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1. Power Inductor Basics
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Toroidal Power Inductor

UF FLORIDA

Low Permeability Material Iy N-turn winding
w/o Air Gaps:

. H__ _Core: pu, A B

I — Uy (max)
<
.}
= >
Magnetic Field 7 _ N B=u uH<B
Intensity H: [’ o Sat
A
Inductance: [ = 2t N2
NN ; Core Volume: V = Al

1 1
Magnetic Energy: E,, j U ,uOH dv = % s (Z\l[ j Al = EL] 2
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il EE Core Power Inductor
UF |FLORIDA
High Permeability Material w/ Air Gaps: Magnetic Field Intensity:
N-turn 20=2B4A=2pu pH ., A=21H A,
winding NI =Hg, +H], ~H.],
1
1 Ig = lurN] >> HCore = N
[+ul, [+ul,
Magnetic Energy:
1 U 2 2
EM = ELI — 70_“:(11’er€01’€ + ng )dv
v 2
| | | | Hy,| H
~ 2 . 2AI
A 2A A 7 L i " Zg J g
) 20 )
Inductance:

B B B N 2
Air gap is used to store energy L= ,uo( } 241 ~
and prevent saturation [, +lg

B < Bgg¢
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Power Inductor Design

Core saturation constraint:

N-turn winding

N-turn / r 3
winding % <B_,

(,U K Mo <B 3 " ) -

P sa
< ! al 1 [ 2HA N2
4 =
L= “f/;o N’ k L J
L ol
— Imax % <Bsat — ]max g < Bsat

Winding power loss constraint (winding power loss due to eddy currents induced
by the magnetic flux of air gap is not included):

* |If the DC current is dominant

P

w

NI

P

W :[DCsz_T<P

« If AC current is dominant

P = ilanH <P

w_max

n=1
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=1,.’Rpc+ Y I’R <P
n=1

w_max

w_max

= A4, > 1, p Al

w_max

(Usually, the fundamental is dominant)



P“"nl Inductor’s 1st order Self-parasitic Model

UF FLORIDA

mes

A

EPR

Insulation

Equivalent parallel capacitance
(EPC) represents the electric

energy

Equivalent parallel resistance
EPR represents the power loss

v

1

2w~ Lx EPC

Frequency
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2.1 DM and CM Conductive EMI in Power
Electronics Systems
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Power source

Viac| Ipm
CAV v
|
I .
\ Ipm

Noise Source

~

Differential mode (DM) current:

The current flowing between
two power delivery paths

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

PEEI’nliDifferentiaI Mode (DM) and Common Mode (CM) Currents meESs

Common mode (CM) current:

The current flowing between
two power delivery paths and
the reference ground
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UF 55 Line Impedance Stabilization Networks (LISNs)

One pair for single phase EMI measurement

m———_———— ~ Equivalent circuit :
EUT
ACsouree 1 vy for AC(50/60Hz) A\CN
@ 50uH ! EUT ‘
VAC ! Y'Y\ I (Equipment Under Test)
Ll L Lo
I 0.1uF T T <
Grounded:?j_z ' ’ Noise
K22 1 kax ! Equivalent circuit
. l .
Shield | ; R for EMI noise 5022 [, EUT
To 50Q2 terminations or

Noise
a spectrum analyzer T &

Three LISNs are needed for three phase EMI measurement (may have different parameters)

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



PEEPIII Understand the DM Conducted EMI Noise mePs
A Buck Converter Example
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Switching Waveforms

LISNs DT.
T ; !_N_I +/\/W\ IDMO VD ‘:__f.
RN o [T R
£ s b= L N 3 SR ) ;
T T : | bil | Ca T, 0t
p—— ) i ) V71 AN NS SRR I SR N S Iswt 0100
| - s\ is discontinuous, high I, t
Q high Iz =high Ipy, |, is continuous
DM Noise Model ; Ipumi Isw L1, Iy
Ipmi SW L I Tfa_@f 220 Yl
< < @——f\f\f\f\ EML """""""""""
IR 50Q| | + R,
| | + | - -
N —c¢, (D, ——RLD $ h T T .
: ! — Gy _ : ' (0]
T l C o, 500 | | _
500 | —
S L|SNsT _
LISNs Input DM Noise Output DM Noise

Dr. Shuo Wang, University of Florida, shuowang@ieee.org 10
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Higher V;, higher f» higher I,

C, is in parallel with LISNs!
Vb

20
N g

il C

] 25 Q) a

Ic,ng glm

Input and output CM noise

/I i/l i > ______ T 5934

»

t > .
Switching Waveforms LISNs CM Noise Model

Dr. Shuo Wang, University of Florida, shuowang@ieee.org 1
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Nl Measurement and Separation of CM and DM Noise
=i Z, Method 1: using a current transformer:
2~'cm™'pum — ] ]
b r CM Current Sensing: 2i¢y
Vi i C : ?/N 1 : i ~ i1 + iz Toroidalcur transformer
O\ — _I:h_ [ CM — ’ Noise Line 1 j :
<> : IC)' i Z_i Receiving - - Noise
ILISNS| : : 2icy, : ; ipy = L 2 End - . Source End
ks infuinininl Pl - , 2 Line2 oy
U i=leution :__
7 Ao Com 1 T™ DM Current Sensing: 2ip,,
I : Tor0|dal\cunt transformer
e _
7777777777777777777777777777777777777777 Noise  Line1 'om oM
Noise

Method 2: using a noise separator Eﬁgeiving

_ Source End
lem

in=lcpmip Line 2 ipm
+ J- ) . .
V., 500 Total Current: ipyticy
o h Wide band current probe
V, | |50Q
+ Reference: Shuo Wang, F. C. Lee and W. G. Odendaal, "Characterization, evaluation, and

=i i design of noise Separator for conducted EMI noise diagnosis," in IEEE Transactions on Power
17 'CM DM Electronics, vol. 20, no. 4, pp. 974-982, July 2005

Dr. Shuo Wang, University of Florida, shuowang@ieee.org 2




P“"nl Conducted EMI Noise Measurement Setups meSs

UF FLORIDA

FCC test setup (10kHz-30MHz)

>0.8m

A
v

Shield wall

: _ >2m Earth
RS
§8§§883 RBW: Resolution Bandwidth
Slooo, 10kHz-150kHz, 200Hz
SlessS eo||  150kHz-30MHz,9kHz

(C-oe) | (O 0 Ji
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CISPR 25 setup (150kHz-108MHz)

Semi-anechoic chamber

From LISNs

Noise
separato

Copper
plane

Low permittivity (&, < 1.4)

20 cm

To noise separator

Spectrum analyzer

material

IC

—

J—

RBW: Resolution Bandwidth
150kHz-30MHz,9kHz
30MHz-108MHz, 120kHz
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PH“‘" Mixed Mode (MM) Currents mES
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Mixed mode (MM) current: i1 +i,

> = lcm
2ic) flows through one power i1 — iy _ _
delivery path only 5 = om Flem F lpm

Mixed mode EMI can be avoided by balancing
two lines using DM capacitors.

14
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2.2 Power Inductors and Conductive
Emissions
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PEees] Parasitic Model of Power Inductors meS
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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 L ' 4F
= |1|2~j CH2dy wep L =—2
v 4 |I]
Core
EPR ] ] _
— AMAM— Electric energy Eg determines capacitance:
EPC AEE
11 E EPC |2 ‘ EPC = —
v v
+ L —
—-;—NZY\—— Power loss P determines resistance:
Windi st . d her p— V.1? — VA
inding resistance is ignored here SEPR EPR = >p

(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  ITIES

Electric field distribution outside the core

Capacitance due to the voltage
difference of winding turns and cores

Citt Citt

< »l
<

L '
< »

n+1

E Field [¥/m]

1., OBRSE +08 3
. 7. 35B4HE+ERZ
5. 4117E+A@A2

3. 9811E+8R2
2, 9286E+B0 2
2, 1544E+BB 2
1. 5849E+B@2
1. 1659E+882
&, 5778E+E81
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

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

Electric field
distribution

Electric field distribution inside the core

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

E(t)

e 1. BEEOE+E3
g ———— . 7. 3564E+82
" - / 5. 4117E+82

3. 9511E+B2
f 2, 9ZBEE+BZ
Z.1544E+BZ

f | . ! 1. 5549E+B2
JJ; WS\ M ' 1. 1B59E+B2
| i2) 1] 8. 5778E+E1
6. 3096E+01

E Field [¥/n]

! 4. BY41EE+A1
| 3. 4145E+81

2. 5119E+61
D 1, 8475E+@1
R e £y IIII 1,3594E+61
1, BEABE+B1

Total electric field energy Eg and EPC.:

EPC 5 &'
EE=—|VL|2=j —°|E|2dv+f —|E|?dv
4 VSpace 4 Vcore 4

4Ep
EPC = 2
VL

Reference: Y. Li and 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 mes

UF 8k Equivalent Resistance EPR
Power loss of cores: Core parameters:
1. Eddy current power loss P 1. Conductivity: o
2. Hysteresis power loss P 2. Permeability: u=pu’ —ju"”
3. Dielectric power loss Py 3. Permittivity: e = &' —je”
P= V. =Py + Py +P
~2EPR - CE O TH D
1 1 1
= —o|E|?dv +J —wu |H|?dv +J —we"'|E)?dv
Vcore 2 Vcore 2 Vcore 2
<
V12
EPR = P

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 important role on inductor’s performance

Dr. Shuo Wang, University of Florida, shuowang@ieee.org 18



Pmnl Power Inductor Impedance’s Impact on Conductive EMI".“:5

UF FLORIDA

Cc Substitution theory
E
D, D, Lg Vv
LISNs T [:l P i
Vac _m. a +) " R, i )
Q[ s =2 = [
50uH | PP =/ Cg s
L L014F "D, T Tl B
1uFx2 500
"""""""""""""" & ] Vpu Noise Spectrum:
: v O'SZload
e YN 20logV,,, =201log( /)
I ipm ZLoad +ZLB +Zloop
o ] =2010gVN—2010g(ZL0ad+ZLB+ZZOOP)+1410gZL0ad
4
Ground Noise Source Path Impedance
19
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Noise Source and Impedance Determine DM EMI Spectrum

Vpu Noise Spectrum:

20logV,,, =201log(

Z

Load LB loop

=20logV, -20log(Z,,,y +Z.5 +Z,,,) +14logZ,

£

Noise Source Path Impedance

Noise Source ‘
Waveform dB Spectrum

»

-20dB/dec

oad

Noise Source

=

\40dB/dec

v

1I/TS i/(nTD)

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

1/,

dBuVv

DM Noise Spectrum |

140

I ..}
(A e\'

120

1

100

(
S i :
a®

80

L .0'.- =.‘|
A M%»/

60

40

20

0
100000

1000000 10000000 100000000
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PErRl DM EMI Reduction with Optimal Inductor Design MRS

UF

UNIVERSITY of

FLORIDA

L |2 MR 1 527 B94.501 Hz
MAX 100.0 KR MAG £7.97HA KD
100 . PHASE _ 534.0654 deg
. ' ol . '
e S 0dB/dec
L0KO) ! N\ 0dB/dec
- "“x;:f i
1% 20dBidec i | ur i
e LTS
:I -r."' 1-"."
1000 =t o ARLYE
= __.-"'-- -
].ﬂ T .-_______.--""
3
1kHz & mMIn 000 ) E ”1- : :__ h-  40MHz
Original (Cool Mu core)
A : 0 MKR 2 B28 427 .138 Hz
A MAX S0.00 Ko MAG 16,5982 Ki
2 ) PHASE 3.337 deg
10kQ A :
P \\ =
1kQ > e o) aim
.3 o e hd
100Q s
n -____..v-‘"
1Q & - = o
P
1kHz # MIN 1,000 ; T_4DI'IH2

Redesigned (Iron Powder core)

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

Core materials:
Original: Cool Mu; ur=60
Redesigned: Iron Powder; ur=100

(1) Higher HF core loss(0.46W higher);
----Higher damping at resonant frequencies

(2) Higher permeability therefore fewer number of turns and
smaller parasitic capacitances
----Higher first peak frequency. Extending
self-attenuation to higher frequency.

I- = = ~Bedesizned iductor Crigng] mductor I
140 . .
0  HF lossy inductor is
100 gOOd for HF EMI
. 9] reduction
) « Always sweep
inductor impedance
'.EII-III:I 1000300 10033000 LO3O03000
Hx

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

A

(Induction Field)

A
> — =150/t =45
To o For 1MHz, . S m

Y.
A

(Radiation Field)

A
Distance from source For 1GHz, Py 0.15ft =4.5cm

Source

Wave Impedance:

S b _ | Jou
H o+ jowe

Z, = /ﬂ ~377Q
€y

A 2m

Wave
impedance
High voltage Electric Field Dominant
& low current  5kQ Ecc1/r3, H oc1/r? |
SOUree e Plane wave
wer ; Eoc1/r, H oc1/r
377Q ——/_r — ==
N\ =~ Transiton | Zo=E/H=377Q
High current ) Region |

& low voltage 200 " Magnetic Field Dominant
source Hoc1/r3, E oc1/r2 ’

X/IZTC

23
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prerl Near Inductive/Magnetic Couplings Modeling mES
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Physical representation Equivalent circuit
YS! P 1 . —Conductors M, R,

g

Noise source |, 2 ¢ L
1
Vi Vi
R, L4
R R X

V\ is the noise voltage

V, Victim on two resistors
R :
Vo~ JjoM 1,
N =~ .
14 Pk
R+ R,
At low frequencies: At high frequencies:
_ _ M
Vy=Vy =joM,1, VN=—L12 I(R+R))
2
Not a function of load: voltage source Proportional to load: current source

Dr. Shuo Wang, University of Florida, shuowang@ieee.org 24
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Near Inductive/Magnetic Field

UF FLORIDA

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

ﬂss Section 1

Low H

Between low and high H

15 20 25 30 35 40

Dr. Shuo Wang, University of Florida, shuowang@ieee.org 25
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Near Capacitive/Electric Field Coupling Modeling

mes

Physical representation }onductogsz
1

c,, /

Vi

Noise source _C Coc -
1G R
V, \“ Victim N

N

At low frequencies:
1

o(C, +C,p)

Vy = JoRCLV,

If, R <<

Proportional to load: current source

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

Equivalent circuit

Vo= JolCp, (Cy +Cy5)] %
jo+1/R(C,+Cop)

At high frequencies:

If R >> ,
o(C, +C,p)
V= (2,
Cl2 + CZG

Not a function of load: voltage source

26



Lol Near Capacitive/Electric Field meS

UF FLORIDA

Near electric field sources:
High dv/dt nodes, HF noise voltage nodes, inductors, transformers, etc.

. o dv
high—
G
L YV — High dv/dt area:
s—% L PCB node of the
+ 1 1 -oad inductor,
VinT T Cin D A Cou7— MOSFET and diode

Buck converter

Measured E field
at switching f

With shielding

Ampitude(dm) : Fixed

Dr. Shuo Wang, University of Florida, shuowang@ieee.org 27
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3.2 Power Inductor’s Near Field Emissions

Dr. Shuo Wang, University of Florida, shuowang@ieee.org 28



peeea] Near Magnetic Field Emission of Power Inductors MES
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Partial
cancellation

|=B|=0 Full> >—>
cancellation | Zﬁ | \

The measured near magnetic field
2cm above the inductors

Dr. Shuo Wang, University of Florida, shuowang@ieee.org 29



PEeral Near Magnetic Field Emission of Power Inductors meSs
UF|FLORIDA
e near magnetic field generated from 360°
winding turpg i.§_»§£n1?-|!:d:9§,t.9 Qa__r:tigl __c_;apc?_elhla’_[ion

s TR TR TR, el e R TR T Yy
Tl T T R S v N i

1.05r

- = i(upr|[ln

r is average radius of the core and
a is wire conductor’s radius

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
- - S . Emission From Toroidal Inductors," in IEEE Transactions on Power Electronics, vol. 35,
Dr. Shuo Wang, University of FIorida, shuowang@ieee.org no. 6, pPp. 6251-6268, June 2020, doi: 10.1109/TPEL.2019.2953748. 30



PEEPRL Near Magnetic Field Reduction with Twisted WindingsTIRS
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Conventional - Simulated.' . B Slmmated\

! .
1 ’

~ AN
- *~ .
-~ AN

. L o N ; B [teslal
B [tesla]
1, S8RAE-ARS '
. 1.51656-805 | *. . 1 4747E-BES ;
1. 41SHE-BD5| o g
1. 3L43E-B05 1. 3695E-065 ’
1.2132E-885| . - 1. ZE4BE-BBS ¢
1,1122E-PBS 1. 1587E-8685 N ’
LeLiie-ons) - 1,0534E-RE5 .
9.8997€-806 |
. o DOETE-0B8 9, 4305E-056 v
- 7.BFTHE-BO6 &, 427ZE-D06 .
6.0665E-005| . - 7.3739E-006 "’
5. @559E-D6
4. BY4IE-B06 j—— §. Jea7E-pes
3. BIHDE-BOE 5. ZB74E-BBE
2. B230E-BOE %, 2142E-AP6
1.8121E-686 3, 16B9E-006
1. 12496609
2, 1876E-286 | . - -
I I
1. B544E-DEE 4

Measured Measured

Twisted Winding

snnPeua,
P e fa,

I} .
.....’----l

Dr. Shuo Wang, University of Florida, shuowang@ieee.org Magnetic field is partially canceled 31



PEEPII[ Inductor Near Magnetic Field Emission Modeling mePs
UF FLSRiA with Magnetic Moments

Magnetic core

______ P ————
.. . H n-
Winding| ¢ M
! 1 A +
! lepM
f ' 7 Ha I -
- I 'y Pw
NI(J) ! n+
Cmmm e -
= NI [da = NI4,a ‘/ ..... L B
m, = NI [da = NId, i . o, p, =n-(H,—H)
r AS |H,
— , (Gauss law)
Magnetic vector potential ~ NI (J) pd /
NI R | Scalar voltage potential '_"_
Ho Hy M, XT | n
A, ()= 2<fr cos@ dl = ———— 1 1 . 5
’ drr® 4" " 4z ¥ (ry=——=|r cosd p, (r )da =——rF-m Vg, =VeH
(DMdlp( ) 4727"2 _[ a apM( a) ¢ 47[7"2 M » M
VxA, = u,H 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.



PEEPR] Inductor Near Magnetic Field Emission Modeling mes
UF [EL5R 1A with Magnetic Moments

A better design for near
magnetic field reduction

P

Magnetic core

Winding T Pwl

L7

Magnetic core : e Pu ) NI “’n¥
v FPM T e - 1
--- H - ——————— NI(J) n+ M
Winding| c -
AR it low \ 4 3
1 a - - _
NI(‘I) : I :I‘{+ Pwm H(]\rf}e) = deip (7’, 6) + HMSIZ(F, 9) H(r,0) = HJdip (r,0)+ HMdip (r,0)

oo «------ ' z—(2c0s¢9f'+sin¢99)£—3 zﬂ(zcosgf-+singé)|:2A3A+3Adiosa:|

4 r 4 r r
where, 4=0.5(4,+A¢) where, AA=0.5(4;-A)

Dr. Shuo Wang, University of Florida, shuowang@ieee.org 33



Piﬂ'nl Near Magnetic Field Emission of Different Inductor Structuresmps

UNIVERSITY of

UF [FLORIDA
Ho1/r*
No. F1 F2 F3 F4
m;/2 <+{|m,, /2 m;/2 my /2 m; /2 my /4 m4/44| my, /44
Inductors 4 ! —— A my,/ 4=*_ _A | A | m; /2
and dipole [@O]] " [[®)] [®] ! Ole[==R] [/[==]@]| @© ® ]I , |©|/4 ©] '/2 R R : [@]
moments v ——T'¢ v VoMM mny
my,/2|{=»> my/2 my, /2 m; /2 z\/[/‘} m;/2 »m,, /4 ||'>mlv /4
Nl,Z = 3 N1,2 = 3 N1,2 = 3 Nl,Z = 3
i, = 3300 1, = 3300 i, = 3300 . = 3300
Parameters lgl,Z = 025mm lng = 025mm lg1,2’3’4 = 0125mm lg1’2‘3'4 = 0125mm
L=74uH L =65uH L=64uH L =8.5uH
Ho 1/r3
No. No cancellation P1 P2 P3 P4
Inductors 1 zy mut Fm 2 XTI ™ , ™
u x A : — ] my /2
and dipole | [OI] " 1@l PI==R == | e |4 ||C==® RIERIR)
moments = [ ] : : :
mM/2 .......... ’.A;.'i].v;.. imM va/z
N=6 N=6 N = N=6 N=6
u, = 3300 u, = 3300 U, =95 u, = 3300 u, = 3300
Parameters l, = 0.5mm ly1, = 0.25mm distributed airgaps ly = 0.5mm lg12 = 0.25mm
L=71uH L =73uH L =7.0uH L=71uH L =69uH

Agree with the predicted based on magnetic moment theory

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

Magnitude (dBuTesla)

(2]
o

m— |nductor F1

40 7
=======nductor F2
20 F Y er, o™l e Inductor F3 |
R ) = = =|nductor F4
O B .#‘.{'.
-20 r
40 F \/
;.N..:'.,.
60 F & \"4':'\--;
1/r*(—80dB/dec) ~*
_80 I 1 1
20 40 80 160 200
Distance (mm)
60

Magnitude (dBuTesla)

1/r3(—60dB/dec)

£ T

[| m— |nductor P1
= == = |nductor P2

-
-
o

; hasg, |
w/o cancellation LTI
-

P3 w/ reduced Aw

-60 [[mm———— Inductor P3 ===== P3 w/ reduced Aw2 1
--------- Inductor P4
-80 '
20 40 80 160 200
Distance (mm)
34



PH“‘I Validation with Simulations and Experiments meS
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Prototypes Simulations Measurements

B [Tesla]

- 1. BEEEE -BO6

. . B, 5793e-B07
3

i [

Y, 97 FRE-0E7
3. TE49e-0@7
2, G450e-BE7
2, 1544e-E87
1. 6298e-66@7
1, 25328e-0@7
. 9. 32608 -BE5

7. 85458 -B05
5. 3367e-0835
4. B370e -85
3.8539e-6E5
2, 3181e -85
1, 7475e-EE5
1. 3219e-085
1., BEEE e -EE 5

(F5)
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peeeg|  Near Magnetic Field Emission due to Unevenly  IPS

UF H5iti Distributed Winding Turns
Dens.e~r Sparce ?even . @)odd moc!_c_i
T T [ Tm N (AT T
C\ t]ﬁi,l—""‘)‘:\“\m E; j ’ E ‘ : ﬁ‘_‘i,_——""‘:-‘ ~~~~~~~~~~ ~ LQ : ) q:h ’ : ﬁ___i,_——""‘:“ ~~~~~~~~~~~~~ ﬁ : )
meven
i |_|m1|+|m2| | im, | — |m,|
When turns are uneven, evenl = 2 oddl — 2
|m, | # |m,]
: Opposite polarity but Same polarity and
Denser side has larger m. PP P ) y P ) y
same magnitude. magnitude.

The uneven distribution of turns contribute to near magnetic field emission.

Reference: Y. Yang and S. Wang, “Analysis and Modeling of the Near Magnetic Field
Distribution of Toroidal Inductors," in Proc. IEEE International Symposium of Electromagnetic
Compatibility, Signal Integration and Power Integration, 2023.
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Experimental Verification mes

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

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



Pﬁml Measurement of Near Field mes

UF FLORIDA

Measurement setup
using a scanner board

Spectrum
) ( Analyzer
[Excitation ~ DUT J

J \

[Oscilloscope J

A

Desired Distance

Y

[ Probe array on a scanner board |

Measurement setup
using magnetic probe
[Oscilloscope ] Probe

i cf@ed Distance

) (

[Excitation v 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.

39
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UF FLORIDA

Near Field Probes

TR

e

\4
Tt“h

Measuring Y-direction

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

» A probe set has both magnetic and
electric field probes

» Different probe loop size provides
different spatial resolution

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

H=\H +H +H’
H=Hi+H j+Hk
Measuring X-direction ok T T

Dr. Shuo Wang, University of Florida, shuowang@ieee.org 40
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3.3 Power Inductor’s Near Field Immunity
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EP
U!EI[ Near Magnetic Field Immunity of Power Inductors mES

FLORIDA

B
External Magnetic Field B, By z

L

Equivalent
winding loop

B
VAz
VBy = =V, :
V,=2V,,
VBZ _VAZ
Vx:o I/y:O VZ = 2VAZ = ﬂ(rg '2|‘I’; j dBaZ’t(t)

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: 42
Dr. Shuo Wang, University of Florida, shuowang@ieee.org 10.1109/TPEL.2018.2868646.



Pumlu Improve the Immunity of Inductors with Twisted Windings meS

UF FLORIDA

External Magnetic Field

/

Equivalent °
winding loops.

Twisted Winding
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~ Induced CM voltages (CM L)

-~
o
T

—not twisted
—twisted |

D
(=)

(4}
o

N
o

Magnitude/dBuV
w
o

{

10* 10° 10° 107
f/Hz
Spectrum |__.z° Induced voltages (single-ended L)
analyzer | Induced DM voltages (CM L)
—not twisted o —not twisted
—twisted —twisted
= 50( /= S50 wisted |
3 S
540 540
e =)
= £
EE B30T
0 3
S = 20
201
.IMF
10* 10° 10° 107 f/Hz

Dr. Shuo Wang, University of Florida, shuowang@ieee.org 44



PEEPR] mes
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4. Power Inductor’s Low-frequency (LF)
Radiative Emissions

Dr. Shuo Wang, University of Florida, shuowang@ieee.org 45



PRl Radiated EMI Measurement in Automotive Applicationd TIRS
CISPR25

UF FLORIDA

Ferrite absorber tiles attached to Ferrite absorber tiles attached to the
the walls walls
v v

Low permittivity Low permittivity

support &, < 1.4 support &, < 1.4
T 7 7

LISN EUT LISN =——— EUT
/4 50mm / | f /1' 50mm

}‘

Biconical

Radiated EMI testing setup
(150kHz, 30MHZz)

Radiated EMI testing setup
(30MHz, 1GHz)

Hybrid biconical-log-
periodic antenna 46
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I'EEI'III Power Inductors as A Source of LF Radiative EMI meS

UF FLORIDA

Low noise Measured 1-meter radiative emission
amplirier - ® .
: - with a monopole antenna)
o
________ 60 “\
Inductor is a major e[ |
. g 50 3 | -- Baseline
| radlatlve EMI source E 30 ,f !1 -- Only Inductor Shielded
£ oy below 30MHz « 40 ’ :;25 L fr.‘lll -- Whole converter shielded |
i ear fie adapter g o = el
' Npro;;eld Spectrum dapt % ESDﬂ 20 ;I 1
}i analyzer % .
“f o 20 fi—
Inductor on board e
10 r'ﬁd“
. . | |
Inductor unshielded Inductor shielded ) -'1"" *j,, .
E field intensity (dBuV/m), at 1.003 MHz | 5l |
( ) ! i l,fi’- \‘I
10 L—L£
1
Inductor
Inductor £ Measured Near Electric Field

Above the Board
@ switching frequency

y — aris(cm)

Dr. Shuo Wang, University of Florida, shuowang@ieee.org Lo 47
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UF FL.ORIDA

pose Voltage Excitations to CM and DM Voltages

mes

e
e

12V

| ]
PCB ground

Diagram: An inductor

on a PCB

Charge distribution

12V
+

-Q2

+

29011E-07 ]
2.7023E-07
2.5034E07 _
P [ |
2.1057E-0
1.9063E-0
1.7080E-0 6V 6V
15091E-0
1.3102E0
1.1114E0
9.1252E-0 I
7.1366E-08
PCB ground
3.1593E-08 g
1.1707E-08
Surf [C/m*;
2702307
2
2.304EE-07
2 1057E-07
1.906BE-07
1
1.5091E-07
7.1366E-08
5.14T9E-08
1.1707E-08

dipole moment p, ;

e

PCB ground PCB ground a
1 |

dipole
moment p-y

/
/
1
1

-

dipole momentip;. /_Q 1}

P1 and P2 ' (\+Q2)
canceled

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

\ < ’

~="

\ -

| H ]
I {/-Q3)'
Image / \\\_,/

charges

N—-’

Due to DM voltage Due to CM voltage
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I'EEI'III Magnetic Moments due to DM Voltage are Canceled meESs
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o) Top turn: negative charges

00000005 T 2
= Ry EmaEasaaes ha 1

Em: L_——__-::_____ :__+Ql pl - Q1 ’ Zhl
.1m1 = S === e g 6V o = i 4

D 3 = = j_: - = = | 6V RZE

jm o - . - ‘ e g : PCB ground : |:> :
Izm T = Qi)

= [ P2 = Q2 2hy

Q Fields

prand p, cancel each other. +Q2 ¥

1) The electric moment: p=Qxd=C"-

. 0000005

. U - 2h. The analysis shows that
N e Cihy = C2h;

= piand p; can cancel each other.

2) Other symmetric pairs have the same
story.

Bottom turn: positive charges

tb bt b bk bbbkt bbbk

0000000
0 0000006
0 0000007
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P[:pnl Equate All CM Charges to the Bottom Surface mMePs

UF SR w/o Change Original Dipole Moments
?E:Ei Core
= :

\ \\ﬁ M\ Side surface elements
FTITITT and its capacitance

|
[

Simulation: electric
field distribution

@ a hcore

T
IsEde =1z xi"' heq

Core

Equivalent capacitance
Area conversion of core side surfaces

Dr. Shuo Wang, University of Florida, shuowang@ieee.org 50



PEEI'II[ Prediction of the Radiative Electric Field from InductorsfTIPS

UF FLORIDA

due to CM Voltage Excitation (Electric Di

ole Moments

The electric field due to the dipole moment P,

in the space under spherical coordinate :

cos 6
Er — PcMm

2megr3

sin 6
EQ — Pcm

41TEYT3
E,=0
Cylindrical

coordinate for z
direction E-field
prediction

-

Coordinate
transformation

E, =E,.cosf — Eysinf

1
= Lﬂ%(cosz 8 — —sin? 0
2TELT 2

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

Z
E(r,6,¢) =E,+Eg+Eyg
(E" _)r
r  'Ey
o i
¢ i
-0

X
Spherical Coordinate System

Congress and
Exposition (ECCE),
Detroit, MI, USA, 2022,
pp. 1-8

Z b
’ E(p,¢,z)=§p+§¢+ﬁz
P E, o
. ‘ Ep
R
z!
| J
¢ i
=03
Cylindrical coordinate system 31
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Experimental Verification of Proposed Prediction

mes

UF Rk ues (1-meter Semi-anechoic Chamber
¥ 3 inductors are investigated in
WA experiment:
1. 5x5x 2.9 mm?3 (Baseline) :
2. 4X4%29mm?
3. 6X6xX4.5mm3

60 —

(Impacts of the chamber setup has
been considered in the prediction).

50
limits

40

30 -

Mag (dBuV/m)

20 |-

10 -
0‘,‘/‘[‘

oL RARAINAYY

6 X 6 X 4.5 mm?3 inductor

limits

f(MHz)

30 -

20 -

L

Mag (dBuV/m)

1

10 30

f (MHz) 10

4 x 4 % 2.9 mm?3 inductor

limits

ok

Dr. Shuo Wang, University of Florida, shuowang@ieee.org
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P““‘l Reduction of Radiative EMI due to Inductors meSs

UF FLORIDA

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=

On

Dr. Shuo Wang, University of Florida, shuowang@ieee.org 53
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Questions & Answers
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