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l. Identify EMI sources and propagation paths

Il. Some common mechanisms for high frequency (HF) conductive EMI
A. HF EMI due to the spectrum of EMI noise sources
B. HF DM EMI caused by inductor impedance valleys on DM propagation paths
C. HF CM EMI caused by the resonances and parasitic couplings on CM noise
propagation paths
D. HF EMI due to parasitic near magnetic couplings with magnetic components
E. HF EMI due to bad PCB layouts

UF |FLORIDA mps

Dr. Shuo Wang, shuowang@ieee.org



|. Identify EMI sources and propagation paths
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Identify DM EMI Noise Sources and Propagation Paths

An automotive boost converter -
example Lg |g7
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Effects of Noise Source and Path Impedance on DM Noise

Parasitic loop
Impedance

Ground

DM Noise Spectrum: « DM EMI spectrum is determined

20logV,,, =20log( 05719 o\ ) by both switching waveforms

ZLoad +Z|_B -|—Z| and impedances on propagation
P paths
=20logVy, —20109(Z g + 2,5 +Zie) H14109Z,
M ' 1

Noise source Path Impedance
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Identify CM EMI Noise Sources and Propagation Paths

_________________________
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DRAIN (FLANGE)

« CM EMI noise sources are
equivalent voltage or current
sources for switching
devices

« CM EMI flows from voltage
pulsating nodes to parasitic
capacitance, to ground and
back to the main circuit.
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Effects of Noise Source and Path Impedance on CM Noise

Parasitic loop
LISN Impedance

Z e CM EMI spectrum is determined
20logV,,, =20log Load N -
ZeotZioo +Z L oag by both switching waveforms

and impedances on propagation
~ 20 IOgVN - 20 Iog(ZCc + ZIoop + ZLoad ) +20 |Og ZLoad paths

£ $

Noise source Path Impedance
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II. Some Common Mechanisms for High Frequency (HF) EMI
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A. Effects of noise sources: switching frequency, speed and

ringing on EMI spectrum (for the boost converter case)

Switching frequency f=1/T: f, > f, Speed S=Alt: S,>S;
Case 1 Case 2 Case 3
Base line Higher speed Higher speed and higher f
I e AT
A j&— DT
v . ,
— - e fiS, f25;
t vydB) 1o T Tou(dB) 1 Teu(dB) ; . —20d B/d ec

20d B/d ec 2,92

(R e S— G Y S sy S TR /R S S L
nD nD mtyy Tty ) aD mty Tty D wpnt,,  mt,; (Radiation)
Noise Source DM EMI CM EMI
UF {iGRisa  © Higher speed and higher f -> CM and radiative EMI are more significant mps

Dr. Shuo Wang, shuowang@ieee.org



Measured Noise Source Waveforms and Spectrum at Different

Frequency but Similar Speed

Ringing
~
20
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Technical Solutions based on Noise Source Spectrum

1. Try to use Monolithic solution like MPQ4436 which has very low ringing

2. Try to utilize the energy stored in parasitics to reduce ring:
Using soft switching technique such as ZVS and active clamp to absorb
parasitic ringing due to parasitics

3. Trade off between switching speed and switching power loss
Control switching speed by control driving currents

4. Reduce switching frequencies with both EMI and efficiency benefits,
possibly power density benefit too

5. Frequency jittering to spread EMI energy. MPS has the most effective jittering
strategy
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. HF EMI due to Inductor Impedance on DM EMI Propagation Paths

=20log(

0.54,,
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Reduce HF DM EMI with Inductor Design

R I B Core materials:
e i e e i 8 Original: Cool Mu; ur=60

e e e / 'i”dﬂ-’“dﬂ“. Redesigned: Iron Powder; ur=100

1k EDdB..-ideV ,-'ﬂi. ,\\ (1) Higher HF core loss(0.46W higher);

1000 - = Fﬁr 2 -.---Higher dampi.ng at resonant frequencies

o 0 H’_If’ (2) Higher permeability therefore fewer number of turns and

o — - smaller parasitic capacitances

IkHz 4 MIN 1000 @ st 2 os0.o00 n: 40MHz ----Higher first peak frequency. Extending

self-attenuation to higher frequency.

Original (Cool Mu)
|- = - -Fedesioned inductor Orzmal mducter |

A e B 0O MKR 2 B2A 427 135 H=z

A MAX H0.D0 K8l Man 166582 K0 140

B3y L leg PHASE = 3.33738  deg ) B . .
o 5 UL . ;3 | e T00B "~ Ofigfalt o Lossy inductor is

; | f,,ff"’ N /\ EE , ) good for HF EMI

= (Tay .

] | =T i : L reduction
100Q & e ® * Reflestapdal 1  Always sweep

: o | | | 0 inductor impedance

1Q == - ,

:Fr 1 a | = . 5 a1 " a  al ¥ | '.aE-IIEI 1000300 10030000 1000000

IHz &MY 4,909 L8 SIaml L o.1 588838 | 40M -

Redesigned (Iron Powder)
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C. HF EMI due to the CM resonance of EMI filter and the converter

EMI Filter Converter CM loop resonance
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« CMloop resonance can generate HF
spikes
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HF EMI due to the coupling between grounding paths

EMI Filter Converter
A “,LCMZ Loms ZXQ

1

-y A

2ic, Leap - DOLol
Ground ¢ VI A
A\ ANANNNN

Noise is amplified by n times:

Lp's effect M'’s effect

ALy =M) oy M -
ESLCMZ ICM4 ESLCMZ

« M's effects are amplified by lcys/lepa
times, loys/lcma =40dB/dec,

= M's effects would be dominant at HF
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Techniques to reduce CM resonance and coupling between

grounding Paths

 Reduce converter input CM loop area
« Move two grounding paths far away
 Reduce lengths of grounding paths

120

LISNs 110 ‘ Jl‘ '

100

©
o

5002

©
o

55012

______________

‘Reduced CM 1000

Magnitude(dBuV)

M is minimjze

20
1.0E+05 1.0E+06 1.0E+07

Frequency
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D. High Frequency CM Noise due to Parasitic Couplings with

Magnetic Components

A planar transformer example

Between low and high H
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High Frequency CM EMI due to Magnetic Couplings

I I I I I
Input wire at expose!
i core side

T 17T
d winding side

CM Noise

Input 48V DC

it LISNsE—

« The winding openings of a transformer
have high near magnetic field

* Avoid sensitive circuits close to
winding openings

DM Noise

—— o
Input wire at exposed winding side |, | | | | |
Input wire at confined core side 4‘ o000

i Ll
R |

i
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. High Frequency EMI due to PCB Layout

Vin LCM C
bus
’f'Y'YY'\_T_
C 'GND

AN
~~
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Impedance
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10* F

108 £

102

@

Due to PCB layout C,: 6pF

/

L impedance (2pF

i

T
Frequency(Hz)

» |f the grounding layer is not quiet,
the grounding layer should not be
close to the sensitive input

mes



Improve PCB Layout to reduce High Frequency EMI

Top layer

70

65
Vin N

Old layput

60

55

50

45 " [ HM
W

1 }
lew |a

ELl ) B s

NS
()

30
10
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|. DM and CM currents, which one is the major contributor of radiation?
ll. General radiation model for power converters

lll. Noise source and its effects on radiated EMI

IV. Interaction between noise sources and an undesired antenna

V. Reduction of radiation with Y-capacitors
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|. DM and CM currents, which contributes more to far field

radiation?

131.5 x 107101, f2A -
E,, = X pmf Power Plane Eoy = 2 X 1077 Iy f1
r £ lem T
R e
r BV Y TR T
(i) 98 — %
: 4 A £
S R W o
| | Eu®—
— VA= r
[~
Epy -8 Ipm L :
= = 2.1X107" X f X+ X——  Radiation due to CM current is usually
Ecy L Iy ™ . . . .
dominant if Aly/lly 1S not too big at HF
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ll. Radiation Model for Power Converters

V4

25

Input Power Connect Output Power Connect

N ..

SO u rce B, e

el |

Power Converter ———

Input Power Connect

\

Output Power Connect

Antenna Converter

Radiation Mechanism I=D¢ Antenna & Source | Radiation Model ‘ ‘ Radiated Electric Field ‘
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Antenna Model for Cable (power interconnect)

Ohmic Loss
R;

Va5 @

Reactive Power

g |

26

Lumped Model of the Antenna

Radiated Power R, - Radiation Resistance - Radiated Power
R, R; - Loss Resistance - Ohmic Power Loss
JjX 4 —Antenna Reactance -> Reactive Power

Radiated Power

| R 1
3 ‘N\iﬂ P, = 2 |IA|2Rr
V4 ?Rr 1 |V |2 R,
L] —51Vd
jX4 2 (Rr + Rl)z‘l'XA2
Antenna

UF FLORIDA
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Full Radiation Model

Output Power Connect

Vsl

|IA| =
V(Rs + R, + R)*+(Xs + X )2
Vsl

) V(Rs + Rp)%+(Xs + X4)?

Input Power Connect

Antenna

RaluCzigo R i
+ _ nGo , V RA
= | 2mr2 X |[Vg| % > 5
Vs @ Va 3R, r 1 V(Rs + Rg)2+(Xs + X,)
— - Due to Impedances
—D——E_ Noise source
JXs JXa
Converter Power Connect
Antenna  Radiation is determined by both the

noise source and propagation path
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Development of Converter and Antenna Radiation Model

Converter radiation model:

Base on Substitution Theory and Thevenin Theory:
1) Replace switching devices with voltage or current sources in the
converter circuit

Rs 1,(2icip) Ry 2) Disconnect cable antenna, measure open loop impedance

. —W—] R<+)Xs between input and output of the converter after short

Vs@ v, 2R, voltage sources (semiconductor switches) and open_cur_rent
_ sources (semiconductor switches) in the converter circuits

L_F—-L_F— ' 3) Open loop voltage V, between the input and output of the

X X4 ) )
Converter Power Connect converter cannot be directly measured due to the impedance of
Antenna the voltage probe, it can be derived based on the probe

impedance or V, can be derived based on network analyzer
measurements (see reference [5][6])
Cable antenna model:

Impedance R+R+jX, of the cable antenna can be measured with
the converter disconnected
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l1l. Noise Sources and Its Effects on Radiation

120
Noise Source Trapezoidal Total Wave
Total Wave Trapezoidal Wave
35 : : ,
Trapezoidal Wave Spectrum 100 ”\\/M.\ ——2VS Wave
301 firvermuey ;“ ZVS Wave _ I, Ringing
/ | Ringing % 3 Rinain
25 - | % 80 ging
>
20 - | ©
; “\ =
; 15 M | b 60 [
10+ / |
\ ‘
5r J | 1 “50 100 143MHz 500
| |
0 Fe—————-r P — Frequency (MHz)
Measured E 90 '
-5 I I .
(] 0.5 1 1.5 Field _ 80
t(s) x10° fm sem o
nechoic I :
Trapezoidal T
chamber) 60 | P Ringing

 Low-frequency radiation is determined by
trapezoidal wave

 High-frequency radiation is determined by
parasitic ringing
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V. Interaction between Noise Source and the undesired Antenna

VS@

Conditions for high radiation:
1. X5+ X, = 0 (series resonance)

s V(Rs + R)?+(Xs + X4)?

2. Rgand Ry, are small

Interaction of Impedance

1 1
JXs JXa
Converter Power Cable

Antenna Antenna Converter Possible Effect on Radiation
Sl Rs L & High radiated EMI may be generated at resonant frequency,
. / S especially when resistance is small.
 Radiated EMI —~“W—]—
spikes happen Ra Ca \ -W— _ :
when imaginary R C v, Level of radiated EMI mostly depends on the impedance and
: the source voltage
part is canceled
and loop
resistance is R [ Level of radiated EMI mostly depends on the impedance and
/ S O the source voltage
small MA—TTD g
Ra La
\ High radiated EMI may be generated at resonant frequency,

Series Resonance

especially when resistance is small.
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Resonance due to Impedance Interaction

. Antenna Impedance
= .4 ‘RS .& RAI IRIeS|stance | —— Source Impedance
.E 10 Rs 11, R,
3 —— W——>—MW——
§ 102 - />-< +
c
g 10° VS @ VA ERI RA = Rr + Rl
£ 102 N SRS S S N —
=10 30y dix,| 10 500 — b—1 }+—
sl and |Xal Reactance JXs X4
g 10* ' T T ' [ ' Converter Power Connect
;;, 102 - Yéf;b‘%< Antenna
-‘E 100 1 Three Resonances
. . 5 Frequency R R,

30 £jXgand £jX 1% §00- | Number |\ ) @)
~ 100 ——— .
Sg” @ 173 24 125 | Low R, low damping
3 o @ 300 90 909 | High R, high damping
[<}] . . -
8 ©) 475 43 344 High R, high damping
= 100 = == 3

30 100 0 -

L @ @ 173MHz has EMI Spike

Frequency(MHz)
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|Current|(dBuA)

50

|14l = |Vs|

| CM Current

V(Rs + Ra)?+(Xs + X4)?

K,

45

40

35

N N w
o [3,] o
T T T

-
(%]

10|,

— Measured Current
Calculated Current| |
--------- Background Noise
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173MHz 500
Frequency (MHz)

Verification of the Effects of Impedance Interactions on Radiation

Radiated E Field

X
’ \/(Rs + Ry)?*+(Xs + X4)?
K,

[<-]
o

~
o

Measured E Field
Calculated E Field
......... Background Noise

(32 [~
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V. Reduction of Radiation with a Y-Capacitor

__________ | ICY
Input Power Connect i‘ :E Output Power Connect
Power \\ iCﬂl II'- ,': iCM//
Source| g 3 Power Converter 2| Load
Icy ’ Icn i
Rs N Ra 7 7
A Y A
W W— VA new :VS X
R - Z, || Z,+Z,
Vs@) !
S VA
JIXy Effective if Z, < Z, and Zg
—
— :I. e Y-cap can reduce V, added to
A
1Xs XA

antenna, so the radiation is reduced
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Radiated EMI Reduction with a'Y Capacitor

Z mag ‘

= Antenna Impedance

—_ 104 Y Cap Impedance
& —— Source Impedance
S
]
s
o
@ | T e,
= "

100 R - .

30 100 500

100 Z phase
)
-
(=)
@
S
Q
7]
©
L
o

30 100 500
Frequency(MHz)
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Questions or Comments?
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