT X4 @
ol le X0 p a 3 ) 9 a Xigs S
“ 222 X12 |<CI I XX1 D2 X‘( X142 i
= (C)' 30X 14 MBRS360BT 22 RL 7 70VDC Unidir sha 20 T g 2
= TR 824500701 N1 ol 4 =
w P 5 e}
PE DG 4] s s 561020132004 | i e 4] cs o £l cio L, ol e
EE - C4 T I00uF3sV H?[;k o o " I00uF/6V3 —100uF/6V3 100uF/6V3  ___100uF/6V3 "Sm
e T G L00pE/S0V 870135675003 PP L00pF/50V R75015119003 ~ | 875015119003 875015119003 875015119003 N <vie Unidir SMc
30VDC Bidir SMC s . o 10nF/200V : . - SVDC Unidir SMC
501200705 (12 501200703 -Chip(7.3x4.3 -Chip(7.3 Chip(7.3x4.3 -Chip(7.3x4.3
24551301 E%‘S%EZ( 7057 (,Ijﬂxh 5) 885342207005 i&&%{zo 7057 H-Chip(7.3x4.3) 11-Chip(7.3x4.3) H-Chip(7.3x4.3) H-Chip(7.3x4.3) | 504550500 D AL
TS v P C0303 - 2mH/10A NC
0122 20 Depoint black 7448031002
! XX2 Sstpoint biac 18 D4 I XX4
- 2x2 P 1 Ll 2 | )
) o |ZaN|
Testpoint black UsiD l aNDe (-_) o
GND XO7 | X6 12
™ VBIAS GND L T1 Testpoint black
- Testpoint vellow = - _
T R4
I N
36900000 RIG | X | 3;)3“01_1“ ¥ R17
C15 | TPP320N20N3 G I 20322 1 Cl4
AnTF250V OR N O0R InF/250V
8853522140011 ] [PPO42NOSL & 8853522110031
P, Testpoint black Cl6 LS
X22 TRa | nTE/ 100V
749252100 I §85012207120 PE
TE GND — 1 C0803
N | GRD2
' |
Testpoint vellow Mo |
| 8853522140011
| 2220
| —2 N2
C—— 1 u
| | IS . . o

= The stray inductance of the CMC and the junction capacitance of D6 (input protection WE-TVSP) act as a differential-
mode filter (LC filter) for free.
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Test#6: Background — DM Filtering
REDEXPERT: Stray inductance

= Stray inductance of the CMC:

Differential Mode Impedance

10 ke 744822222
WE_CMB S DMI @10.0 MHZz o

2.2mH 2 (I

TKQT  m————

1Z dgml 6330
Lscme = Lam = =
’ 2+ f 2m-10MHz

Impedance

100 Q] : =~ 10uH
|
|

10 Q7

REDEXPERT®

1 kHz 10 kHz 100 kHz 1 MHz 10 MHz 100 MHz 1 GHz
Frequency
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Test#6: Background — DM Filtering

Measurement: Stray inductance

= Stray inductance of the CMC:

Differen tial Mode
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Test#6: Background — DM Filtering

Datasheet: Junction capacitance

= Junction capacitance of D6 (824551301 — WE-TVSP, 30V/3kW, DO-214AB):

Typical Junction Gapacitance

10.000

1.000

.l 1 1
Cipe =~ 400pF T fo,dm = =
D6 p S Y 2n - JLoeme Cips 27 - \/10uH - 400pF

4

~ 2,5MHz

=]
e
y 4

Capacitance [pF]

1 10 100 1000
Reverse Breakdown Voltage [V]

—\/ = O\ - =\ =VDC
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Test#6: Background - Simulation model CMC - S-Parameter vs. WE-LTspice model
Simulation\CMC\CMC _744822222.asc

V(vcm)/1(Vem)
V(vem2)/1(Vecm?2)

V(vdm)/1(Vdm)
V(vdm2)/1(Vdm?2)

100000
- . . 10000 N\
WE LTSpice-model: S-Parameter: AN\
.lib744822222_S-Parameter.lib / \\\
G
(a);tc:s:: l‘l)u}tt!;:i:7 f VCM2 3 U3 3 \ J / \h\ \
G e TS ' \
VCcM I L“:uJ AC1 pmp4 /’ ’/ \ \\
AC1 2 |3 / /’ \ x
S_744822222_2.2m \_ ) 100 ; '/ l/ \ y'
. J / 4 \
f 744822222_S-Parameter \ // { /ﬂ" \ \
[ VDM 1 L6 4 \ VD2 sz /’ \
N vDM2 — /
PR AR %l T /
S_744822222_2.2m ///
g J —
\_ J 1 /
/
/
vt
7
0.1 0 i m m ™y ™
1KHz 10KHz 100KHz 1MHz 10MHz 100MHz
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Simulation/CMC/CMC_744822222.asc
Simulation/CMC/CMC_744822222.asc
Simulation/CMC/CMC_744822222.asc
Simulation/CMC/CMC_744822222.asc
Simulation/CMC/CMC_744822222.asc

Test#6: Background - Simulation model CMC - Simple
Simulation\CMC\CMC _ 744822222 simple_1.asc

V(vecm)/1(Vcm) V(vdm)/1(Vdm)

100000
-
| |
Simple 1: REDEXPERT Data
based on coupling coefficient
p g 10000 i
d
(.ac dec 40 1k 1G \ // \\
.options numdgt=7 KL1L20.99772 / \\
veM L1 / \\ \
2.195m 1000 / ) \
VCcM Rser=70m Rpar=18.02k Cpar=6.27p / /\ \
AC1 /?;30,\ // / \\
2.195m / / N\
K Rser=70m Rpar=18.02k Cpar=6.27p j J \
100 / \
Cpar = 1/(2*2*n*(*ZCM@10MHz) = 1/(4*n*10MHz*1.27k2)=6.27pF / ’/ N\
Rpar = ZCM@fRes*2 = 9.01kQ*2 = 18.02kQ // /"
/
/
4 K1 L3 L4 0.99772 N\ 10 //
VDM o3 /,/
2.195m /
L_VDM Rser=70m Rpar=18.02k Cpar=6.27p /
(_) AC1 L4 /
2.195m 1 /
Rser=70m Rpar=18.02k Cpar=6.27p /
LS =ZDM@10MHz/(2*n*f) = 633/(2*n*10MHz)=10pH S
K = V(1-LS/L) = V(1-10pH/2.2mH) = 0.99772
LCM = K*L = 0.99772%2.2mH= 2.195mH 0.1 = T 4 T L) o
1KHz 10KHz 100KHz 1MHz 10MHz 100MHz

144 |

FLYBACK EMI LTSPICE
PUBLIC | STEFFEN SCHULZE
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Simulation/CMC/CMC_744822222_simple_1.asc
Simulation/CMC/CMC_744822222_simple_1.asc
Simulation/CMC/CMC_744822222_simple_1.asc
Simulation/CMC/CMC_744822222_simple_1.asc

Test#6: Background - Simulation model CMC - Simple 2
Simulation\CMC\CMC_ 744822222 simple_2.asc

V(vem)/1(Vem V(vdm)/1(Vdm
_ 100000 (vem)/1(Vem) (vdm)/1(Vdm)
[ |
Simple 2: REDEXPERT Data Correct DM resonance frequency
- and quality factor
independent DM-resonance \
7~
( .ac dec 40 1k 1G \ // \\ /\ )
.options numdgt=7 K2L71L81 K4111112-1 / \ /
L7 L11 / \\ (
vcM °4 0 °G 0 ) \ \// \\
2.195m 2.5 1000
VCM Rser=70m Rpar=18.02k Cpar=6.27p  Rpar=6.5k Cpar=3.17p / //\ \
AC 1 L8 L12 / ) / \\ \
. 81 / / \ \
2.195m 2.5 / / \ \
K Rser=70m Rpar=18.02k Cpar=6.27p Rpar=6.5k Cpar=3.17p j / // \\ \
100
/
Cpar = 1/(2*2*n*f*ZCM@10MHz) = 1/(4*n*10MHz*1.27kQ)=6.27pF / // \\
Rpar = ZCM@fRes*2 = 9.01kQ*2 = 18.02kQ / // \
// \
4 K3 L9 L10 1 K5 L13 L14 -1 N\ 10 //
VDM o L9 JL13 /
N3y, N3, /
2.195m 2.5p /
L VDM Rser=70m Rpar=18.02k Cpar=6.27p Rpar=6.5k Cpar=3.17p /
C AC1 L10 L14 /
- o ° 1 /
2.195m 2.5p //
\ Rser=70m Rpar=18.02k Cpar=6.27p Rpar=6.5k Cpar=3.17p j //
/
LDM=LS/4 =ZDM@10MHz/(4*2*n*f) = 633Q/(8*n*10MHz)=2.5uH e
RparDM = ZDM@fRes/2 =13kQ/2 = 6.5kQ 0.1 il

CparDM = 2/((2*n*fResDM)2*LS) = 2/((2*n*40MHz)2*10uH)=3.17pF | ] | | bl b |
1KHz 10KHz 100KHz 1MHz 10MHz 100MHz
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Simulation/CMC/CMC_744822222_simple_2.asc
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Simulation/CMC/CMC_744822222_simple_2.asc
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Test#6: Background - Real CMC

Series spread — Do we need an exact spice model?

10 kQ

10 kQ
\

1kQ \
/ 1kQ

g 100 O X /| g \l\ \
8 \'\/ & 1000 J\ REDEXPERT
] —_DUT1 a —_
g 0 E \vl DUT1
DUT2 100 DUT2
DUT3 ,, DUT3
10 10 ...—/
0,10 0,10
TkHz ~ 10kHz = 100kHz ~ 1MHz ~ 10MHz 100MHz  1GHz 1kHz ~ 10kHz ~ 100kHz ~1MHz  10MHz 100MHz  1GHz
Frequency Frequency
Common-mode impedance (744822222) Differential-mode impedance (744822222)
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Test#7: Schematic

5
——{>VOUT
MPL
E 1
VIN 19'3 OV PE 13 VOUT 5V/5A Lestpoint red
) < TRI X2 .
DI 36900000 _ Q@ Tespointred  VIN JA9119550 vouTt X4 =
! 36 XX B 1 - M Ig@(q LN P
X 3 XX3 3 I
MBRS360BT 'l 2x2 RI g7 70VDC Unidie sMA 20 1 'g S
15 47R 824500701 N H 2
1 =
COVOV S i I 5 FeL0Z0L32004 1 e +] s #l e ol cw oo
D6 - C4 —_ L0k Cll __@o6 —___100uF/6V3 ___ 100uF/6V3 100uF/6V3  _ 100uF/6V3 Jo7
§§3tn\‘m‘ Bidir SMC I sl 10nF/200V k3 Y 7 ETa1L1900 Braoislionm STR SIS0 A1 5y Unidir svc
S 5 S 5 -] 3x4.3 -C 7.3 3) -] Ix4.3 -C] T 3x4.3
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T
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SHIELL MP2 19 GND X7 ) X6 nz
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ShielDIY 36900000 RIG | x | 3R3 = R17
360002 60050332
360002 c1s — IPPI20N2ONS G i 60030332011 —
4nTF/250V b N —
§853522140011 ] [PPO4NOIL G
C2220 Testpoint black l C16
X22 TR2 4nTF/ 100V
749252100 | $85012207120 PE
PE GND = C0805
g |
| N ] GRD2
1 €29 |
GND <]——|
Tesipomi vellow I o -
: | 8853522140011 110
2220
| ERTTR,
i | ———]GND2
1 m
[ e | o
100pF/SOV - 6
883012007057 oR033 H
CO803 RIS I
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Test#7: Board configuration

Jumper -Depot

5 VIN
2 19VU-30V

ELEKTRONIK
MORE THAN
YOU EXPECT

149 | FLYBACK EMI LTSPICE
PUBLIC | STEFFEN SCHULZE

SHI TCHING
FREGUENCY
300k Hz

TECHNI CAL

FLYBACK EMI

600 005

V2022.1

- ‘ DEI“‘IDN::TDHTIDN BOARD 2. ¢




Test#7: Total conducted emissions - Line

110
100
90
80
s /0 —Test3
1 \
% 60 —Test4
: \ -
g 50 JAN /\\0\ '1 I ——Test5
g e RN o i
30 ‘ ——Test7
20 ——55032QP Class B
10 | | ——55032AV Class B
0
-10
100 kHz 1 MHz 10 MHz 30 MHz
Frequency
—p DC
Vsupp \ ) e Test#3 | Reference (no improvement)
Testi4 Test#3 + RCD-snubber

J__\ g / J__ Test#5 Test#4 + primary to secondary y-capacitors

Combined Test#7 | Test#6 + x-capacitor (DM filter)
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Test#7: Conducted emissions - Common mode

110
100
90
80
§ w I e
s % I a - —Test4 CM
g >0 l I ——Test5 CM
oo Mode conversion? Teste (M
30 ——Test7 CM
20 ——55032QP Class B
10 A ——55032AV Class B
0
11(2)0 kHz 1 MHz 10 MHz 30 MHz
Frequency
|
Y supp ) DC Test#3 Reference (no improvement)
Test#4 Test#3 + RCD-snubber

J__\ ¢ / J__ Test#5 Test#4 + primary to secondary y-capacitors

Common Mode Test#7 | Test#6 + x-capacitor (DM filter)

1 51 | FLYBACK EMI LTSPICE

PUBLIC | STEFFEN SCHULZE




Test#7: Conducted emissions - Insertion loss CM

80
70 Mode conversion?
= 60
)
g 50
@
S 40
5 t
E % ——
= 2 Supply line acts as a CM filter
10 —> Supply line = antenna
i /\/ - Radiated emissions!
0
o Acm,fISWzA‘IdB @ f,,, = 300kHz
100 kHz 1 MHz 10 MHz 30 MHz
Frequency
EE— DC
VSUpp > DC + RCD-snubber
+ primary to secondary y-capacitors

N

CMC and y-capacitors (CM filter)
+ x-capacitor (DM filter)

Common Mode
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Test#7b: Simulation - Conducted emissions - Common mode
Simulation\Test1-7\Flyback EMI_Test5-7b_ FFT.asc

110dB V(cm_rf)@1 V(cm_rf)@3
100dB
90dB
80dB
70dB ~55032QP Class-B L
T I I
|
60dB —:eo33n1 CIas<B —
50dB —
—_—
40dB AcmeW239dB @ fSW = 300kHz | | ] ]
a No mode conversion in simulation
3048 < | D' S T i! A RES 'Iln‘ﬁm'
\\V v
-10dB 4— f\ A : AA
100KHz 1MHz 10MHz
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Simulation/Test1-7/Flyback_EMI_Test5-7b_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test5-7b_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test5-7b_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test5-7b_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test5-7b_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test5-7b_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test5-7b_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test5-7b_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test5-7b_FFT.asc

Test#5: Simulation - Conducted emissions - Insertion loss CM

Simulation\Insertion Loss\Insertion Loss-CM.asc

(V(L_RF)@1+V(N_RF)@1)/(V(L_RF)@2+V(N_RF)@2)
(V(L_RF)@2+V(N_RF)@2)/(V(L_RF)@4+V(N_RF)@4)

80dB
70dB No mode conversion in simulation
/’ ses—
60dB _— — ~.

paliisil S

( 7 al // \\\ ~
30dB 2% N
N / /

i

Acmssw=39dB @ f.,, = 300kHz Y
S
odB I —
-10dB
100KHz 1MHz 10MHz
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Simulation/Insertion_Loss/Insertion_Loss-CM.asc
Simulation/Insertion_Loss/Insertion_Loss-CM.asc
Simulation/Insertion_Loss/Insertion_Loss-CM.asc
Simulation/Insertion_Loss/Insertion_Loss-CM.asc
Simulation/Insertion_Loss/Insertion_Loss-CM.asc
Simulation/Insertion_Loss/Insertion_Loss-CM.asc
Simulation/Insertion_Loss/Insertion_Loss-CM.asc

Test#7c - Simulation: Simulation\Test1-7\Flyback _EMI_Test5-7c_FFT.asc

Simulation settings Filter Common-Mode Noise Model!

g c1 J1
.:ﬂ;SMA].Iih‘ b

JJib SMC202.1il 0.0047) a1
model SW SW({Ron=1m Roff=1Meg Vt=0.5 Vh=-0.5) CDE1 w {1}

20p
ran© 1.193333m 1m 10 CMC: 2.2mH/ 2A - 744822222 T
step param test it 5 6.7 =2

E bstol=0.01 - -
options ab €2, C15: 4.7nF/ 250VAC X7R 2220
options plotwinsise= 0 fastaccess 8853522140011

options noopiter gminsteps:
_save V(DM_RF) V(CM_i RF]

<{ouT »
€1, C19: 4.7nF/250VAC X7R 2220 -
8853522140011

.ic V(IN)=24 C12: 4.7pF/50V X7R 1210 - @
885012209048
c2
1 D6: TVSP 30V/3kW DO-214AB - 0.0047p == =
Supply + Asym LISN! + Line e 0047, : Flyback-Converter Load
C5: 100pF/ 35V - 3 €7-C10: 100pF/ 6.3V~
LLKL1,12,13: 749119550 - L -
u2 K2 LL LN 0.6325 870135675003 " 875015119003
[ ] LL 16 PULSE(O 1 0.2m 0.5m 0 1)
v LR ' W
L L 0.8y
= 1yF = 100nF * er Jer10 vz
CMC
15 1 4 ];1,.‘.’3#
35 ]
e ? D6 1357
2| | s
08 PE é smc3oizoca |C12 crﬂ:
5_744832232 2.2m —
2.68p 0.001p
| IPPOAZNOZL
T WF 7 17
TP, : Ay
H {75
CISPR_25_DM_CM_ASYM
Ci5
Note 0.0047p ==
{ 1. Run simulation .param J8=table(test,3,16,4,10m,5,10m,6,10m,7,10m)
: ble(test,3,16,4,1G,5,10m,6,10m,7,10m) @
: 2. View FFT table(test,3,16,4,16,5,10m,6,10m,7,10m)
: 3. Select V(cm_rf), V(dm_rf) and V{I_rf) by holding the ctrl-key - 0K ble(test,3,16,4,16,5,16,6,10m,7,10m)

ble(test,3,16,4,16,5,16,6,10m,7,10m)
ble(test,3,10m,4,10m,5,10m,6,16,7,16)
ble(test,3,10m,4,10m,5,10m,6,16,7,16)
.param J5=table(test,3,16,4,16,5,16,6,16,7,10m)

: 4. Plot Settings - Reload Plot Settings

I LPE = Line inductance PE
: LL = Line inductance L/ +
I LN = Line inductance Nf- .

LLK = Primary-side leakage inductance ADP1O71-2 Comp
: CDE = Drain to Earth (PE) capacitor

: CPS = Primary to secondary winding capacitor (interwinding capacitor)
: RPS = primary to secondary resistor (find the DC operating point)

Line inductance measured with LCR45 (1mm=1nH) PULSE(0 5 0 10n 10n {0.5%1/200k} {1/200k})
{ K2 = V(1-1SC/LC) = V(1-0.48pH/ 0.8pH) = 0.6325
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Simulation/Test1-7/Flyback_EMI_Test5-7c_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test5-7c_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test5-7c_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test5-7c_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test5-7c_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test5-7c_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test5-7c_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test5-7c_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test5-7c_FFT.asc

Test#7c: Simulation - Conducted emissions - Common mode
Simulation\Test1-7\Flyback EMI_Test5-7c_FFT.asc

110dB V(cm_rf)@1 V(cm_rf)@3
100dB
90dB
80dB |
70dB 55032QP C|aS<B I li.by
60dB ﬁ I I L
55032AV CIas<B — )
50dB T A ren=39dB @ f,,, = 300kHz |
40dB — | TR :
/’ Mode conversion in simulation too
30dB | L1 ) AT 1
\ ) y 1 “ Il 1" H
20dB S Aodipl
10dB [\V/\ A Avl\ A m
o ARV LA
_10d8 -\ A A Al

100KHz 1MHz 10MHz
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Simulation/Test1-7/Flyback_EMI_Test5-7c_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test5-7c_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test5-7c_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test5-7c_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test5-7c_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test5-7c_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test5-7c_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test5-7c_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test5-7c_FFT.asc

Test#7: Conducted emissions - Differential mode

110
100
90
80 =42dB @ f,,, = 300kHz
0 ——Test3 DM
s |
2 60 - 1 | LLL I : H
5 ‘ I : ‘ AEYREYTELLE L ‘ — Test4 DM
3 %0 ARAM A ddidanmniid . — Test5DM
=
= w0 Test6 DM
30 w ——Test7 DM
20 —55032QP Class B
10 ——55032AV Class B
0
-10
100 kHz 1 MHz 10 MHz 30 MHz

Frequency

—— |
v supp DC Test#3 Reference (no improvement)

Testi#s4 Test#3 + RCD-snubber

Test#5 Test#4 + primary to secondary y-capacitors

Differential Mode Test#7 Testi#6 + x-capacitor (DM filter)
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Test#7: Conducted emissions - Insertion loss DM

80

70

60

40

30

Insertion Loss DM (dB)

20

10

0 Y 4/\
o ~42dB @ f,,, = 300kHz

100 kHz 1 MHz

10 MHz 30 MHz
Frequency

[

DC + RCD-snubber

V
supp

+ primary to secondary y-capacitors

+ CMC and y-capacitors (CM filter)
+ x-capacitor (DM filter)

Differential Mode
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Test#7c: Simulation - Conducted emissions - Differential mode
Simulation\Test1-7\Flyback EMI_ Test5-7c_ FFT.asc

110dB V(dm_rf)@1 V(dm_rf)@3
100dB
90dB
80dB - ~42dB @ f,,, = 300KHz
70dB :032QP Class-B
\
60dB 10324V Class-B
\
50dB |
40dB |

" |
10dB /r\&/\vf\jvq A [ \An
- JI\/ Wil i
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Simulation/Test1-7/Flyback_EMI_Test5-7c_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test5-7c_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test5-7c_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test5-7c_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test5-7c_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test5-7c_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test5-7c_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test5-7c_FFT.asc
Simulation/Test1-7/Flyback_EMI_Test5-7c_FFT.asc

Test#7: Simulation - Conducted emissions - Insertion loss DM

Simulation\Insertion Loss\Insertion Loss-DM.asc

(V(L_RF)@1-V(N_RF)@1)/(V(L_RF)@2-V(N_RF)@2)
(V(L_RF)@2-V(N_RF)@2)/(V(L_RF)@4-V(N_RF)@4)

80dB

70dB /
/

60dB

50dB P

/

40dB
/

30dB
/ ~42dB @ f,,, = 300kHz

20dB

10dB

0dB v

-10dB
100KHz 1MHz 10MHz
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Simulation/Insertion_Loss/Insertion_Loss-DM.asc
Simulation/Insertion_Loss/Insertion_Loss-DM.asc
Simulation/Insertion_Loss/Insertion_Loss-DM.asc
Simulation/Insertion_Loss/Insertion_Loss-DM.asc
Simulation/Insertion_Loss/Insertion_Loss-DM.asc
Simulation/Insertion_Loss/Insertion_Loss-DM.asc
Simulation/Insertion_Loss/Insertion_Loss-DM.asc

Test#7: Background - DM-Filter
REDEXPERT: Capacitance / DC-Bias

= The DM filter results from the stray inductance of the CMC and the X-capacitor
= Stray inductance of the CMC =10pH
= X-capacitor C12: 4.7pF/50V, 1210, MLCC

Capacitance / DC-Bias Voltage

5pF

LF \
) 885012209048
e 3uF X7R 1210 _
g 4 70F 50V Cx = 3.68uF@24VDC
8 2pF | ——

C(Vpc.gias) @24.0V.. 7
- T
y | | | _ REDEXPERT"
oV 10V 20V 30V 40V 50V 60V

DC-bias Voltage
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Test#7: Background - DM-Filter
Theory

= Without DC bias:

1 1
] = = = 23 ZkHZ
fo,dm 21 [Lscm'Cx  2m+/10uH-4,7yF ’

u Adm,f,sw = log( Jsw ) -40dB = lOg(

fo,dm

300kHz
23,2kHz

) . 40dB ~ 44.5dB

= \With DC bias:

1 1

" fodm = 27-/Ls,em-Cx - 2m-,/101H 3,68 F
" Adm,f,sw = log( fow ) +40dB = log(

fo,dm

~ 26,2kHz

300kHz
26,2kHz

) . 40dB ~ 42,3dB

> AAdm,f,SWz Z,ZdB

» Simulation\DC-Bias\Insertion Loss-DM DC-Bias.asc
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Simulation/DC-Bias/Insertion_Loss-DM_DC-Bias.asc
Simulation/DC-Bias/Insertion_Loss-DM_DC-Bias.asc
Simulation/DC-Bias/Insertion_Loss-DM_DC-Bias.asc
Simulation/DC-Bias/Insertion_Loss-DM_DC-Bias.asc
Simulation/DC-Bias/Insertion_Loss-DM_DC-Bias.asc
Simulation/DC-Bias/Insertion_Loss-DM_DC-Bias.asc
Simulation/DC-Bias/Insertion_Loss-DM_DC-Bias.asc
Simulation/DC-Bias/Insertion_Loss-DM_DC-Bias.asc
Simulation/DC-Bias/Insertion_Loss-DM_DC-Bias.asc
Simulation/DC-Bias/Insertion_Loss-DM_DC-Bias.asc
Simulation/DC-Bias/Insertion_Loss-DM_DC-Bias.asc
Simulation/DC-Bias/Insertion_Loss-DM_DC-Bias.asc
Simulation/DC-Bias/Insertion_Loss-DM_DC-Bias.asc
Simulation/DC-Bias/Insertion_Loss-DM_DC-Bias.asc

Waurth Elektronik - LTspice MLCC DC bias model

Capacitance

= The new Wurth Elektronik MLCC DC bias models are

. . . 2.5 Uk 4
already integrated in LTspice XXVI.
20 pF -
= Ppath: \Contrib\Wurth\Capacitors\MLCC @
e 15pF -
S
= \/oltage vs. capacitance implementation: § 10 pF -
\/ o
* C=(Co -Copr) -sech <_Vth > +ConT 05 pF -
= sech() = Hyperbolic secant
O IJF T T I |
-20V -10V oV 10V 20V
Voltage
— Fitted C — Measured C

Q=(x*{Csat})+({CO}*{Vth}*arctan(sinh(x/{Vth})))-({Csat}*{Vth}*(arctan(sinh(x/{Vth})))) Measured and fitted voltage dependent behavior of capacitance.
.param Rs=2.2E-6 Ls=2.59E-10 Rp=5e7 C0=2.2E-6 Csat=3.62E-7 Vth=4.49 Part number: 885012106018, C: 2.2pF, Matchcode: WCAP-CSGP, Size: 0603,

Material: X5R, Vg: 16 V.

FLYBACK EMI LTSPICE
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Waurth Elektronik - LTspice MLCC DC bias model

Capacitance simulation

164 |

Capacitance
¥

FLYBACK EMI LTSPICE
PUBLIC | STEFFEN SCHULZE

Simulation\DC-Bias\DC-Bias 885012209048.asc

5.0p cbias
T\
4.5p / N\
tran 0 {1m+1/ftest} 1m / \
.step param dcbias -50 50 1 4.0p / \
.param ftest=1k / \
: VPP=1 i
5?3:’ TRAN IPP PP Ix(C1:A) FROM Om TO {1/ftest} View = SPICE Error Log 35K
.meas CBIAS PARAM 1/(2*pi*ftest*VPP/IPP) Right mouse click = 3.01
VBIAS Plot .step’ed meas data / \
2.5y / \
C 2.0p / \
vi 11 / N
<+> 1210_X7R_4-7uF_885012209048 1.5p
T~ SINE({DCBIAS} {VPP/2} {ftest})
1.0p
4 N
0.5p
0.0p
50 -40 -30 -20 -10 0w 10 20 30 40 50
Capacitance Simulation: 4.7uF/50V X7R 1210 — 885012209048  |DC voltage



Simulation/DC-Bias/DC-Bias_885012209048.asc
Simulation/DC-Bias/DC-Bias_885012209048.asc
Simulation/DC-Bias/DC-Bias_885012209048.asc
Simulation/DC-Bias/DC-Bias_885012209048.asc
Simulation/DC-Bias/DC-Bias_885012209048.asc
Simulation/DC-Bias/DC-Bias_885012209048.asc
Simulation/DC-Bias/DC-Bias_885012209048.asc
Simulation/DC-Bias/DC-Bias_885012209048.asc
Simulation/DC-Bias/DC-Bias_885012209048.asc

Waurth Elektronik - LTspice MLCC DC bias model

Impedance Simulation vs. Measurement

V(out)@1/Ix(C1:A)@1 V(out)@2/1x(C1:A)@2 521 || shunt
1.00a
0.1 — \E\
. \\\
- \\:\\
: \\\ /
0.01 %\\ /
E Q /)
: V4
. 2.367m
0.001 1.000m
100KHz 1MHz 10MHz 100.0k 312.9k 979, 1k 3.064M 9.587M 30.00M
Impedance Simulation:Simulation\DC-Bias\DC- Impedance Measurement: 4.7uF/50V X7R 1210 - 885012209048)
Bias_Impedance_885012209048.asc OV vs. 24V

FLYBACK EMI LTSPICE
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Simulation/DC-Bias/DC-Bias_Impedance_885012209048.asc
Simulation/DC-Bias/DC-Bias_Impedance_885012209048.asc
Simulation/DC-Bias/DC-Bias_Impedance_885012209048.asc
Simulation/DC-Bias/DC-Bias_Impedance_885012209048.asc
Simulation/DC-Bias/DC-Bias_Impedance_885012209048.asc
Simulation/DC-Bias/DC-Bias_Impedance_885012209048.asc
Simulation/DC-Bias/DC-Bias_Impedance_885012209048.asc
Simulation/DC-Bias/DC-Bias_Impedance_885012209048.asc
Simulation/DC-Bias/DC-Bias_Impedance_885012209048.asc

Waurth Elektronik - LTspice MLCC DC bias model

Transient simulation with DC bias model

= Simulation time without DC bias model: Simulation\Test1-7\Flyback EMI_Test7c.asc
= Total elapsed time: 13.692 seconds

= Simulation time with DC bias model: Simulation\Test1-7\Flyback EMI_Test7c_dcbias.asc
= Total elapsed time: 13.219 seconds

= Device: 11th Gen Intel(R) Core(TM) i7-1165G7 / 16GB RAM / Windows 10 Enterprise / LTspice 17.1.15
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Simulation/Test1-7/Flyback_EMI_Test7c.asc
Simulation/Test1-7/Flyback_EMI_Test7c.asc
Simulation/Test1-7/Flyback_EMI_Test7c.asc
Simulation/Test1-7/Flyback_EMI_Test7c.asc
Simulation/Test1-7/Flyback_EMI_Test7c.asc
Simulation/Test1-7/Flyback_EMI_Test7c.asc
Simulation/Test1-7/Flyback_EMI_Test7c.asc
Simulation/Test1-7/Flyback_EMI_Test7c_dcbias.asc
Simulation/Test1-7/Flyback_EMI_Test7c_dcbias.asc
Simulation/Test1-7/Flyback_EMI_Test7c_dcbias.asc
Simulation/Test1-7/Flyback_EMI_Test7c_dcbias.asc
Simulation/Test1-7/Flyback_EMI_Test7c_dcbias.asc
Simulation/Test1-7/Flyback_EMI_Test7c_dcbias.asc
Simulation/Test1-7/Flyback_EMI_Test7c_dcbias.asc

Test#7: Background - DM-Filter

Selection

1. Choosing the CMC — Determining the leakage inductance using RedExpert
= ~10pH

2. Cutoff frequency of the input filter min. @ 1/10 of the switching frequency of the switching regulator:
= 300kHz/10 = 30kHz

3. (Calculation of capacitance:
B 1 B 1
2 foam)? Lsem  (2m - 30KHz)2- 10pH

C, = 2,8UF

- >
fO,dm an

4, Selection of the component:
= 885012209048 (4.7uF/50V1210)
= Tolerance margin and DC bias!
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Test#7: Background - DM-Filter

Simulation\Insertion _Loss\Insertion_Loss-DM _simple.asc

1/V(out
80dB (out) /
60dB ; /
/
Insertion Loss DM: /
Zload >> ZOUTfilter /
simplified AC-DM-model /
.ac dec 1000 10k 30Meg AOdB /
: Ll LDM1 I :
10p /
s ) ~42dB @ f,, = 300kHz
§R7 Zload L LM e Zsource C—) /
100 3.68u AC1 //
v 0dB f /
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The LTspice XVIl Book

Commands and Applications

= The application manual for the simulation software
LTspice XVIl is an indispensable tool for beginners and
advanced users alike. For the beginner, the book offers
instructions on installation and updates, file types and
circuit examples.

= All users will appreciate the detailed explanations of
editors and views, simulation commands, component
models and their use, special functions, and even more
in-depth topics such as modeling inductors and
transformers with saturation.
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THE LTSPICE XVII

COMMANDS AND APPLICATIONS
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