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

Characterization and Design of Filter Inductors 
and Capacitors to Suppress the Radiated EMI in 

A Power Converter

Shuo Wang, Ph. D

Power Electronics and Electrical Power Research Lab

University of Florida

July, 2022

1



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

Power Converter’s Radiated EMI Model
(A Dual Active Bridge Converter Example)
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Power Converter’s Radiated EMI Model
(A Dual Active Bridge Converter Example)

VM1 VM2 VM3 VM4

IM5 IM6 IM7 IM8

L1

RA jXA 

𝑉𝑆

𝑅𝑆 𝑅𝑟

𝑅𝑙

𝑗𝑋𝑆 𝑗𝑋𝐴
Converter Power Connect

+

𝑽𝑨
−

𝐼𝐴

AntennaSource

𝑉𝐴

𝑅𝑙

𝑅𝑟

𝑗𝑋𝐴
Antenna

𝐼𝐴

𝑉𝐴
Radiated Power

𝑅𝑟

Reactive Power

𝑗𝑋𝐴

Ohmic Loss

𝑅𝑙

𝑅𝐴 = 𝑅𝑙 + 𝑅𝑟

Cable antenna model:

Power converter 

radiated EMI model:
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The Radiated Electric Field

𝑉𝑆

𝑅𝑆 𝑅𝑙

𝑅𝑟

𝑗𝑋𝑆 𝑗𝑋𝐴
Converter Power Connect

+

𝑽𝑨
−

𝐼𝐴

AntennaSource

𝐼𝐴 =
𝑉𝑆

𝑅𝑆 + 𝑅𝐴
2 + 𝑋𝑆 + 𝑋𝐴

2
= 𝑉𝑆 × 𝐾𝐼

𝐸𝑚𝑎𝑥 =
𝜂𝐺𝑜

4𝜋𝑟2
× 𝑉𝑆 ×

𝑅𝐴

𝑅𝑆+𝑅𝐴 2+ 𝑋𝑆+𝑋𝐴 2
=

𝜂𝐺𝑜

4𝜋𝑟2
× 𝑉𝑆 × 𝐾𝐸

𝐾𝐼 =
1

𝑅𝑆 + 𝑅𝐴
2 + 𝑋𝑆 + 𝑋𝐴

2

𝐾𝐸 =
𝑅𝐴

(𝑅𝑆+𝑅𝐴)
2+(𝑋𝑆+𝑋𝐴)

2

Radiated Power:

𝑷𝒓 =
𝟏

𝟐
𝑰𝑨

𝟐𝑹𝒓

Output cableInput cable

Average power density

Pr/(4r2) 

r

Maximum Power 

density: Smax

Maximum power density

Average power density

D=Smax(4r2) / Pr

Smax=Emax
2/2

(: wave impedance)

Directivity D: 
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EMI Spikes due to the Interaction of Antenna and 
Converter Impedances

Number
Frequency

(MHz)

𝑹𝑺
(𝛀)

𝑹𝑨
(𝛀)

𝑲𝑰

(𝑺)

𝑲𝑬

( 𝑺)

① 167 24 140 0.006 0.072

② 270 68 1030 0.0009 0.029

𝑹𝑺 & 𝑹𝑨

|𝑿𝑺| and |𝑿𝑨|

∠𝒋𝑿𝑺 and ∠𝒋𝑿𝑨

① ②

𝐼𝐴 =
|𝑉𝑆|

(𝑅𝑆 + 𝑅𝐴)
2+(𝑋𝑆 + 𝑋𝐴)

2
= 𝑉𝑆 ∗ 𝐾𝐼

𝐸𝑚𝑎𝑥 =
𝜂𝐺𝑜
4𝜋𝑟2

× 𝑉𝑆 ×
𝑅𝐴

(𝑅𝑆 + 𝑅𝐴)
2+(𝑋𝑆 + 𝑋𝐴)

2
=

𝜂𝐺𝑜
4𝜋𝑟2

× 𝑉𝑆 × 𝐾𝐸

𝐾𝐼 =
1

(𝑅𝑆 + 𝑅𝐴)
2+(𝑋𝑆 + 𝑋𝐴)

2

𝐾𝐸 =
𝑅𝐴

(𝑅𝑆 + 𝑅𝐴)
2+(𝑋𝑆 + 𝑋𝐴)

2
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Current and Radiated Electric Field due to Interactions

167MHz 167MHz
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Inductor Design to Reduce Radiated EMI

𝐿𝐶𝑀

𝐶𝑝

𝑅𝑝
𝑅𝐶𝑀 𝑗𝑋𝐶𝑀 𝑉𝑆

𝑅𝑆 𝑅𝑟

𝑅𝑙

𝑗𝑋𝑆 𝑗𝑋𝐴Converter

Power Connect

+

𝑽𝑨
−

𝐼𝐴

AntennaSource

𝑅𝐶𝑀 𝑗𝑋𝐶𝑀

CM Choke

M1 M2 M3 M4

M5 M6 M7 M8

L1Cin

Cout

Ro
VDC

Input Cables Output Cables

ESRin

ESLin

ESRout

ESLout

Main Circuit of Converter

CM Choke 7
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CM Inductor’s Impact to Radiated EMI 

𝑉𝑆

𝑅𝑆 𝑅𝑟

𝑅𝑙

𝑗𝑋𝑆 𝑗𝑋𝐴
Converter Power Connect

+

𝑽𝑨
−

𝐼𝐴

AntennaSource

𝐼𝐴 =
|𝑉𝑆|

(𝑅𝑆 + 𝑅𝐴)
2+(𝑋𝑆 + 𝑋𝐴)

2

𝐸𝑚𝑎𝑥 =
𝜂𝐺𝑜
4𝜋𝑟2

× 𝑉𝑆 ×
𝑅𝐴

(𝑅𝑆 + 𝑅𝐴)
2+(𝑋𝑆 + 𝑋𝐴)

2

𝐼𝐴 =
|𝑉𝑆|

(𝑅𝑆 + 𝑹𝑪𝑴 + 𝑅𝐴)
2+(𝑋𝑆 + 𝑿𝑪𝑴 + 𝑋𝐴)

2

𝐸𝑚𝑎𝑥 =
𝜂𝐺𝑜
4𝜋𝑟2

× 𝑉𝑆 ×
𝑅𝐴

(𝑅𝑆 + 𝑹𝑪𝑴 + 𝑅𝐴)
2+(𝑋𝑆 + 𝑿𝑪𝑴 + 𝑋𝐴)

2

𝑉𝑆

𝑅𝑆 𝑅𝑟

𝑅𝑙

𝑗𝑋𝑆 𝑗𝑋𝐴Converter

Power Connect

+

𝑽𝑨
−

𝐼𝐴

AntennaSource

𝑅𝐶𝑀 𝑗𝑋𝐶𝑀

CM Choke

CM Choke will affect the radiation by

➢ Shifting the resonant frequency

➢ Increasing the total resistance

➢ Changing the total reactance

𝐾𝐼 =
1

(𝑅𝑆 + 𝑅𝐴)
2+(𝑋𝑆 + 𝑋𝐴)

2

𝐾𝐸 =
𝑅𝐴

(𝑅𝑆 + 𝑅𝐴)
2+(𝑋𝑆 + 𝑋𝐴)

2

𝐾𝐼 =
1

(𝑅𝑆 + 𝑹𝑪𝑴 + 𝑅𝐴)
2+(𝑋𝑆 + 𝑿𝑪𝑴 + 𝑋𝐴)

2

𝐾𝐸 =
𝑅𝐴

(𝑅𝑆 + 𝑹𝑪𝑴 + 𝑅𝐴)
2+(𝑋𝑆 + 𝑿𝑪𝑴 + 𝑋𝐴)

2
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Design of CM Inductor Reactance

At the resonant frequency fr, antenna XA is 

capacitive, source XS is inductive
1. If XCM < 0 at fr, to push the new resonant frequency

higher becuase source noise spectrum is lower at

higher frequenices:

|XCM| > |XS| @ 𝑓𝑟
➔ XCM > 35.74@167MHz and CM choke is capacitive

➔
1

2π∗167M∗Cp
> 35.74➔Cp < 26.67pF

➔ to avoid an additional resonant frequency at low f, 

two conditions should be met:

➔A)𝑓𝐶𝑀 =
1

2π LCMCp
< 𝑓𝑒 wℎ𝑒𝑟𝑒 𝑓𝐶𝑀 is the self-

resonant frequency of the CM choke and 𝑓𝑒 is the 

frequency at which XA = XCM
B) XCM < XA when 𝑓 < 𝑓𝑒

2. If XCM > 0 at fr
the new resonant frequency will be lower, avoid!

𝑓𝑟(167MHz)

𝑓𝑟_𝑛𝑒𝑤𝑓𝑒

𝑓𝐶𝑀

XCM XS

XA

RA

RS
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Resistance and Reactance of the CM Inductor

𝑅𝐶𝑀 =

𝜔2𝐿𝐶𝑀
2

𝑅𝑝

𝜔4𝐿𝐶𝑀
2𝐶𝑝

2 + 𝜔2𝐿𝐶𝑀
2 1

𝑅𝑝
2 − 2𝐶𝑝 + 1

𝑗𝑋𝐶𝑀 = 𝑗
𝜔𝐿𝐶𝑀 1 − 𝜔2𝐿𝐶𝑀𝐶𝑝

𝜔4𝐿𝐶𝑀
2𝐶𝑝

2 + 𝜔2𝐿𝐶𝑀
2 1

𝑅𝑝
2 − 2𝐶𝑝 + 1

𝑓𝐶𝑀 =
1

2𝜋 𝐿𝐶𝑀𝐶𝑝

𝑅𝐶𝑀 =

𝜔2𝐿𝐶𝑀
2

𝑅𝑝
𝑓 ≪ 𝑓𝐶𝑀

𝑅𝑝 𝑓 = 𝑓𝐶𝑀
1

𝜔2𝐶𝑝
2𝑅𝑝

𝑓 ≫ 𝑓𝐶𝑀

𝑋𝐶𝑀 =

𝜔𝐿𝐶𝑀 𝑓 ≪ 𝑓𝐶𝑀
0 𝑓 = 𝑓𝐶𝑀
1

𝜔𝐶𝑝
𝑓 ≫ 𝑓𝐶𝑀

𝐿𝐶𝑀

𝐶𝑝

𝑅𝑝
𝑅𝐶𝑀 𝑗𝑋𝐶𝑀

𝑅𝐶𝑀 is the maximum at 𝑓𝐶𝑀
➔

𝑓𝐶𝑀 is better to be close to 𝑓𝑟𝑛𝑒𝑤

10
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CM Inductor with the Desired Impedance

Impedance of CM Choke
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Radiated EMI Reduction w/ the Redesigned CM Inductor

13dB

13dB

XCM

XS

XA

RA

RS

RCM
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Experimental Verification

FCC Class B

E
 F

ie
ld

 (
d

B
u

V
/m

)

10dB
13dB
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CM Capacitor Design to Reduce Radiated EMI

M1 M2 M3 M4

M5 M6 M7 M8

L1Cin

Cout

Ro
VDC

Input Cables Output Cables

ESRin

ESLin

ESRout

ESLout

Main Circuit of Converter

Y Cap

𝑉𝑆

𝑅𝑆 𝑅𝑟

𝑅𝑙

𝑗𝑋𝑆 𝑗𝑋𝐴Converter

Power Connect

+

𝑽𝑨
−

𝐼𝐴

Load

𝑅𝑌

𝑗𝑋𝑌

Y Cap

Source

𝐼𝐴 = 𝑉𝑆 ×
𝑍𝑌||𝑍𝐴

𝑍𝑌||𝑍𝐴 + 𝑍𝑆
×

1

|𝑍𝐴|

𝐸𝑚𝑎𝑥 =
𝜂𝐺𝑜
4𝜋𝑟2

× 𝑉𝑆 ×
𝑍𝑌||𝑍𝐴

𝑍𝑌||𝑍𝐴 + 𝑍𝑆
×

𝑅𝐴
|𝑍𝐴|

𝑉𝐴 = 𝑉𝑆 ×
𝑍𝑌||𝑍𝐴

𝑍𝑌||𝑍𝐴 + 𝑍𝑆

𝑍𝑌 = 𝑅𝑌 + 𝑗𝑋𝑌
𝑍𝐴 = 𝑅𝐴 + 𝑗𝑋𝐴
𝑍𝑆 = 𝑅𝑆 + 𝑗𝑋𝑆 14
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Impact of CM Capacitor on Radiated EMI

𝑓𝑟

1. If the Y cap is effective ➔ 𝑍𝑌 < 𝑍𝐴

𝐸𝑚𝑎𝑥 =
𝜂𝐺𝑜
4𝜋𝑟2

× 𝑉𝑆 ×
𝑍𝑌||𝑍𝐴

𝑍𝑌||𝑍𝐴 + 𝑍𝑆
×

𝑅𝐴
𝑍𝐴

=
𝜂𝐺𝑜
4𝜋𝑟2

× 𝑉𝑆 ×
𝑍𝑌

𝑍𝑌 + 𝑍𝑆
×

𝑅𝐴
𝑍𝐴

2. Around the resonant frequency of the antenna, because the 

reactance of the antenna is close to 0, 𝑍𝑌 may be larger than 

𝑍𝐴 in a narrow frequency range.

➔ 𝐸𝑚𝑎𝑥 =
𝜂𝐺𝑜

4𝜋𝑟2
× 𝑉𝑆 ×

𝑍𝐴

𝑍𝐴+𝑍𝑆
×

𝑅𝐴

𝑍𝐴

=
𝜂𝐺𝑜
4𝜋𝑟2

× 𝑉𝑆 ×
𝑅𝐴

(𝑅𝑆 + 𝑅𝐴)
2+(𝑋𝑆 + 𝑋𝐴)

2

➔ 𝐸𝑚𝑎𝑥 is the same as the one without Y cap.

𝐸𝑚𝑎𝑥 =
𝜂𝐺𝑜
4𝜋𝑟2

× 𝑉𝑆 ×
𝑍𝑌||𝑍𝐴

𝑍𝑌||𝑍𝐴 + 𝑍𝑆
×

𝑅𝐴
|𝑍𝐴|

XY
XS

XA

RA

RS
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Simplify the Equations of Radiated EMI

𝑉𝑆

𝑅𝑆 𝑅𝑟

𝑅𝑙

𝑗𝑋𝑆 𝑗𝑋𝐴Converter

Power Connect

+

𝑽𝑨
−

𝐼𝐴

Load

𝑅𝑌

𝑗𝑋𝑌

Y Cap

Source

Usually, the parasitic resistance of the 

Y cap 𝑹𝒀 is smaller than 𝑹𝑺 and |𝑿𝒀|

𝐼𝐴 = 𝑉𝑆 ×
𝑋𝑌

𝑅𝑆
2 + 𝑋𝑌 + 𝑋𝑆

2

×
1

𝑅𝐴
2 + 𝑋𝐴

2

𝐸𝑚𝑎𝑥 =
𝜂𝐺𝑜
4𝜋𝑟2

× 𝑉𝑆 ×
𝑋𝑌

𝑅𝑆
2 + 𝑋𝑌 + 𝑋𝑆

2

×
𝑅𝐴

𝑅𝐴
2 + 𝑋𝐴

2

𝑓𝑟

Around 30MHz

𝑅𝐴 ≪ 𝑋𝐴 𝑅𝑆 ≪ 𝑋𝐴 |𝑋𝑆| ≪ |𝑋𝐴|

𝐸𝑚𝑎𝑥 =
𝜂𝐺𝑜
4𝜋𝑟2

× 𝑉𝑆 ×
𝑋𝑌

𝑅𝑆
2 + 𝑋𝑌 + 𝑋𝑆

2

×
𝑅𝐴
𝑋𝐴

Insertion Gain=
𝑿𝒀

𝑹𝑺
𝟐+ 𝑿𝒀+𝑿𝑺 𝟐

16
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CM Capacitor Impedance Design around 30MHz

(1) 𝑋𝑌 < 𝑋𝑆

Insertion Gain= 
𝑿𝒀

𝑹𝑺
𝟐+ 𝑿𝒀+𝑿𝑺 𝟐

Insertion Gain= 
𝑋𝑌

𝑅𝑆
2+𝑋𝑆

2

𝑋𝑌 ↓  ➔ Insertion Gain  ↓ 

(2) 𝑋𝑌 > 𝑋𝑆

Insertion Gain= 
𝑋𝑌

𝑅𝑆
2+𝑋𝑌

2
=

𝑋𝑌

𝑋𝑌
= 1

The Y cap can reduce the radiation only if its impedance 

is smaller than that of the converter.

And smaller impedance is more effective in this range. 

𝑓𝑟

17

If 𝑋𝑌 is capacitive, 𝐶 > 85.6𝑝𝐹
If 𝑋𝑌 is inductive, 𝐿 < 328.76𝑛𝐻

𝑋𝑌 < 𝑋𝑆 =62 around 30MHz
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𝐸𝑚𝑎𝑥 =
𝜂𝐺𝑜
4𝜋𝑟2

× 𝑉𝑆 ×
𝑋𝑌

𝑅𝑆
2 + 𝑋𝑌 + 𝑋𝑆

2

×
𝑅𝐴

𝑅𝐴
2 + 𝑋𝐴

2

𝐸max _𝑜𝑙𝑑 =
𝜂𝐺𝑜
4𝜋𝑟2

× 𝑉𝑆 ×
𝑅𝐴

(𝑅𝑆 + 𝑅𝐴)
2+(𝑋𝑆 + 𝑋𝐴)

2

Around the original resonant frequency 𝑓𝑟
𝑋𝑆 = −𝑋𝐴, 𝑋𝐴 < 𝑅𝐴, 𝑅𝑆 < 𝑅𝐴

𝐸max _𝑜𝑙𝑑 =
𝜂𝐺𝑜
4𝜋𝑟2

× 𝑉𝑆 ×
𝑅𝐴
𝑅𝐴

𝐸max _𝑛𝑒𝑤 =
𝜂𝐺𝑜
4𝜋𝑟2

× 𝑉𝑆 ×
𝑋𝑌

𝑅𝑆
2 + 𝑋𝑌 + 𝑋𝑆

2

×
𝑅𝐴
𝑅𝐴

Insertion Gain=
𝑿𝒀

𝑹𝑺
𝟐+ 𝑿𝒀+𝑿𝑺 𝟐

CM Capacitor Impedance Design Around fr

𝑓𝑟

Insertion Gain<1 ➔ 𝑋𝑌 < 𝑋𝑆 = 32.13
If 𝑋𝑌 is capacitive, 𝐶 > 29.67𝑝𝐹
If 𝑋𝑌 is inductive, 𝐿 < 30.62𝑛𝐻

Around 𝑓𝑟, 𝑅𝑆 is close to 𝑋𝑆

18
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CM Capacitors with different Impedances

100pF 470pF

19

Around 30MHz: <62

If 𝑋𝑌 is capacitive, 𝐶 > 85.6𝑝𝐹
If 𝑋𝑌 is inductive, 𝐿 < 328.76𝑛𝐻

Around fr: < 𝟑𝟐. 𝟏𝟑
If 𝑋𝑌 is capacitive, 𝐶 > 29.67𝑝𝐹
If 𝑋𝑌 is inductive, 𝐿 < 30.62𝑛𝐻

Both 30MHz and fr:

If 𝑋𝑌 is capacitive, 𝐶 > 85.6𝑝𝐹
If 𝑋𝑌 is inductive, 𝐿 < 30.62𝑛𝐻
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Performance of the 100pF CM Capacitor

1. Around 30MHz

𝑋𝑌 ≈ 𝑋𝑆, 𝑅𝑆 < |𝑋𝑆|

Insertion Gain= 
𝑋𝑌

𝑅𝑆
2+ 𝑋𝑌+𝑋𝑆

2

=
1

2

The current/radiated E field will be 

reduced by 6dB.

2. Around 167MHz(original resonant 

frequency fr)

𝑋𝑌 < 𝑋𝑆
The current/ radiated E field can be 

greatly reduced.

𝑓𝑟
Insertion Gain= 

𝑿𝒀

𝑹𝑺
𝟐+ 𝑿𝒀+𝑿𝑺 𝟐

XYXS

XA

RA

RS

RY
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Performance of the 470pF CM Capacitor

1. Around 30MHz

𝑋𝑌 < 𝑋𝑆
Current/radiated E field can be greatly reduced

2. Around 167MHz

𝑋𝑌 ≈ 𝑋𝑆 , |𝑋𝑌 + 𝑋𝑆| > 𝑅𝑆

The reduction about 6dB.

𝑓𝑟

XY XS

XA

RA

RS

RY

Insertion Gain= 
𝑋𝑌

𝑅𝑆
2+ 𝑋𝑌+𝑋𝑆

2
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Experimental Verification

FCC

𝐾𝐼 =
𝑋𝑌

𝑅𝑆
2+ 𝑋𝑌+𝑋𝑆

2

×
1

𝑅𝐴
2+𝑋𝐴

2
𝐾𝐸 =

𝑋𝑌

𝑅𝑆
2 + 𝑋𝑌 + 𝑋𝑆

2

×
𝑅𝐴

𝑅𝐴
2 + 𝑋𝐴

2

w/ CM capacitor:
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LC Type EMI Filter Design

M1 M2 M3 M4

M5 M6 M7 M8

L1Cin

Cout

Ro
VDC

Input Cables Output Cables

ESRin

ESLin

ESRout

ESLout

Main Circuit of Converter

CM Choke

Y Cap

𝑅𝑌

𝑗𝑋𝑌

Y Cap

𝑉𝑆

𝑅𝑆 𝑅𝑟

𝑅𝑙

𝑗𝑋𝑆 𝑗𝑋𝐴Converter

+

𝑽𝑨
−

𝐼𝐴

Antenna
Source

𝑅𝐶𝑀 𝑗𝑋𝐶𝑀

CM Choke 

(ZCM)

|| 1
| |

||

Y A

A S

CM S Y A A

Z Z
I V

Z Z Z Z Z
=  

+ +

max 2

|| 1
| |

||4

Y A

S A

CM S Y A A

Z ZG
E V R

Z Z Z Z Zr




=    

+ +
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Filter Impedance Mismatch Design

Low

High

LowHigh| |
| |

Low

ZS

High

ZS

Low ZLHigh ZL
ZL

L

CCVS
ZL

ZS L

CCVS
ZL

ZS L

L

CVS
ZL

ZS LL

CCVS
ZL

ZS L

ZS

ZIN
ZOUT ZIN ZOUT

ZIN ZOUT ZIN
ZOUT

|ZCM| >> |ZS| and |ZY| << |ZA| should be met.

𝑅𝑌

𝑗𝑋𝑌

Y Cap

𝑉𝑆

𝑅𝑆 𝑅𝑟

𝑅𝑙

𝑗𝑋𝑆 𝑗𝑋𝐴Converter

+

𝑽𝑨
−

𝐼𝐴

Antenna
Source

𝑅𝐶𝑀 𝑗𝑋𝐶𝑀

CM Choke

(ZCM)

2 2

| | 1
| | Y

A S

CM S A A

X
I V

R R R X
=  

+ +

max 2

| |
| |

4

Y

S E

CM S

XG
E V K

R Rr




=   

+

2

2

2 2

1

CM

CM

p

CM p CM

CM

p p

L
f f

R

R R f f

f f
C R












= =


 


|XCM|>|XS|, & |XY|<|XA|  to reduce EMI at fr.

At new resonant frequency fr_new_LC:

|| 1
| |

||

Y A

A S

CM S Y A A

Z Z
I V

Z Z Z Z Z
=  

+ +

max 2

|| 1
| |

||4

Y A

S A

CM S Y A A

Z ZG
E V R

Z Z Z Z Zr




=    

+ +

Make fCM close to fr_new_LC
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Questions?
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