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Radiated EMI in Power Electronics Systems
Radiation Conditions:
V4 1. Input and output
Input Power Connect Okt Py Comsided cables are undesired
\ | / [ antenna
. 4 Power A i 2. CM voltage between
Source ‘ B ~ | t+ | Load input and output
: > | Converter ' > cables are excitation
4 i4 voltage
g -
v, Critical Parameters:
) - 1. Noise source V,
NP, T Lo e Ml 2. Excitation voltage V,
\ iy ,/ 3. Radiation current iy
! Wl e rRe—ps ’ C1h;| Ig‘o':lercclzznicmepedance
L
Antenna Converter 2) Antenna impedance
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Antenna Basics

Radiated Power

Ohmic Loss Ry

R,

e

Reactive Power
JXa

Radiated Power:
1 2
P, = El’Al R,

Maximum Power
density: S,

Antenna

\
1 Output cable

I

Lumped Model of the Antenna Input cable

R, —Radiation Resistance > Radiated Power \
R, - Loss Resistance => Ohmic Power Loss
jX 4 — Antenna Reactance -2 Reactive Power

/

*

Average power density

P /(4 )
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Maximum Electric Field determined by Noise Source and Impedances

Antenna
Maximum Power
density: S,
\
Input cable 1 Output cable

!
/

-

Average power density
P/(4m?)
Dr. Shuo Wang, shuowang

Directivity D: Maximum power density

Average power density

=Smax(4mz) / Pl’

S nax=Emax /27 (n: wave impedance)

R,nD
Emax 4;1'1‘2 X “AI
Lo X |Vg| % e
= s
4mr? T V(Rs + R, + R)*+(Xs + X )2

Noise source
Due to Impedances
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Some International Standards for Radiated EMI

1. FCC Part 15 Subpart B --Unintentional Radiators

- — Class A Class B
( ;} H) (10m) (3m)
(dBuV/m) | (dBuV/m)
30-88 39 40
88-216 43.5 43.5
216-960 46.4 46
=960 49.5 54
2. CISPR 22
| s Class A Class B
"(e;} Hz) (10m) (10m)
(dBuV/m) | (dBuV/m)
30-230 40 30
>230 47 37

Class A — commercial. industrial, business
Class B — residential
Dr. Shuo Wang, shuowang@ieee.org

Emax (dBpV/m)
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55 I N
e FCC Class A(10m) Y e
= = FCC Class B(3m) !

------ CISPR 22 Class A(10m) ! 495

5001 CISPR 22 Class B(10m)

.'L&J‘ ------------------ % 07----
I s 2 -46- . -E
45 435 I :
135 il E
40 04-0-—49—QJL ------------ ij E
39 ¥ E
35t 5
| 216MHz! |

30 - 2 5

30MHz 88MHz 230MHz 960MHz
Frequency(Hz)




Evaluate the Radiation of a Power Converter

« CM Currents
« CM Currents on input and output cables

« CM Impedances
« Antenna Impedance
« Power converter CM impedances

« CM Voltages

 \/oltage source voltage
 Excitation voltage

Conclusion: accurately measure high frequency CM impedances, CM voltages and currents are very important
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Radiated EMI Model for Flyback Power Converters

Iy

b

Input
cable
to grid

(Antenna) = Y.
i

« Venps

!

-

|
i

——

[_K—] cable

Iem

e —
4 a

[TOttput

M to load

] \/(Antenna)

-
+CM path

Circuit, Excitation Voltage and CM Currents
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Due to the impedance of its junction capacitance is much
smaller than Antenna impedance, the diode bridge's
impedance can be ignored even is not turned on.

I e e S RS -
Converter o P
[ g L

ZCMConv | : Loss

\ resistance

+ |
Z' Radiation R

Antenna - r

L it rcna " resistance
GNDs
Antenna reactante

Radiation model
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CM Current Measurement and Issues

Two couplings influence the accuracy of
CM current measurement:

Measurement
. equipment Baapling1:
Coaxial cable ' "
a—— Zcpi Zepi, Zopo: coupling impedances
Lona between input or output cable and the

Output cable

T

outer conductor of the coaxiable of
current probes

. Current :

probe Flyback

conveder | Coupling 2:
iCoup”ng Input cable Grid impedance between input and
; * output cables
AN From noise source to input
v, cable, to power grid, to ground, to

___________________ Berrnencaned output cable and back to noise source
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Effect of the Couplings Z.;, and Z.,; on
Measurement Errors

av S 104
30403
= 102

N
(o
.
Phase
]
S
[ o=

+

lybyack Measurement errors:
onverter
& AV ~ (Z CPrVo+ ZCPoVr)Rm
. RCT Rm + ZCTorl
1 ZepLep,(1+ + )+ (Z g+ Zep, N Rer + R+ Zer,g)
Earth ground - Rg, Rg,
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Effect of the Grid Impedance X, , + R, , on

Measurements

.
zCPg

Dr. Shuo Wang, shuowang@ieee.org

Earth g}ound

IC.\I

ZCMConv

ZcMTrans

VenDs
Veu @

ZCPg

Impact: the measurement result is not
repeatable due to the uncertainty of the grid

impedance
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Techniques to Reduce the Effect of Couplings

R k=AY 1) Multiple Ferrite beads have CM
resistance above kQ
i s i RchFB 2) Equivalently increase R, and Rq
. 3) Measured CM current signal flows
op. through ?he DM loop in the probe and
> the coaxial cable.
% Zere 3) Ferrite beads will not affect CM
R, current measurement
r={___} 1 Flyback
Vo Zemcony converter
]CM

1) Ferrite beads can isolate grid
7+ impedance from input and output
Ferrite beads cables "
high resistance) 2) CM currents will only flow through
cable antenna

I I cM1 Xa

- Cend

]CMZ

AR | S

Earth ground -
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Improvement of Measurement w/ Ferrite Beads

Current probe is not clamped to the cable

(but at the same position as when it is clamped) Measurement errors due to the couplings
- s e B S SN N O O 2 100 1 :
Wi/o ferrite beads applied Measured
— 40} Wiferrite beads applied | - e ;
& X 60| :
= q 40 o ‘
= 0 O
20%
© o @ *
_20 y ek A | | toa Lol o g S L 0 A . 1 L A
30 40 50 60 70 80 90 100 3 4 S 6 7 8 9 10
f (MHz) f (Hz) <10’
1) The coupling is not ignorable 1) The developed model agree with measurement
2) Ferrite beads can greatly reduce the couplings 2) The couplings lead to significantly errors
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CM Current due to Primary Switching Voltage
1) Both V,;; and V. contribute to Vgyps and generate CM current
2) Their contributions can be analyzed separately
CM Current due to V,,;
CM path ] oo
T k<1 ) Converter o
. : : & 3 “: RL
lem § * : i ZeMcony : Loss
: | a resistance
_-b—J i Vsec T +
= . ! | Radiation
I t — 1 E OUtPUt Z ntenna : RP'
(Antenna) (Antenna) Antenna reactanfe
= + ' SGND Vi q) §
PGND- | V,,, ‘ - 8 §

Dr. Shuo Wang, shuowang@ieee.org

Vi and the transformer
are equivalent to

...........
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Measure Voltage Transformation from V; to Vgy\p,

VNA receiver port 2

VNA common
ground

VNA transmitter port 1
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Network Parameters to An = Impedance Network

s e SGND
; ] 1 ,
| |
4 Y W i - 8 theno -~ Zy + V
z z,| | Al -
S 142 311 Venos_,,, s
£ ‘ i » "
| g
_ ) - TPGND
“Leeno
CMTG - GNDs pri = Z3
e Vpri Z,+2;
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Measure the Transformation from V_,. to Vg\p

Dr. Shuo Wang, shuowang@ieee.org

VNA receiver :
port 2

VNA common

\ ground

et O
PGND SGND

VNA transmitter
port 1

CMTG,,,; + Voo - CMTG g,
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Comparison of Vg, p. Contributions

SGND

S — | ———— v
80 v wy Y ey r7rTrerT Ty P W T S5 R A5 IR A A M E +E
Vpri 'CMTGpri : Z, .

ki, [

ZcmTrans = 21”23
Vey =V Z3

Mag (dBuV)
N
)

N
O

M

L Vede -CMTGyee [T TN APIE
7 8 9

3 4 5 6 10
f (Hz) x 107 — o
- ) L
The Vgnps due to Vi is much bigger than that ~ PGND Ve Seuriia gy
due to Vg, due to the big magnitude of V. . W s
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Flyback Converter and Cable Antenna Impedance

Calibration ground plane

Converter fie, |} | VN‘_\ port 1 wit NA port 2 with
[ - R, 5 ferrite beads Sitits Bosd
Z : : :
CMConv : Loss 5 CM path
: resistance :
% : !
Z' Radiation R E * } ZCMConv i 3 ZAntenna
\Antenna- . r |
Z cMTrans Ven, resistance 5 - A4 o
it \ - -
Antenna reactante ! I Output
Veu (F _ 5 | Cable
Q = b ! ; P A A Antenna)
: x : Cable
A : (Antenna) SGND

S S o s S ' ~ PGND

Transformer is removed
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Measured Converter and Antenna impedances

w0 e T e _
S it T E PP e T T 1) For radlated EMI, trans_former

3 4 5/ (HV;S 78 91 g CM impedance can be ignored
— 4 19" 2) Transformer is important for V.,
by but not for the CM impedance
SS
o
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CM Voltage V;\p. Measurement

1) Venps has both 50/60Hz signal and switching

noise
k<1 2) The magnitude of 50/60Hz signal could be
' i (N Icy much higher than switching noise
Icw i { " f 3) Due to the limitation of oscilloscope

S—— | § § + @ resolution, 50/60Hz signal must be excluded

b : = § : | Butput to increase noise measurement accuracy
Input _“j cable 4) A high-pass filter can be used to filter out
cable & A = ] to load 50/60Hz signals
to grid _N_l e V(Antenna) ‘
(Antenna) i SGND

PGND [ +  CMpath —

VGNDS

“
Y

Venps R "‘_) :

Oscilloscope
o Voltage P
probe

High pass filter

Dr. Shuo Wang, shuowang@ieee.org
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Issues in High-pass Filter Design

Flyback converter

__________________________ : ZProbe
ZCMTransE .
S —— 5 Cannot meet all conditions
: | C + : E E — 103 v — ’ — - . T
VGA}D | v | : - ! s 3 Zcmcony + ZAntenna)lI(ZCMTrans)
s ' R 'RP s b‘é |:] _ : el 9] e
Vem ! : (A : 80 102 —F == 1
—> — : CProbe 3 ; f pedoy
i <+ — Z; ]
' E : = 101 in s !
' : — i 3 4 <) 6 7 8 9 10
" Zemcony g ‘High pass | : f (Hz) <107
Pt Z pntenna \Z;, [filter iZo ;Voltage probe —_ |
e e S e Y : s e G e S IR S S 100 i
% Of
Conditions: Zin > (ZCMConv z = ZAntenna)”ZCMTrans E:: Lt S e e e s B R EE Rt
3 4 5 6 7 8 9 10
Zout < Zprobe f (Hz) %107
1
fo. = —>5MHz
2mRC

Zin = R“ZProbe

+_
2nfC
Dr. Shuo Wang, shuowang@ieee.org 1%,



OF i mes

Improve High-pass Filter Design

Switch the voltage probe and high-pass filter positions

i All conditions can be met
High pass filter

. Oscilloscope 1
R =100 €,

z i

(J— Ferrite } I 22 0 ¢ J2nfCops  Ros

Focn REAES K A Input impedance of

e BREE=" the oscilloscope
oltage — « | (CoslIRos)
G frobe Forrite| 15pF//1MQ 1Zinl > 12,
beads
(13pF//1MQ) 195 pF Zo Zin Zout Zi

(<27Q) above 30MH2z)
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Derive V. and Vgype

......................................

Converter Tew ; %
L '
a | '
‘ ! Loss 5 1) Use ferrite beads to isolate
Zcmcony TesiRance ZCMConv and ZAntenna
! LS ! The measured is V’ NO
Ferrite + 3 Radiation | 2) GNDs> T
beads V' Z:A"“'""““ resistance B, : vGNDs
GNDS | | Z mrrans | VGNDs | : 3) Vem can be solved based on
+; o ! Antenna reactante | V’eNDs
Voltage @VC“_ b | L 4) Real Vgyps can be derived
probe . ' X, '
Z Probe b s S T o S e e B :
(13pF//1MQ)

VCM = V’GNDs(1 T ZCMTrans/ ZProbe)
VGNDS = VCM( ZCMConv ¥ ZAntenna)/( ZCMConv =+ ZAntenna + ZCMTrans)

Dr. Shuo Wang, shuowang@ieee.org
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Derived V., W/ and w/o the High Pass Filter

80 Vep derved rom tile measured V gyps
without the proposed high pass filter.

igh pass
iter
errite beads

2,
‘urrent probe % Veu derived from the measured V' gy p-<
B0
@
—
~

N AR \-;’\,ﬁ..l---\ ANy i)l e ol LY A :‘;;‘th
7 N\ e N r LA LY T AL \,\.r.‘.,M,-‘l“ql\‘d,\'l'p_"..v_‘.v,.

R

with proposed high pass filter.

-

onverter 40 :_\’ ~ \“\"l\ J'" ‘,‘ \‘"\"I\’ U..‘x‘,‘r"‘_u,« "*ﬂ"‘qh\“ﬂé“‘ws‘k}dff

nput cable

Background n&xse with the proposed high pass
filter.

errite beads 2 ot PO S W S S S P RSO WP W
3 4 5 6 7 8 9 10

f (Hz) :-:107
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Measured CM Current I, w/ and w/o Ferrite Beads

O —— 20 (Meéasured Iy, without ferrite beads appiied
Converter M | | t
t R |
{ ' L i | , {\-A,\V J
a | ' /! {
‘ | — 10 B /! /“Al\l \'\" i
ZcMcony ; _:g:mme < '.., i ! y Wi t,‘n;‘,'.m\w : !i !
\ A ~ . 1
+ é o M~ \r ’, ’ \M Py J#l A‘g%"{n{ ;r{‘b I l' : : L‘.‘“M!
4 Radiation | & E A AL & \"‘.”‘g \u!" ™ l
IAntenna— - r i VA e RS LR,
ZCcMTrans VenDe resistance EB Jicte d Faag = - '/G.V;)s Mv,“i',-‘\?;_‘" ,'\l,!ﬂ"t'&. %#
Antenna reactante ! = 10 <o Bl orsscocns ”'W\.J%MJ} WV J
Veu (’_P b ] E Measured I, with ferrite beads applied
X
_________________ a 1 -20 —
3 4 5 6 F 8 9 10
f (Hz) %107

Ferrite beads can greatly improve the accuracy
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Conclusions

» The effect of undesired couplings in high-frequency CM current
measurement is analyzed and quantified

* Ferrite beads are used isolate couplings and improve the
accuracy of high-frequency CM current measurement

« Measurement technique for the transformer’s high-frequency
DM to CM voltage transformation is proposed

 The high-frequency CM impedance measurement techniques
for transformers, converters and cable antenna are proposed

« High-frequency CM voltage measurement and derivation
technique are proposed (a high-pass filter is proposed)
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