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1. Power Inductor Basics
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Toroidal Power Inductor

Low Permeability Material
w/o Air Gaps:

/
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High Permeability Material w/ Air Gaps:

N-turn |
winding

A 2A A
F 2F F
B B B

Air gap is used to store energy
and prevent saturation
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Magnetic Field Intensity:
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Core saturation constraint: N ) .
| . . indi en8N| max u
N-turn winding ikl 1 <Ba 1
& Nl g 0 I [
P B g | Loo2mA L, F
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L= 8RNz ] | |
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Winding power loss constraint  (winding power loss due to eddy currents induced
by the magnetic flux of air gap is not included):
P = IDCZRDC -|a Iann Pw max

w
n=1

A If the DC current is dominant
NI,

<F)w_max Y'A\N 1>DC2 I PNIT

W_ max

P, =1, r

w

A If AC current is dominant

P.=4 I°R, <P, (Usually, the fundamental is dominant)

n=1
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EPR

Insulation Copper
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Rcore cane

Equivalent parallel capacitance
(EPC) represents the electric

energy
Equivalent parallel resistance

EPR represents the power loss

” EPC «
EPR

— L

__/\/\/\__L
1 1t order approximation
2p~/L® EPC Frequency
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2.1 DM and CM Conductive EMI in Power
Electronics Systems
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Power source

Vac| Iom
CAV v
I
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b

Noise Source

~

Differential mode (DM) current:

The current flowing between
two power delivery paths
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Common mode (CM) current:

The current flowing between
two power delivery paths and
the reference ground
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One pair for single phase EMI measurement

e - Equivalent circuit
AC source - for AC(50/60Hz)
Vv @ 50mH EUT
AC . Y Y N

\ (Equipment Under Test)
l SOmH | _T_

i
I
| ‘
|
| 0.1nF <
- e :%_7§_70'1m: | ’ - Noise
rounded 11nF22,, s ! ‘ Equivalent circuit
/

AC in EUT

: |
Shield | for EMI noise S0W2 1?7 EUT

To 50Wterminations or Noise
a spectrum analyzer | S

Three LISNs are needed for three phase EMI measurement (may have different parameters)
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Switching Waveforms
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sl Understand the CM Conductive EMI Noise M

"O "O . B th
‘0 = R Ay ® 4
e S I I VAN O | ==

=)

1
...........................................................

: -+

Switching Waveforms LISNs
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CM Noise Model

Common

Higher V ;, higher f ;s higher | ¢,
Cy, Is in parallel with LISNs!

N A

Input and output CM noise
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Measurement and Separation of CM and DM Noise

Method 1: using a current transformer:
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12=lcm=Ipm ,il _ _
) . —_— o __ 1 CM Current Sensing : 2icy
V; : C : $IN I : ) 0 0. Toroidal curr transformer
C)V Ay :GZTD e ¢ M oNose dine1 i,
: ' I : "0 “Q  Receiving - - Noise
[LISNY , : 2icw I ; Q) _ End - : Source End
ety nfaialntnls - : q Line 2 iy
I 11=Ilcmlpum :__
Ze A 2, Com 1 T™ DM Current Sensing : 2ipy
I : Toroidal current transformer
e o e o e g
(/7777777777777 /7777777 NOiSG_ _ Line 1 '3"" lom _
Method 2: using a noise separator Recelving Noise
o = End - - Source End
L>=lcmIbm - Line 2 ipm lem
+ L ) W W -
V, 50W W c Total Current: iy’ Iy
o h W W Wide band current probe
— Q) —_— . r 3 ':':-’-.-
V, | [50W S Use a noise separator
+ Reference : Shuo Wang, F. C. Lee and W. G. Odendaal, "Characterization, evaluation, and
design of noise Separator for conducted EMI noise diagnosis," in IEEE Transactions on Power

11=lcmt oM Electronics, vol. 20, no. 4, pp. 974-982, July 2005
Dr. Shuo Wang, University of Florida, shuowang@ieee.org
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FCC test setup (10kHz -30MHZz)

>0.8m

A
v

Shield wall
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Earth
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CISPR 25 setup (150kHz -108MHz)

Semianechoic chamber

Copper Low permittivity § pg)
material
plane 20 cm i

From LISNs Spectrum analyzer

IC — —
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Mixed mode (MM) current: Q Q Q

C
2y flows through one power Q . .
delivery path only B Q Q /0O

Mixed mode EMI can be avoided by balancing
two lines using DM capacitors.
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2.2 Power Inductors and Conductive
Emissions

Dr. Shuo Wang, University of Florida, shuowang@ieee.org 15
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1. Inductance L represents the magnetic energy of the inductor
2. Winding capacitance EPC represents the electric energy of the inductor
3. Resistance EPR represents the power loss of the inductor

Under investigation: Magnetic energy E |, determines inductance:
A single layer toroidal inductor 0 ‘e ‘ . 10O
o -0 —[gQum) 0 ——
T 1 O
00 'Y . . .
— A— Electric energy E . determines capacitance:
00 6 e 0
o)t ~ 7w L
1 0 —lw| = 005 =
o T
—-ENUYY\—— Power loss P determines resistance:
Winding resistance is ignored here 0 Ll o0 Y 0
Y~ 7t (§) —
g g C 00 P v

(Amplitudes are used for I, V| and H)

Dr. Shuo Wang, University of Florida, shuowang@ieee.org 16
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Role of Electric Field in Winding Capacitance EPC

mes

Electric field distribution outside the core

Capacitance due to the voltage
difference of,g\l/vinding turgs and cores
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1., OBRSE +08 3
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6. 3H96E+EEA 1
4. B41GE+EEA1
3. 414SE+BE1
2, 5119E+B@1
1. 847SE+B@1
1. 3594E+E@1
1. AEAEHE +HE 1

Electric field
distribution
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Electric field distribution inside the core

Time varying magnetic field induces time varying
electric field inside the core

E Field [¥/n]
e - 1, BABGE +03

L, T . 7. 3564E+@2Z
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\ [ / - ‘l f ; 3. 95811E+02
z { 2.9286E+@2
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1, 5849E+@2
: 1. 1659E+02
1)) ) B 88 5. 5770E+E1

E. 3A9EE+@1

e and EPC:

3. 414EE+AL
2. 5119E+81
1.8478E+B1
1.3594%E+@1
1. BEREE+E1

Total electric field energy E
0 %

. . TI0
ou o6 —
()]

[0 Q0 ~Tal Qo

Reference: Y. Liand S. Wang, "Modeling and Increasing the High-Frequency Impedance of Single-

Layer Mn-Zn Ferrite Toroidal Inductors With Electromagnetic Analysis," in IEEE Transactions on
Power Electronics, vol. 36, no. 6, pp. 6943-6953, June 2021, doi: 10.1109/TPEL.2020.3039809.
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PEEPR] Role of Electric Field in Power Loss and MmMePes
UF #6iih Equivalent Resistance EPR
Power loss of cores: Core parameters:
1. Eddy current power loss Pg 1. Conductivity: A
2. Hysteresis power loss P, 2. Permeability: © E
3. Dielectric power loss P, 3. Permittivity: - - E
+ |0 v . .
cOU Y
cfoQu Froeo - oo
<
> o, (0]
ovY —=
)

1. Electric field impacts both eddy current power loss and dielectric power loss,
therefore EPR

2. Electric field also impacts winding capacitance EPC

3. Electric field therefore plays an

Dr. Shuo Wang, University of Florida, shuowang@ieee.org

mportant
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Cc Substitution theory
e
D, D, B "V
LISNs A ‘
Vac _m. 'iELM f: A + R, +
sl mr T fen) 1

| I it elities culil el N —_ V
. AL - : .
50nH | | :l 'om A % — o B :
L Tonf oinF D, 1B, T Tl

1nFs2 50W

Vpu Noise Spectrum:

I : s 0.5

. 20logV,,, = 20logf load V)
+ 550 1ID: ___________________ ZLoad + ZLB +Zloop
YDM if_(?________:? ______ o / = 20 |CgVN -20 |OgZLoad ZLB Z-Ilc-)op ) 14Hogz|_oac
LISN
SIS Ground Noise Source Path Impedance
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urses,. NOIS€ Source and Impedance Determine DM EMI Spectrum

A | 2.8 o MER 1 637 894.501 H=Z
. A MAX 100.0 K@ MAG 67.9788 KQ
VDI\/I Noise Spectrum: B b 100 .0 deg PHASE ?—:'414 .0654  deg
= . 1

0.2

load WN ) linduictor .'impe:danc'e Z

20logV,,, = 20|og2 7
Load LB loop =
= 20|OgVN -20|OgZLoad ZLB Z-Ilc-)op) 14HOgZLoac 1 i s
Noise Source Path Impedance A .-1::. s:i : ::icaﬁ & ﬂh 5- =] B . ﬁ:_;rlw_
B MII L0 . 0-30deg STOP A0 Q000 Q00 . 000
Noise Source . Noise Source ‘
Waveform dB  Spectrum DM Noise Spectrum |
-20dB/ dec 0 N
120 T, YD Ucy
» 100 " ..'.. Pa SR 1 o WAK] . .
L L OoBroecr T T
> 80 O WA o
"\-40dB/ dec 2 Ak Ak v
i © 60 j
0
| ' "t ! ; ! f )
] l L . . > 20
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Redesigned (Iron Powder core)
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agliha i WL L Core materials:
S U5 1988 “Goo putsf 523282 “deg Original: Cool Mu; ur=60
L0k - ﬁ -20dB/dec Redesigned: Iron Powder; ur=100
160 20dB/dec X”j "““{1 ) .'i"a (1) Higher HF core loss(0.46W higher);
000 L :‘;»ﬂ_:L;:Ji.F p ----Higher damping at resonant frequencies
: P e Y (2) Higher permeability therefore fewer number of turns and
0 e smaller parasitic capacitances
IkHz A MmN t.000 o  siAar - ooo.oce nz 40MHz ----Higher first peak frequency. Extending
F B NGEY N e self-attenuation to higher frequency.
Original (Cool Mu core) PPy re—— p—
A uAX 98.09" ke o Mag " Tlelgdmka TE A HF lossy inductor is
g o ,f;"* 100 ] good for HF EMI
"‘ i g e , o reduction
el me N ) A Always sweep
100Q =t inductor impedance
lﬂ .-::-"'--F-J-.f '.;II-IIEI 1000000 10000000 LOJO00000
1kHz -”‘. *ﬂi:! L 000 000 t_4Df'r'IH2 i

Reference: Shuo Wang, F. C. Lee and W. G. Odendaal, "Single layer iron powder core
inductor model and its effect on boost PFC EMI noise," IEEE 34th Annual Conference on
Power Electronics Specialist, 2003. PESC '03., 2003, pp. 847-852 vol.2, doi:
10.1109/PESC.2003.1218167.
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3.1 Near Field Emission in Power Electronics
Systems

Dr. Shuo Wang, University of Florida, shuowang@ieee.org 22
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Near Field and Far Field meS

Near Field ; Far Field /
< >§< > To @ For 1IMHz, 2— ©150ft =45n
(Induction Field) (Radiation Field) P
/
I Distance from Sou[ce For 1GHZ, E 0 015ft =4.sm
Source | /12p
Wave
_ Impedance
Wave Impedance: High voltage Electric Field Dominant
. & low current  5kW
B | wm
Z= b As+iw, source Plane wave
J E 1/, H  1r
_|m 377W,
Zi = | e =B77 ZN Z,=E/H=377TW
High current ) Region |
& low voltage 20w Magnetic Field Dominant
SOLIEE H 1/r3, E~ 1/r? ‘

I 72p
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Physical representation

Noise sourcel,

- o

Victim
R

At low frequencies
V, =V, = JmMl,

Not a function of load: voltage source

Dr. Shuo Wang, University of Florida, shuowang@ieee.org

Equivalent circuit

1 . -Conductors ] M, R,
5 O
1
Vl VN
R L4
R R NV

V\ Is the noise voltage
on two resistors

j'/”M12|1
jut,
R+R,
At high frequencies:

M
Vi = TEL(R+R,)

2
Proportional to load: current source

Vy °

24
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Near magnetic field sources:
Inductors, transformers, high  di/dt current loops, HF noise current loops, etc.

CM Inductor w/ DM current excitation Transformers

Between low and high H

High H

#4
ﬂss Section 1

Low H

Between low and high H

0

5 10 15 20 25 30 35 40
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Near Capacitive/Electric Field Coupling Modeling

Physical representation Conductors Equivalent circuit

Vi ) — Coe == Vi
B Vi Cic
| - v N4 N
Noise source Cyc R | Cec
vV, \ Victim N V JMC,, [(Cpy +Cy )]
N
N J w+1/ R(Clz + Cze)
At low frequencies: At high frequencies:
1
1 If R> >
If, R< ’
WMCa+ Cu) M C)
C
= VvV, =(——2—)V.
Vi = JWRG,V, N (C12+C2G) 1
Proportional to load: current source Not a function of load: voltage source

Dr. Shuo Wang, University of Florida, shuowang@ieee.org 26
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Near electric field sources:
High dv/dt nodes, HF noise voltage nodes, inductors, transformers, etc.

high%
49 | AV High dv/dt area:
Ve U PCB node of the
1 | tead inductor,
W T TC, oA C,T MOSFET and diode

Buck converter

Measured E field

With Shielding at switching f

Ampitude(dEm) ; Fored

Dr. Shuo Wang, University of Florida, shuowang@ieee.org 27
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3.2 Power |l nduct or 6s Near
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Partial
cancellation

YaSY50 Full >—»
cancellation 1/4§1/4®

The measured near magnetic field
2cm above the inductors
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e near magnetic field generated from 360
winding turpg i_gl_sinq_?h_ljzc_j:g_e__‘t_(x)v Qa[tifll __c_:quelhlation

= =, - =, b
L Al T TR, T T R AT
T = Y L s " ] A

I /o8t
o ii (22
()]

r is average radius of the core and
ai s wire conducto

Larger r, higher magnetic field emission

The near magnetic field generated from
- .the-equivalent current circle is high: -

7 # . - -

* 8000

60.00 -

40.00 4

20.00 4

000
0, 500 1000 15000 2000
Distanica [mm]

Reference: B. Zhang and S. Wang, "Analysis and Reduction of the Near Magnetic Field
A . S . Emission From Toroidal Inductors," in IEEE Transactions on Power Electronics, vol. 35,
Dr. Shuo Wang, University of Florida, shuowang@ieee.org no. 6, pp. 6251-6268, June 2020, doi: 10.1109/TPEL.2019.2953748. 30
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ulated . . - Simulated =

t
! , ’ N N
» -

Conventional S'm

. L o N ; B [teslal

1. 53@8E-AB5
1.5165E-885 | " . 1. 4747E-BE5
. 1,44E4E-BES| .
1. 3143E-B0S5 1. 3693E-085
1.2132E-885| . - 1. ZE4BE-BBS
1.1122E-885 1.1587E-8@5|
1.9111E-085 | . - 1. psayE-mms |
9.8997€-806 | '
| e 9, 48ASE-AE | -

7.BFTHE-BO6 &, 427ZE-D06
6.@665E-005 | . - 7. 373095006
5. BSSYE-DO6
4. BY4IE-BEE j— 6. 3207E-005
3. BIHDE-BOE 5. ZB74E-BBE

2,B230E-B06
1.8171E-606
1, 1249E-609

%, 2142E-AP6
3, 1609E-DE6
2, 1876E-286 | .
1. 8544E-BBG

N

Measured Measured

Twisted Winding

I} .
"l-.’--l"

Magnetic field is partially canceled 31
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Magnetic core

.----H-+-------",
Winding| | ¢ n-
| 4w’
| 7 H 'dll
A S U
| 'y
NI(J) ! n+
Lo -
‘A | mM = ﬁarM (ra)dQ
m, =NIA&
‘ E n-
= SR _ ¥ . 1
m, =NIfjla NIA& . / - r, =n @,|a H'c) Myt
S|, = T %
— , (Gauss law) A
Magnetic vector potential 0 “@ pd e Ay
NI s g | Scalar voltage potential '_lr_
_m _ Adm, : n
Aspr) = @, cosgd = N T Sl o
Jdip ‘4’[”2 T 4p r? /Mdip(r)-wrfacosq o €, Ha, _4—permq" 2> p%, = DHI
D 3A, #gH Reference: H. Zhang and S. Wang, "Near Magnetic Field Assessment and Reduction for Magnetic

Inductors With Magnetic Moment Analysis," in IEEE Transactions on Power Electronics, vol. 37, no. 2,
Dr. Shuo Wang, University of Florida, shuowang@ieee.org pp. 1641-1652, Feb. 2022, doi: 10.1109/TPEL.2021.3105643.
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Inductor Near Magnetic Field Emission Modeling

with Magnetic Moments

mes

Winding

4

NI(J)

>» » gElL.ay
Winding

]
n- Airgap

Magnetic core .‘_';Mf

Y M
T RRTROEEEE NI(J) n+

c n-

aI ;V+ rM H(r’q):HJdip(r! q H Mdip(r' )‘
i NI - =382A §
P T ! o _ -
-« 4p(2coqu +sin E)ger_g o

where A=0.5(A\+A¢)

Dr. Shuo Wang, University of Florida, shuowang@ieee.org

winding |\ [r .1

A better design for near
magnetic field reduction

Magnetic core

L7

NI(J) {5 AN e .
M

H(r,g) =H ,,,(r, ¢ H €, )g
e2DA §Ad cosa

NI < )
0 __[2cosgE +sin ¢ Z
4,0( 3 ‘%8 re r

where,DA=0.5(AA0)
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7 T
H™ pfi 60 . . .
No. F1 F2 F3 F4 40 s |nductor F1 | |
© =======|nductor F2
m;/2 «-t|m,,/2 m;/2 my/2 m;/2 my /4 my,/4 4'|| my /4 < [ P S N S PTTTTTIOY Inductor F3
Inductors 4 — A mM/4=*— —— i m,/ 2 20 N — = -Inductor F4| |
and dipole [@[ 1] B[ [O]@[==18] RI==@]| @ QIR , [[® |e "I’  [[ef g .| ey,
moments mV/Z v L T+ —~ it/ 4 m; /2 7 ) <
my /2 |{=p my/2 m; /2 m,y,/4 my/ >y /4 ||"m1v 14 ([
o -20 +
=
61’2 =3 [31‘2 =3 61’2 =3 61’2 =3 g) -40 F ...
Parameters "1 = 3300 "1 = 3300 ‘i = 3300 i = 3300 - i,
‘0(1,2 = 025d d ‘Gg_z = 025d d %’2’3’4 = 0125d d %’2‘3’4 = 0125(!1 d -60 A’/ \!::,'};...;
b=74°0 b= 650 b=64°0 b=85'"0 AT Y aeQ®™
_80 1 1 1
20 40 80 160 200
Distance (mm)
H"™ phi°
60
No. No cancellation P1 P2 P3 P4
= 40 1/r3(—60dB/dec)
nm] Z 4 mM? Mm] “m/ g 20
Inductors ®] = i ® W my,/2 5
and dipole o — | [@] ) ®[] v [[®] @
moments : : =
v"™m vm,, /2 S 20
>
£ _
T — T —— o -40 [| === Inductor P1 w/o cancellation  fédgy,
.U =6 - P =6 ‘U =6 g = == = |nductor P2 P3 w/ reduced Aw .~'“u
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Near Magnetic Field Emission due to Unevenly
Distributed Winding Turns

mes
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Same polarity and
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The uneven distribution of turngontribute to near magnetic field emission.

Dr. Shuo Wang, University of Florida, shuowang@ieee.org

Reference: Y.Yangand S.Wa n g ,

AnAnal ysis and Modeling of
Distribution of Toroidal Inductors," in Proc. IEEE International Symposium of Electromagnetic
Compatibility, Signal Integration and Power Integration, 2023.
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Experimental Verification MeSs

Dense Medium
Medium Medium Dense Sparce
Sparce % Medium%
Before ajustmnt Adjust winding density 1 Adjust winding density 2

Dr. Shuo Wang, University of Florida, shuowang@ieee.org 38



PEees] Measurement of Near Field mes

UF FLORIDA

Measurement setup
using a scanner board

Spectrum
) ( Analyzer
[Excitation ~ DUT J

J \

[Oscilloscope}

A

Desired Distance

[ Probe array on a scanner board |

Measurement setup
using magnetic probe
[Oscilloscope ] Probe

i cf@ed Distance

[Excitation © DUT J Spectrum
Analyzer

J \

Dr. Shuo Wang, University of Florida, shuowang@ieee.org

DUT: Device, circuit or components under test
Excitation : Power supply, voltage or current
source to provide excitations to DUT
Oscilloscope : Monitor the excitations
Desired distance : The desired distance where
the near field is measured

Probes : The near magnetic or electric field
probes.

Scanner board : Magnetic field scanner board
for magnetic field measurement

Spectrum analyzer : Where the measured
near field from the probe or board will be
processed and displayed

Sensitivities of probes: The probes have
limited sensitivities, so low field cannot be
measured. Network analyzers can be used to
extract small near field couplings.
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Magnetic field
probes _ - = .

-

A A probe set has both magnetic and
electric field probes

A Different probe loop size provides
different spatial resolution

A Bigger probes can measure smaller
field but with lower spatial resolution

Dr. Shuo Wang, University of Florida, shuowang@ieee.org

Near Field Probes

=

7

Measuring X-direction

Measuring Y-direction

XYZ components of
magnetic field should all
be measured, then the
total magnetic field can
be calculated:

— 2 2 2
H—JH?X H) W
H=Hi H | H K
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Near Magnetic Field Immunity of Power Inductors
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External Magnetic Field

£

Equivalent
winding loop

L] 7 L] LI ] 4 r L] d)
w =W W WO w w

éro + ri 26isz(t)

V,=0 - Vv, =2V
X V=0 2T PE ST Oy

Reference: Y. Lai, S. Wang and B. Zhang, "Investigation of Magnetic Field Immunity and Near
Magnetic Field Reduction for the Inductors in High Power Density Design," in IEEE
Transactions on Power Electronics, vol. 34, no. 6, pp. 5340-5351, June 2019, doi:

Dr. Shuo Wang, University of Florida, shuowang@ieee.org 10.1109/TPEL.2018.2868646.
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External Magnetic Field

/

Equivalent
winding loopg,
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. Induced CM voltages (CM L)
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4. Power | n dow-fteguenoysLF)
Radiative Emissions
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Ferrite absorber tiles attached to Ferrite absorber tiles attached to the
the walls walls
! v
Low permittivity Low permittivity
support- p& support- o)
T d /
LISN EUT LISN = EUT
v v %mm / | A 50mm
¥ 177 1m

Biconical

Radiated EMI testing setup
(150kHz, 30MH2z)

Radiated EMI testing setup
(30MHz, 1GHz)

Hybrid biconical-log-
periodic antenna 46
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LF Radiative EMI meS

Low noise
amplifier

[ et 1t s 7P sy

Expert EHX
adapter

Spectrum
analyzer

’ Near field
ﬁ probe

Inductor on board

Inductor unshielded

Inductor

1 2 3 4 5 6 7 8 9
y — aris(cm)

Dr. Shuo Wang, University of Florida, shuowang@ieee.org

Measured 1-meter radiative emission
with a monopole antenna)

40 .
Inductor is a major 535 [ :’f‘.l RN
radiative EMI source E 0T ; !1 -- Only Inductor Shielded
beIOW 30MHz « :;25 L fx‘I'I -- Whole converter shielded |
i miat

Mag (dBuV/m)

Inductor shielded

E field intensity (dBuV/m), at 1.003 MHz

Inductor

Measured Near Electric Field
Above the Board
@ switching frequency
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PE““" Decompose Voltage Excitations to CM and DM Voltages
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Charge distribution
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TN Image _—"
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Equate All CM Charges to the Bottom Surface MPs
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Simulation electric
field distribution
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due to CM Voltage Excitation (Electric Di

ole Moments

Inductors TIPS

The electric field due to the dipole moment P,

In the space under spherical coordinate :
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Dr. Shuo Wang, University of Florida, shuowang@ieee.org

A

Reference: Y. Lai, Y.
Yang, S. Wang and Z.
Luo, "A Novel Low-
Frequency Radiated
Emissions Prediction
Technique for the
Inductor of a Non-
Isolated Power
Converter," 2022 IEEE
Y Energy Conversion
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Techni

Experimental Verification of Proposed Prediction
ues (1 -meter Semi -anechoic Chamber

3 inductors are

experiment:

1. v v c&l | (Baseline)
2. 1T 1 c&l I

3. ¢ ¢ 1@ I

(Impacts of the chamber setup has
been considered in the prediction).
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Investigated in
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Reduce electric dipole P, can reduce the radiative EMI
Smaller inductors have smaller P,

Shorter inductors have smaller P,

Smaller distance between the PCB ground and the inductor
leads to smaller P,

Smaller voltages across inductors have smaller P,

> w e

d
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Questions & Answers
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