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Foreword

f you work with Power Electronics, sooner or later you will need to
Know something about EMI. It is better to learn about it sooner and
orepare for the day when you may have to solve a difficult problem.
Often the problems will not happen at the most convenient time nor will
you have the luxury of extended time to learn how to solve the
problem. If you begin to think about it early in the design phase and
design for it, you will develop tools that will someday allow you to
respond quickly and solve the problem or recognize the problem before
It becomes one. | hope you enjoy the material..............
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What Is EMI?

EMI stands for “Electromagnetic Interference” and it has been used to describe many different
types of noise phenomena observed in modern power electronic systems in use today.

The term “interference” is used somewnhat loosely today. Interference means that one piece of
equipment’s actual operation is disrupted by either another piece of equipment or an external signal
source. Actual interference is not usually implied by the term EMI unless describing a prevention

device, method or test.

The two basic types of EMI are:
— Radiated EMI; measured in the far-field using antennas

— Conducted EMI; measured at the power entry port using a line impedance stabilization network
(LISN)

There are two general categories of Conducted EMI (the focus of this seminar):
— Differential-Mode Noise (sometimes referred to as Normal Mode)
— Common-Mode Noise
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How Is EMI coupled? There are four basic
noise-coupling mechanisms In electrical systems

Conductive

caused by direct
contact with metal
conductors (ripple or
grounding issues)

VICOR

Capacitive

caused by fast-
changing voltages
applied to
capacitance between
conductors

M

Inductive

caused by fast-
changing currents
flowing in a loop
(transformer action)

=>
P

Radiated

caused by far-field
electromagnetic
coupling (antenna
effect)
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How IS conducted EMI measured in commercial
equipment?
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AMN = Artificial mains network

AE = Associated equipment

EUT = Eqguipment under test

SN = Impedance stabilization network
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The Line Impedance Stabilization Network
(commercial products)
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The LISN impedance plot (simulated)
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30MHz, the measurement standard for conducted EMI.
The LISN will vary depending on the measurement standard
but the goal is a flat impedance in the area of interest
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Measurement Filters

There are several measuring-filter techniques that you should know about:

Peak Detection

This method is the fastest of all
EMI scans. It also generates the
highest amplitude results.

An envelope detector is employed
that can respond very quickly to
amplitude changes in the
envelope but without the ability to
track the instantaneous value of
the input signal.

VICOR

Quasi-Peak Detection

This detection method is a form of
weighted averaging that has a fast
rise-time constant but a slow fall-time
constant.

Narrow duty cycle signals will measure
a lower value than peak but as
frequency or duty cycle increases, the
measured value will start to approach
peak detection. Quasi-Peak detection
takes the longest of all EMI sweeps.
Quasi-Peak Detection has higher limits
to allow for an “annoyance factor” of
the offending signal.

Average

This method is peak detection
followed by a filter with a
bandwidth that is lower than the
resolution bandwidth.

The result is that the higher
frequency peaks get averaged
to a lower value. Average
detection is slower than peak
but faster than quasi-peak.
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Measurement Flow

VICOR
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Differential-mode noise (A.K.A. normal mode)

Differential-mode noise is sometimes referred to as Normal-Mode noise. There is a good
reason for this. It results from an applied voltage differential (of opposite polarity) between the
noise source and the noise return.

It can be caused by any or all (hopefully not!) of the four coupling methods previously
discussed

Normal circuit operation is also differential in nature

Differential noise requires only two wires or a single wire and ground

Differential-noise currents flow in opposite directions in input feeds or AC line and Neutral
Input voltage ripple, output voltage ripple are common examples of differential-mode noise
Differential noise appears in all forms of power feeds: both two- and three-wire feeds
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Differential-mode noise ideal CCM buck converter
model SIMPLIS
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Differential-mode noise ideal buck converter

To generate the noise model, we modify the circuit as shown below:
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Common-mode noise

Common-mode noise always flows in the same direction in both input feeds (L and N) from an applied
voltage between those common lines and earth ground (chassis, baseplate, test equipment, etc.)

It can be most difficult to determine the path since it can involve virtually any equipment connected to
earth ground.

Earth ground or a three-wire system with an isolated ground is required.

Non-isolated DC-DC Converters need not have much consideration for common-mode noise
(sometimes!!).

Test equipment can be very vulnerable based on the type of circuitry being measured.

Isolated converters that connect output (-) to earth ground will have common mode + differential-mode
ripple at the output.

Common-mode noise can cause problems with non-isolated DC-DC converters if grounded test
equipment has high common-mode noise flowing between them.
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Common-mode noise origin — isolated full-bridge

topology
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topology
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Common-mode noise origin — isolated full-bridge
topology
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Common-mode noise origin — isolated full-bridge

topology
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The current that passes
through the LISN is the
common-mode voltage
measured from each line
to ground divided by the
LISN impedance. The
common-mode voltage
Is the source for the
common-mode portion
of the EMI.
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The actual measured EMI
spectrum will consist of
common-mode +
differential-mode currents.
There will be some
cancellation that occurs and
also some additions.
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When does a buck regulator generate
common-mode noise?

Consider the simplified Buck regulator circuit shown below connected to an electronic load
It is powered from a LISN and set up to measure EMI. Can anyone find a common-mode EMI source?
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When there Is parasitic capacitance to earth ground

Voltages at LISN that are in phase with respect to earth are common mode, out of phase are differential-mode EMI

. VA A /A A
o A [ N HIAT N [ N HIAL N AL
e o : / N L] N' N ’.N N ] \/ U | LV
— E— g ax'uIEra'wi an LN o
\’)\\/ \/H\J/ E \\/ ~ \\/ ~ Noise source is output ripple!
1 =7 Ik
b S - ﬂ
" — / o | T =
I l : Low Lo 1o
= 1 i." )P— - l@ ELOAD
£ e 1 -

-1.0 . . . .
-1.5
e PPART
3814 251E 151E 3517 1518 3.51¢ 3.820
Time/mSecs luSecsidn

|
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Layout Matters!

Up to now, we have been simulating and discussing ideal layout filters. No layout is ideal. Most
layouts are a compromise as there are many resources requiring the PCB area.

Parasitic inductance will limit the high-frequency performance of capacitors when it appears as
ESL!

The layout can make your filter require more stages if it is not done to optimize the performance
of the filter.

Two-sided PCBs without a dedicated ground plane can be the most difficult to achieve optimum
filtering.

You can also model inductance and resistance of each interconnecting via and trace.

Extraction of parasitic inductance and resistance is very important to understand potential EMI
sources (ringing) and the overall performance of the EMI filter.
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From Schematic...
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e
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VICOR
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To PCB Layout...

Copper strap link for PGND

—
---ri

\_

PGND
HS MOSFET Drain

I P R N [ | S R PGND

L1 .
l

The parasitic paths around the
loops must be considered in your

Q1 final simulations and analysis or you
will find the filter attenuation will not
be as accurate. Use the ideal filter
schematic to generate a first pass

Viy result, then modify it as the layout

progresses to better account for the
actual layout.
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Extracted layout from L1 to HS MOSFET-drain
and PGND
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Tools — Beehive 100

Includes wideband RF
amplifier and cables

Three H-field probes and
one E-field probe

100D is the E-field probe to
the far right

Buy as a kit. a must have! Use the amplifier for the small field probes as
’ they are less sensitive. The bigger probes

allow you to find the approximate area of the
offending signal while the smaller ones let you
trace it more closely.
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Tools — power splitters

ZSCJ-2-2+ Mini-Circuits
Blocks Common-Mode
ZSC-2-2+ Mini-Circuits
Blocks Differential-Mode

Both requ”-e dual or LISN-L LISN-N LISN-L LISN-N

two single LISN(S)

Must use matched equal- | Analyzer Analyzer |
length coax cables. Length Signals in e oel
should be as short as possible el attenuated
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Tools — Swartzomatic-1

Hand-wound HF current probe
Measures CM and DM current
High-permeability core

50 Ohm cable

Wide BW, high sensitivity

Much better for high-frequency
current with very low

amplitudes than traditional Pass wires through core in same direction to

current prObe. measure common-mode current, opposite
directions for differential current.
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Tools — Swartzomatic-2

Hand-wound near-field probe

Helps find high H-fields
on PCB

Hand-made using RG-58U
50 Ohm cable

Common-mode beads can be
added to cable as an option

VICOR

Connect to 50 Ohm termination on scope. Start with higher
volts/div while moving around PCB. Then reduce volts/div to
allow location of near-field to be determined. Then use lower
sensitivity probes (Beehive) to trace offending H-field caused
by noise currents of interest. Makes an excellent trigger
without connecting to circuit.
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Troubleshooting — design challenges

250W+ Ciritical Conduction Buck Regulator
— Efficiency had to be 96% or higher, high switching frequency 700kHz
— PCB area was small, isolated metal box enclosure, potted.
— High ambient environment up to 65°C
Thermal Management
— Power SIiP and PCB needed thermal connection to plate for cooling
— This caused less-than-optimal ground plane, increasing parasitic inductance

CISP25 Conducted EMI
— Required two-stage filter as second harmonic needed —40dB attenuation

VICOR ©2019 Vicor
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Tools — at my disposal

An excellent simulation model of powertrain and filter design

Performed AC and transient analysis of power system with filter,
no issues

Performed parasitic extraction of layout after it was done.
Test Equipment

All tools shown previously plus Spectrum Analyzer and Oscilloscope.
LISNSs, differential amplifiers and a good network analyzer.
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Troubleshooting EMI — the filter used

The EMI filter is shown below (idealized) for purposes of illustration

EMI DM noise source
EMI is measured across each

50 Ohm resistor to earth ground
= .022 .CO N MOII.JE FILTER .
023 ™ lr—‘ ’ DEFAC.CN’B‘STS.T@,\?EN?W'”ER FIRST STAGE DM FILTER SiP REGULATOR
Lo o RO - STAGE ¢ - _
] Lo e | T j
C+)48 ) / by I o
D ?35 X l D SRT?B /= c17 X =:Ci$ X ::01§ —,—E ,—1\,—\ X X :: _C2 ::C3 =: C4 X := c5 :: c6 ICINT X .
= / = = J
- High-amplitude, high-frequency AC current “sloshes” -
around in this loop. The voltage developed across it is
the differential-noise source the filter needs to attenuate
VICOR
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Troubleshooting EMI — the Initial measurements

High-frequency EMI was totally

The initial measurement spurred my work on a new book entitled ggezgteactfggsu‘aes‘iﬂg ftg‘r‘]ré%rt:g‘;trglamhed
“What You Thought You Knew About EMI" I! © y '

~
B Feoency  Ampituce __|/ ,

. 1 8.1583 MHz 63.4221dBuV
A 2 8.6682 MHz  62.7268 dBuV
gEY 3 7.6484 MHz 62.0954 dBuV
lon OO MOBE FlteR 4 7.1385 MHz 59.0767 dBuY
o e L o FOR SECOND STAGE DM FILTER 5 9.1781 MHz  58.8904 dBuV
=t LIN AND CM INPUT IMMUNITY B 6.6287 MHz 57.3537 dBuV
7 6.1187 MHz 56.1336 dBuV
gﬁ N ' Hg‘gﬂ' ' ' ' S ' ' - ~|....8  56088MHz 53.7328dBuV
" - R AR G : : . i _ . : o 35603 MHz 53.6681dBUV
M= : e R N R R : 10 3.0594 MHz  53.4649 dBuV
1 s S o me -~ Len 1. 40792MHz 53.2542 dBuV
e o l N T 12 5.0990 MHz 52.9415 dBpV : y AT
— 13; 10.19749 MHZ§ 527300 dBUV . - _4 :'.:TT_‘: W _f’ o .

H3‘_// 14 96830 MHz 527015 dByV _19201?!12—1?19;_9,-;_1-}.1912;?'1 o NA413

=& S : e : : 15 4.5891MHz 52.5385dBuV PRRIGER Bl S i ENRURE '

L o o . : - . 16 15297 MHz  52.2561dBuV | l ‘ ‘

= R o - _ - _ 17 2.0395 MHz 51.9603 dBuV . .

18 25495 MHz 51.8715dBpV
sou 19  509.9kHz 50.4446dBuV
gl A Lo Lo s : 20 1.0198 MHz  49.3241dBpV
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Troubleshooting EMI — the Initial measurements

DM signal measured at SiP input on customer board:

high frequency (6 — 10MHz) is higher by

8 — 12dB, a noticeable ringing observed

Peaks  Frequency  Amplitude |

1 5127 kHz_106.282 dBpv

2 1.0254 MHz | 100.282 dBpV

3 1.5380 MHz| 92.7580 dBuV
A 2.0507 MHz  84.1562 dBuY/

5 25634 MHz | 82,3457 dBuV
LA 3.0761 MHz  80.7273 dBuY.

7 4.1015 MHz  80.0420 dBpV .
.8 ...35888MHz 80.0107dBuv [

9 4.6142 MHz | 73.7851dBuV < e
10 87157 MHz 72.5730dBpV 21| ™ el | —
11 92283 MHz 722168 dBpv TN T T 1 %;H.J‘ .
12 97409 MHz 70.3115dBpV N\ LY L
13 8.2030 MHz. 69.9668 dBLV 4o % ;
14 102535 MHz 68.4108dBpV

15 7.6903 MHz | 67.8472 dBuvV

16 267.0 kHz 65.9995 dBuV
B LA— 6.6649 MHz 65.3908 dBuY/ 1

18 74776 MHz 64.7504 dBuV
LR 246.0kHz, 64.6311dBpV 2

20 6.1522 MHz | 64.5793 dBpV )

13

| Peaks .

VICOR
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_Frequency
5255 kHz
10509 MHz
15764 MHz
21018 MHz
2.6273 MHz
31527 MHz
3.6782 MHz
4.2036 MHz
237 4 kHz
9.9837 MHz
288.0 kHz
47291 MHz
105092 MHz
9.4581 MHz
| 1869kHz.
8.9328 MHz
813.9kHz
762.9 kHz
84073 MHz

Ampiitude |
107.144 dBpV
991488 dBV
92.6918 dBpV
86.2262 dBpV
83.1736 dBpV
80.7635 dBpV
80.4213dBpV
78.1610dBpV
66.4721 dBpV
65.1480 dBpV
64.3286 dBUV
64.0228 dBpV
63 8556 BV
62.8661 dBpV
614649 dBV
61.1135dBpVv
505388 dBpV
59.4055 dBpV
59.2458 dBpV

DM Signal measured on evaluation
board with better ground plane

: [
TN B - -
[t '\\ ’j'f,?’_'fﬁr e \ i ’/' : : © " siPREGULATOR
b I ! A \
[ : T :
|
il
1 . oo
‘ s13 0 Jlc1a 16 L c1s T L CINT '
= ;
A=
il
Q2
e I TS .5
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Troubleshooting EMI — the ground plane differences

Customer layout MID-1 e PGND

INput Capacitors ) <4 |nput capacitors

V,\ Is major heat source. Needed to be carried through all 4 layers in customer design to form robust pad to thermally bond to plate.
Notice the large amount of via’s needed to carry the heat load through the board to the plate. Ground plane is broken up.
Evaluation board top layer Evaluation board MID-1 layer : -
Notice ground plane is only
broken by a small number
of vias with flooded copper
around them. Much lower
parasitic inductance but
thermal impedance is too
high to meet thermal
requirements.

Qo000 O0

o

Input
© 000
000000 "o o000 0C0O000O0O0O

capacitors
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Troubleshooting EMI — what | know and don't know
— what next?

The measured EMI at input to SiP shows significant high-frequency ringing in
the area where EMI is failing.

| believe this ringing to be caused by layout — result of higher parasitic
Inductance and higher Q noise loop

How does this frequency get through the EMI filter? Is Filter deficient somehow?
Is the noise bypassing the filter?

Near-field contamination by high flux in inductor?

Capacitive coupling due to high-voltage transitions?

Radiated EMI into LISN?

Common-mode noise or differential-mode noise?
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Troubleshooting EMI — next steps

Determine if noise is CM or DM...

EMI is measured across each 50 Ohm resistor to earth ground

50u
D\_24
aC22 COMMON MODE FILTER
= 1oon FOR SECOND STAGE DM FILTER SiP REGULATOR
::‘8353 SN AND CM INPUT IMMUNITY FIRST STAGE DM FILTER
i I
Nl R2 Ll
o | L Ae i
R35 o C18 —— e C2 e C3 G4 e C5 — C6 ——C10 L C12 L. C8 e C8 ——C11 e C13 o C14 oC16 L C1 — CINT
| - | ke Ik
S o I A il
Lt NG LT _ :
— SU
“sou | il Feme
LTy
o e
Added power splitters between LISN and spectrum analyzer.

measurement. Blocking DM noise knock all high-frequency
emission down by 30dB.
Conclusion: Offending signal is differential
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Troubleshooting EMI — next steps

Determine which parts of EMI filter
are working properly...

Use diff-amp to measure this voltage. Take FFT and
measure attenuation of first stage filter.

- Does it match simulated expected results? Yes!
First stage appears to work as designed.

50u
L24
— 22 COMMON MODE FILTER .
= 1oon FOR SECOND STAGE DM FILTER SiP REGULATOR
——C23 AND CM INPUT IMMUNITY FIRST STAGE DM FILTER
T LISN | il
R28 R29 ' ‘2 J
[ [
V1 R1 R2 t
(" - & at
L vy
35 K33 G198 — 2 s les les T lce G101z ales Ce et lC13 LC1d L C16 L C15 L CINT -
D 5 H 50 —_ —_ _ —_ —_ —_ —_ —_ —_ —_ —_ —_ —_ —_ —_ —_ —_ L3
L P P I 5 o . . T T . . . LT
L ] !
T =1 . P T =C7, . . Jh_ L
T 4 . P T . . . — S
L e 1 ]~ Qz
=SR] . . P T . . .
21
S T
sou . . . P, Fene
Wy Mil LQTR_AR1E T 1&N
e . L PPN .

Use diffamp to measure this voltage. Take FFT.and .

- Does it match simulated expected results? No!
8MHz and other high-frequency noise here.
No correlation to simulation whatsoever.
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Troubleshooting EMI — next steps

Open circuit and use network analyzer to sweep both

. . . filters.
Check simulation model of second-stage filter. - Does attenuation appear as shown in simulation

Was anything missed like self resonance of inductor core? o be close? Yes!

First and second stage filters appear to work properly
small-signal-wise.

2z COMMON MODE FILTER )
= 1oon FOR SECOND STAGE DM FILTER SiP REGULATOR
—iz AND CM INPUT IMMUNITY FIRST.STAGE DM FIL
LISN —
R28 L2 J
[J° [J»
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C “ 1 a @ Q1
BN ) g u—
R35 R33 ——C17 e C19 L C18 T e C2 e C3 G4 e C5 — C6 ——C10 L C12 L. C8 e C8 ——C11 e C13 o C14 oC16 L C1 — CINT
OB = e S I USRS BRI A I i R R A SRE M o
— L1 —
L L R R =-— . . P T 7. . . Jh_
S N ol I T il
L2 L a2
= e o o]
B . :: On 0 | | e . l
sou, [ oLoree
LTy
N
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Troubleshooting EMI — next steps L Highest H-eld i inductor.

Good starting point.
- Any evidence of 8MHz

4. Probe C17-C19. 8MHz and other frequencies ringing here? No!
Use field probes to isolate where detected! Next, vary the line voltage. No evidence here or output
contamination is Coming from - Does the EMI amplitude go up with line capacitors.

going up?

If so, it may indicate capacitive coupling. If EMI
varies with load, H-field coupling would be
suspected. In this case it varied with load only.

50u

L24

(22 COMMON MODE FILTER ;
= 1oon FOR SECOND STAGE DM FILTER SiP REGULATOR
— C23 AND CM INPUT IMMUNITY FIRST STAGE DM FILTER
T LISN | il
R28 R29 : L2 J
[le [Je0
V1 R1 R2 Jt
C)aa : T, [e}]
| I S
R35 R33 e C17 ke C19 ke C18 Py —— C2 —— C3 —— C4 —— C5 —— C6 C10 k€12 daCE —— C9 ——C1l ke €13 e C14 o €16 L C1 e CINT e
D 5 H 50 —_ —_ —_ _ —_ —_ —_ —_ —_ —_ —_ —_ —_ —_ —_ —_ —_ —_ L3
. I 5 o . . T T . . . B
— L1 —
P =1 . . T =C7, . Jh_ B
B . . N . . . il L
L e 1 ]~ Qz
=C T o I N

—— C21
. Emi0on . . . e . . .
. . . . . e . . PGND

T 3. Probe around each coiiiio0 2. Probe around each capacitor
capacitor C2-C6 and s onn hightAC:loop and: SiP.
around L2. - Any evidence of 8MHz? Yes,
- Any evidence of around each capacitor and
8MHz? No evidence. slightly higher around SiP

Very quiet here.
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Troubleshooting EMI — fix layout

Problem area isolated and fix implemented

[l
I
1
N 1
£, . g
Ao
' j
Area of suspected coupling 8MHz detected here with near field probe
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VICOR

Thank you

Questions?

The information contained herein and presented by Vicor is for general informational purposes only. Vicor assumes no responsibility for
inaccuracies, errors or omissions in this presentation. Users of power supply products remain responsible for the design, testing and
operational safeguards related to such use.
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