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Abstract: Flyback converters in consumer and commercial products must adhere to strict regulatory standards for
conducted and radiated electromagnetic interference (EMI). Managing EMI has become increasingly complex in mod-
ern power electronics, particularly with the integration of high-speed wide bandgap (WBG) devices into compact sys-
tem layouts. A review of established modeling techniques and mitigation strategies for conducted EMI is presented, fo-
cusing on differential mode (DM) and common mode (CM) noise, alongside radiated EMI in flyback converters. The

discussion encompasses solutions at both component-level design and converter system optimization.
Keywords: Flyback; EMI; conducted EMI; radiated EMI; differential mode (DM); common mode (CM)

1 Introduction

Flyback converters are very popular in both con-
sumer and commercial products such as power adap-
ters and auxiliary power supplies. Due to their
switching mode operations, flyback converters gener-
ate both conducted and radiated electromagnetic in-
terference (EMI). In many applications, EMI stan-
dards such as CISPR25, CISPR32, DO-160, MIL-461,

etc., are enforced on flyback converters!') for both
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conducted and radiated EMI. To meet these EMI
standards, EMI filters are usually employed to miti-
gate EMI at the price of increased size and increased
cost.

A conventional flyback topology is shown in Fig. 1(a).
Soft switching techniques have been implemented in
resonant-mode flyback converters’”), active clamp
flyback (ACF) converters® !, and asymmetrical

(61 ACF converters

half-bridge flyback converters
have been commercialized to improve efficiency by
recycling the energy in the leakage inductance, to
minimize the transient ringing, and to reduce the voltage

stresst® of the switching devices, as in Fig. 1(b).
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Recently, WBG devices have become popular in fly-
back converters to achieve high-power-efficiency and
high-power-density”™. However, the high switching
speeds and high switching frequencies of WBG devices
increase HF switching EMI noise and near-field EMI
couplings, resulting in significant EMI challenges[gl. To
address these challenges, it is critical to understand and
reduce the EMI by developing EMI models and reduc-
tion techniques for both conducted and radiated EMI.
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(a) Conventional flyback converter
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Fig. 1 Topologies of flyback converters

Traditionally, the conducted EMI is categorized
into differential mode (DM) and common mode (CM)
EMI. The DM EMI flows between power delivery
paths and CM EMI flows between power delivery
paths and the ground or metal chassis.

Conducted EMI modeling research focuses on EMI
noise sources, EMI propagation paths, and compo-

1,9-10

nent models!"*'%. EMI noise source modeling focus-

es on identifying and characterizing EMI noise

sources. EMI propagation modeling focuses on iden-
tifying major EMI propagation paths, and developing
models for mutual inductive or capacitive coupl-

11-14 . .
] between noisy loops or nodes and noise-

ings!
sensitive loops or nodes, and extracting parasitic pa-
rameters, etc. Component modeling focuses on de-
veloping high-frequency (HF) parasitic models for
components on EMI propagation paths and characte-
rizing their EMI performance!"-'>¢),

Conducted EMI reduction research focuses on EMI
filter design and optimization, improving component
EMI performance with parasitic cancellation, mutual
coupling reduction, CM EMI balancing, etc., which are
developed based on the EMI modeling research above.

17-19

Radiated EMI modeling research!'’"*! focuses on

developing radiated EMI models to understand the
radiation mechanism in flyback converters'”), ra-
diated EMI noise source modeling, developing com-
ponent parasitic models and characterizing their per-
formance for radiated EMI, exploring mutual coupl-
ings and their impacts on radiated EMI, etc.

17-20
! focuses on

Radiated EMI reduction research!
radiated EMI filter design, mutual coupling reduction
techniques, shielding techniques, PCB layout optimi-
zation, and component design optimization, etc.

This paper summarizes and examines recent ad-
vancements in EMI modeling and mitigation tech-
niques for flyback converters, as illustrated in Fig. 2.
Section 2 focuses on conducted EMI, Section 3 ad-
dresses radiated EMI, and Section 4 discusses future

research and concludes the survey.

( EMI Research for Flyback Converters )

Conducted EMI Radiated EMI
DM-CM modeling DM-CM reduction Modeling
[ [ |
EMI noise source|| Component |[ Near-field || EMInoise | Component |[Parasitic and HF noise Radiation | Component || Near-field || EMInoise | Component, | Coupling
and propagation || parasitic coupling source and filter coupling source mechanism parasitic coupling source PCB and filter|| reduction,
path modelimg || modeling modeling reduction | loptimization || mitigation modeling modeling modeling modeling reduction optimization || shielding

Fig. 2 Modeling and reduction of conducted and radiated EMI in flyback converters

The major efforts of this paper include: (1) a com-

prehensive review of modeling and mitigation tech-
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niques for conducted EMI in flyback converters from
component to system levels; (2) an overview of re-
cent advancements in analyzing and reducing radiated

EMI in flyback converters.

2 Modeling and Reduction of
Conducted EMI

The EMI propagation paths of conducted DM and
CM EMI in an AC-DC flyback converter are illu-
strated in Fig. 3. DM noise is emitted from the main
switch S, and then attenuated by DC bus capacitor C,.
It further flows through the diode bridge and is atte-
nuated by the DM EMI filter before circulating back
through the line impedance stabilization networks
LISNs™®. CM noise, on the other hand, has two prop-
agation paths. For the 1st path, it is emitted from the
drain of MOSFET (main switch) S, and then flows
through the interwinding parasitic capacitance be-
tween transformer windings to the secondary ground
(SGND). It further flows through the parasitic capa-
citance Cgy; between the secondary SGND and the
ground to the earth ground. While for the 2nd path,
the CM EMI originates from the drain of MOSFET to
the heat sink via the parasitic capacitance between the
drain of the MOSFET and the heatsink and subse-
quently to earth ground via the parasitic capacitance
between the heatsink and the earth ground. The
second path can be eliminated by grounding the
MOSFET’s heatsink to the primary ground (PGND),
making the first path a dominant contributor to CM
noise. Therefore, it is essential to model and mitigate

this primary CM noise.
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Fig. 3DM-CM noise propagation pathsin an AC-DC
flyback converter

2.1 Modding and Reduction of Conducted DM EMI
2.1.1 DM EMI Modeling

The existing DM EMI modeling primarily focuses
on developing DM models for flyback converters,
analyzing DM EMI due to the reverse recovery cur-
rents of the diode bridge, developing parasitic models
for DM EMI filters and components, and characteriz-
ing the impacts of parasitic couplings. The EMI mod-
els for the conventional and ACF flyback converters
with either an AC EMI filter or a DC-bus EMI
filter"'? in Fig. 1(a) and (b) are developed in Fig. 4(a)
and (b) by substituting switching devices with vol-
tage sources or current sources based on network
theory. Although various substitutions are possible,
only those convenient for DM noise analyses are pre-

ferred.

DA | pe
— AC ¢ 3| Bus
EMI EMI
T Fter Filter

Y Vi \
D

DA [

AC
EMI Bus

Filter EMI

D, ZS ZS Filter]

(b) ACF converter

Fig. 4 DM models of flyback converterd**3

It was found that a DC-bus filter (n-type) has the
benefits of smaller DM inductors and lower power
loss than an AC EMI filter because of the lower peak
and root mean square (RMS) currents flowing
through the DM inductor than those in the DM in-
ductor of an AC EMI filter''"!. The parasitic model for
a DM EMI filter was developed in [21-22]. It was
disclosed that the mutual inductance between the in-
ductor and capacitors or between the two capacitors

of a w-type filter determined the EMI filter’s HF per-
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formance. The mutual inductance generally leads to
worse HF filtering performance. Two EMI filters with
identical topologies and components can exhibit very
different HF filtering performance with different mu-
tual parasitic couplings!®' 2%,

Fig. 5(a) and (b) show the reverse recovery cur-
rents of the 50/60 Hz diode rectifier in Fig. 3 during
the turn-off of diodes D, and D, and their impact on
the noise voltage drop Vi=izRygn on LISNs. It was
disclosed that even though the reverse recovery cur-
rents repeat at 50/60 Hz, it can lead to significant DM
EMI noise above 150 kHz due to its impact on LISNs

and the operating principle of EMC spectrum analyz-
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Fig. 5 Thevoltage spikeson LISNsduetothereverse
recovery currentsof 50/60 Hz diodeslead to high
DM EMI above 150 kHz [*]

The HF impedance model of an EMI filter inductor
was explored in [27] and the microscopic electro-
magnetic phenomena were examined. It was discov-
ered that the electric field inside the magnetic core,
which had been long ignored, plays an important role
in the inductor’s HF EMI filtering performance.

2.1.2 DM EMI Reduction

DM EMI can be reduced either from noise sources
or from EMI propagation paths. The techniques are
summarized in Table 1.

On the noise source side, the switching noise can
be reduced by spreading spectrum with modula-
tions, employing soft-switching or using snubbers
to suppress switching ringing***). The EMI due to

the reverse recovery currents of the diode bridge can

Tab. 1 Conducted DM EMI noise reduction techniques

Techniques Brief description

Reducing EMI due to the reverse recovery
currents of 50/60 Hz diode rectifier by using
fast-recovery diodes with soft turn-off charac-

. g . 1
Noise source (eristics, or an X-capac1tor[ 3]

reduction  Switching ringing suppression using lossy
snubbers®?), lossless resonant snubbers™%33],
active snubbersP***!, and soft-switching tech-
niques***3%), spectrum spreading techniques!*”!
EMI filter ~ Principles of impedance mismatch and inser-
topology  tion loss, EMI filter topologies of LC, =, T,
design multi-stage, etc.!"*?)
Filter Inductor core and winding design™”, inductor
component EPC cancellation®?***] and capacitor ESL
design cancellation!*%)
Parasitic ~ Mitigation of parasitic couplings?'** in-
coupling  ductors with low magnetic emission and EMI
mitigation  immunity*’*"!

be reduced by using an X-capacitor or fast-recovery
diodes with soft turn-off characteristics. On the EMI
propagation paths, EMI filter topologies are designed

21 to fully utilize the

based on impedance mismatch®
EMI source and load impedances as part of the EMI
filter. At the component level, the inductor core or the
number of winding turns can be designed to reduce
core loss (so as to increase Zgpg) and reduce electric
energy (so as to increase Zgpc) inside the core to
achieve high impedance at desired frequencies for
EMI reduction, as in Fig. 6"\, The cancellation tech-
nique for inductor winding’s equivalent parallel capa-
citance (EPC) was developed in [23,26,43-45] to re-
duce HF EMI. Capacitor equivalent series inductance
(ESL) and equivalent series resistance (ESR) cancel-
lation techniques were developed in [46] to reduce
HF EMI as in Fig. 7. Mutual parasitic coupling can-
cellation techniques were developed in [26,43,50] to im-
prove EMI filter’s HF performance™™, which can greatly
reduce the HF EMI as shown in Fig. 8(a) and (b).
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Frequency/Hz
(b) Comparison of measured insertion gains

Fig. 8 Techniquesto reduce parasitic mutual inductancein
an EMI filter toimproveits HF performance?#3
2.2 Modding and Reduction of Conducted CM EMI

2.2.1 CM EMI Modeling
The modeling research for conducted CM EMI
primarily focuses on developing CM EMI models for
transformers, establishing grounding models for CM
EMI filters, and creating parasitic coupling models to
account for mutual couplings that contribute to CM
EMI noise. The CM EMI models for the flyback
converters can be developed based on Fig. 4(a) and
(b) by adding CM parasitic capacitance between the
voltage pulsating nodes and the earth ground and re-
placing the transformer with its CM EMI mod-
el1*312 Since the CM EMI resulted from the para-
sitic capacitance between the transformer primary and
secondary windings could be much higher than that
resulted from the CM parasitic capacitance between
the drain of MOSFET (8,) and the earth ground, the
transformer’s CM EMI models are thus very important.
The famous two-capacitor transformer CM EMI
model was first developed in [1,16] based on the
conservation of the displacement current flowing
through the distributed capacitance between windings
or the energy conservation for the energy stored in the
interwinding capacitances as in Fig. 9. It was dis-
closed by the model that the CM EMI noise flowing
through the transformer windings is not due to the
total CM capacitance between the primary and sec-
ondary windings but due to the capacitance ratio of

the two capacitors in the model. Reducing the para-
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sitic capacitance between windings therefore may not resulting in high CM EMI.
be able to efﬁciently reduce CM EMI noise. LISNs Active Clamp Flyback Adapter
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former’s two-capacitor model is shown in Fig. 10" T L oo cle SGND
where the DC bus has a capacitor Cp and the AC EPR Ceot
Ziiss 25 Q
filter is a CM inductor L.,,. Based on the superposi- ESECM— T
tion theory, it was disclosed that only switching voltage GF;g‘JEd
(b) CM EMI model

V, leads to CM EMI noise as shown in Fig. 10/

S

I, and Ig can therefore be treated as open circuits.

25Q 11 Low
(LISNs)

Fig. 10 Develop CM EMI model for flyback converter §-1°!

In high-power-density design, components are very
close to each other, and the DC-bus filter is vulnera-
ble to capacitive couplings from the voltage pulsating
node as in Fig. 11(a) ",

The CM noise bypasses the CM choke via the ca-
pacitive coupling Cg, between the pulsating node N
and the quiet node Ny (including Cp.), and via Cg..
If the CM inductor is modeled as Ly, EPC and EPR
(equivalent parallel resistance), the CM EMI model is

an unbalanced Wheatstone bridge as in Fig. 11(b),

Fig. 11 Capacitive couplingsin an ACF converter and CM
EMI model*!

For the CM EMI filter with grounded CM capaci-
tors, the grounding impedance is important. For
two-stage CM EM filters, the common impedance of
or the mutual inductance between two grounding
paths are critical to CM filter’s performance!®,

2.2.2 CM EMI Reduction

CM EMI can be reduced either from noise sources
or from EMI propagation paths. The CM EMI can be
reduced from noise sources using similar techniques
to those of DM noise source reduction in Table 1. On
the EMI propagation paths, CM EMI filter topologies
are also designed based on impedance mismatch!*'*>*>%
like that in Table 1. At the component level, for
transformers, CM EMI flowing from the primary
winding to the secondary winding can be balanced by
a CM current flowing from the secondary winding to
the primary winding. For a CM EMI balanced trans-
former, C, in Fig. 10 is minimized. This can be
achieved with a winding voltage distribution design,
[11,51,55-61]

, or with an
1. Shielding

or with a cancellation winding

external small cancellation capacitor!'”
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technique is also used between winding layers to ei-
ther bypass CM EMI back to its source side or to

eliminate the CM noise path on the magnetic

[1,62-65

core ], Either complete two-layer shielding or

partial double shielding can be implemented with

shielding foils based on the balancing conditions!"*.

However, transformer shielding foils may have dis-
advantages: high eddy-current power loss in the

" and the in-

shielding!®®, high leakage inductance
creased manufacturing complexity and cost. For CM
inductors, EPC cancellation can improve their HF
perforrnance[”’43’45]

rized in Table 2.

. These techniques are summa-

Tab. 2 CM conducted EMI noise reduction techniques

Techniques Brief description

Transformer CM noise balancing using cancel-

lation windings!''*'"56" or external balancing

capacitors!'*"! for wire-wound!"''*>*"  and

planar transformerst**"-*%6%¢1. CM voltage can-

cellation by inserting compensation voltage
Transformer source into power lines using coupled win-
design for  dings"""

CM EMI

reduction  Shielding between primary and secondary
windings to bypass CM noise back to its source,
coaxial shielding to minimize interwinding vol-
tage difference and to block capacitive coupl-
ings, core shielding to eliminate CM path on the
corel1:62-65]
EMI filter topology with impedance misma-

EMI ﬁlter tch*#253-34 EPC cancellation for CM induc-

deSIgn tors[11,43,45]

Paras%tlc Near electric-field (capacitive) coupling mitiga-

coupling tion by shielding voltage pulsating nodes!'"!

mitigation

Fig. 12 illustrates an optimal winding structure
with a cancellation winding to reduce CM EMI due to
the transformer: the primary winding layer “Pril” and
two parallel secondary winding layers “Secl” and
“Sec2” are adjacent. Their winding direction should
be designed to minimize the voltage difference be-
tween the primary and the secondary winding layers;
also, a cancellation winding “Cancel” is designed to

generate an equivalent cancellation capacitance Cg,.

to cancel the CM noise!"

. The primary auxiliary
winding “Aux” is located between the primary layer
“Pri2” and the secondary layer “Sec2” to reduce the

CM EMI due to small voltage difference between the

two layers.
_ (Due to the cancellation winding)
Ei(?_.\l))] 'l_('_‘
Caficel Spcl Pril Sec2 Aux Pri2 Pri3
&1 Top
ofo
°le [ J olo
° | 4 K DC
o | sls. Gap  Cap
4 oo
oo
T Bottom

D A(Pri Line) EGF

B(MOS Drain) E,,SL_Z\E (No shielding Layer)

(a) Optimal transformer winding structure
with a cancellation winding

Original Transformer

i 70 FEN55022 Class B
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=

2
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=]

=

R=]

=]

ah

<

= 2 A T ey e

10 Capacitor andcore shickding |

10° 107
Frequency/Hz

(b) Comparison of the measured CM noise

Fig. 12 Transformer winding optimization for
CM EMI reductiont¥

The near electric-field (capacitive) couplings in
Fig. 11 between bulk capacitor Cp and transformer
windings significantly degrade EMI filter perfor-
mance due to the big size of Cp.. As shown in the
flyback converter prototype in Fig. 13(a), a double
shielding is used"": Shielding 1 connected to SGND
is close to Cp, and Shielding 2 connected to PGND
is close to switching devices and the transformer with
pulsating voltages. Shielding 1 is above Shielding 2.
In Fig. 13(a), the transformer is modeled with the
two-capacitor CM model C, and C,, and the CM in-
ductor Ly, is modeled with its EPR, EPC, and L.
The equivalent circuit in Fig. 13(a) illustrates that the
double shielding technique can eliminate undesired
capacitive couplings Cyp, and Cg, and create desired
capacitive couplings Cgzg, and Cgg, which perform

like two CM filtering capacitors. As a result, the CM
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EMI is greatly reduced in Fig. 13(b). When there is a
single shielding (Shielding 2) only, a parasitic capa-
citance Cgq between the shielding and node Ny is in
parallel with the EPC of the CM inductor as in
Fig. 13(c). CM EMI can be further reduced in Fig.
13(d) by cancelling these two capacitances with a
cancellation capacitance C,, connected between the
center of the bifilar winding halves of the CM induc-
tor and SGND as in Fig. 13(c)!""). This is very valua-
ble when the earth ground is unavailable for EPC
cancellation techniques when power adapters use

two-prong power plugs.

AC side PCB and Secondary ¢\ M -
Diode Bridge ~ side PCB C351\ L Cpsy C,
it _C| H Vs
Transformer SSC C +é
EP/ :
Ng 7m Ne |y i 1
[ oL | PGND SGND
. " ., EPR =
Bulk . Shielding2, Shieldingl, [nyzssz CSG
Capacntor comnected (o COMNECted + Tom — Earth
CDC PGND to SGND 1 1 Groud

(a) Physical realization of double shielding, and its equivalent circuit
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o ‘ i |
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Frequency/Hz
(b) Mcasured CM EMI for the converter in Fig. 11 with single and
double shielding technique
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O )
I ’/Sl
Il pe C} +C,
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CM IR ——
Zyge25 Q. Cyo
LT
— —|_ Earth
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(c) Cancellation of EPC and Cgg
. o | ‘ DC bus EMI filter
= 60 1 ;
2 HHH DC bus EMI filter with
%3) 50 } m single shielding
= 40 i
s [LLH
s 30 \ DC bus EMI filter with
20 single shielding and
10° 107

EPC+Cgg cancellation
Frequency/Hz

(d) CM EMI reduction

Fig. 13 Comparison of single and double
shielding techniques™

CM EMI can also be reduced by canceling CM
voltages in Fig. 14" using a CM cancellation winding
coupled with transformer windings to generate an

inverse CM voltage.

Fig. 14 CM voltage cancellation using cancellation

windings coupled with transformer windings®”

3 Modeling and Reduction of
Radiated EM|

WBG devices, such as GaN high-electron-mobility
transistor (HEMT), have been employed in flyback
converters as in Fig. 15(a) to improve efficiency and
power density. On the other hand, a high-switching-
frequency, high-switching-speed, and high-power-
density design leads to strong near-field couplings
and high radiated EMI'™'"7!],

3.1 Modeling of Radiated EMI

For the flyback converter with input and output
power cables in Fig. 15(a), the power cables behave
like an undesired antenna!'®’?. The antenna impeda-
nce Z, includes a reactance X,, representing the
near-field energy between two cables, a resistance R,
representing the radiated power, and a resistance R,
representing the power loss. The antenna model is
connected as a load of the flyback converter’s EMI
model. The radiated EMI can be predicted based on
the power dissipated on R. and the relationship be-
tween the radiated power, maximum electric field,
antenna gain, and wave impedance!’”,

The radiated EMI model is developed in Fig. 15(b)

by replacing switching devices with current and vol-
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tage sources, applying the transformer two-impe-
dance (Z, and Z,) CM EMI model”, and connecting
the cable antenna model Z, across the input and out-
put ports of the converter. Z; and Z, lead to a conver-
sion from the DM voltage across the primary winding
to the CM voltage between node S and G, resulting in

an excitation voltage V, added to Z,, driving the ca-

ble to radiate EMI.
Radiation

Radiation —
Q . Lpwn _ //_\\

. 7N L )

Vac Input cable Lom®™!' X 78 C ={e Output cz;eble

- D 2l L

Q- ""Z"g Ca | I ~
~ X NN S, ~_
N’ | N
~ PGND = J, %

S cap
Earth ground

(a) A GaN IC-based ACF power adapter with
power cables attached!!”]

(b) Radiated EMI model with PCB ground impedances
Zpg and Zggl 7!

Fig. 15. GaN I C-based ACF power adapter with power
cables attached and radiated EM| model with PCB ground

impedances Zg and Zg;
Zpg and Zg; are PCB ground impedances on pri-

mary and secondary sides, respectively. They cannot
be ignored at high frequencies. Zp; and Zg; are criti-
cal PCB ground impedances that may also lead to
excitation voltages added to the cable antenna, result-
ing in radiated EMIY?). The HF switching currents
I and g of switches S, and S; result in significant
HF EMI voltage drops Vp and Vg on Zp and Zg.
Vp will be added between node G and S via Y capa-

citor Y,

than that of the cable antenna. The conducted CM

whose impedance Z, is much smaller
-

inductor L¢y’s impedance Z,  ~ is smaller than the
cable antenna impedance at high frequencies because
of its winding capacitance!”), therefore, most of Vp
is added to the cable antenna for radiated EMI. In
Fig. 15(b), Vg does not lead to radiated EMI because
Z, and Z, are much higher than ZYcap' How Y,,, is
connected to primary or secondary ground is imp-
ortant. If Y, is connected to G' on secondary ground,
Vg will play a big role in radiated EMI. The voltage
drop of switching current on Z,; on the positive
power path does not result in radiated EMI.

The near-field coupling in the flyback converter
may also lead to radiated EMI'. In Fig. 16(a), the
capacitive coupling C,. between voltage pulsating

node N and quiet node N,, C,5 between nodes N,

and N and the CM inductor impedance Z,  form

Lem
two branches of an equivalent Wheatstone bridge in

Fig. 16(b). The other two branches Z;- and Z;, are

the extracted two-impedance model for the network

including both the transformer and Y ,,. The bridge is

Ol‘n\put
cable

SGND

(a) Identified voltage nodes and capacitive

couplings in an ACF
NC
ZCAC é Zre
Vs \o
Lo,

Na Z,m Ny Zrp Np
— A
[~ ~7= iy
e B
L R R
+ N -

(b) Radiated EMI model including the
capacitive couplings

Fig. 16 Radiated EM| modél including critical
capacitive couplings”?
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unbalanced, so the voltage between node N, and Ny
isnot zero, resulting in radiated EMI.
3.2 Reduction of Radiated EMI

An improved transformer winding structure, such
as coaxial shielding, can reduce the DM to CM con-
version and radiated EMI™. 7, and Zg; can be mi-
nimized with an optimal layout to reduce radiated
EMI. Furthermore, the Y ., can be connected between
G and Sin Fig. 15 to minimize the impacts of Vpg and
Vg, reducing radiated EMI. An improved shielding
(metal shield) and grounding technique (grounded

the shield to the SGND) in Fig. 17(a)™” can block
undesired capacitive couplings such asC,.andC,;,

and create desired parasitic capacitanceC,between

power cables and the shielding to reduce the radiation
Metal shield

”
Cps I
L
M
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[
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\\\LC
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(b) Rradiated EMI model
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(c) Comparison of measured radiated EMI
Fig. 17 Mitigation of near electric-field (capacitive)
couplings*”

excitation, asin Fig. 17(a), (b), and (c).

EMI filters are investigated to mitigate the ra-
diated EMI in Fig. 18™. The impedance of filter in-
ductors and capacitors should be designed to have
desired magnitudes and phases at the desired fre-
quencies to suppress noise and avoid resonances >
due to their interactions with noise source impedances
and the antenna impedance. As an example, the im-
aginary part of the loop impedance in Fig. 18(a)
should not approach zero at the frequencies con-
cerned using the CM inductor. The magnetic material
of CM inductors including the inductance and high
frequency loss resistance™ ™, the parasitics of the
CM inductor!®?** and the HF CM filter design and
integration! %
the radiated EMI reduction requirement and the interac-

, should be considered according to

tions with the noise source impedance and the antenna

impedance >,

, ST [

s I CMChoke 1 Va R
X : : — JAa
— |

Converter Power Connect

EMI CM Antenna

Source Inductor Model

(a) CM inductor

Power Connect
Antenna

Convener‘ Y Cap
EMI CM
Source Capacitor ~ Model

(b) CM capacitor

Fig. 18 Impedance design to suppress radiated EM "4

Inductor winding structures with minimized H-
field emission and external magnetic field immunity
have been investigated in"*¥ to reduce parasitic coupl-
ings and radiated EMI. Radiated EMI reduction tech-
niques are listed in Table 3.
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Tab. 3 Radiated EMI noisereduction techniques

Techniques Brief description

Noise source Snubbers, soft-switching, gate driver

reduction circuits optimization[“’g”
Transformer . o )
s Optimal winding design to reduce DM to
winding structure o]
L CM conversion

optimization

PCB layout Reduce critical ground impedancel”**”;
optimization optimize component layout**-*4

HF EMI filter
design

HF CM capacitor and CM inductor im-
pedance design and optimization'7#!4

Inductor winding design for near-field

immunity™®”*, optimal shielding and
grounding!”!

Near-field coupling
mitigation

4 Conclusonsand Future Research

This paper systematically summarizes the modeling
and reduction techniques for conducted and radiated
EMI in flyback converters.

To develop EMI models for flyback EMI, several
steps should be followed: (1) develop the noise
source model with the substitution theorem; (2) ana-
lyze the impacts of the noise sources to EMI with the
superposition theorem, identify the major noise
source and critical parameters; (3) determine EMI
propagation paths and identify critical components;
(4) explore and identify important inductive and ca-
pacitive near-field couplings.

To mitigate EMI, several steps should be followed:
(1) mitigate the EMI due to the reverse recovery cur-
rent of 50/60 Hz diode rectifier; (2) optimize compo-
nents critical for EMI reduction, such as transformer
winding structure or shielding design for CM noise
mitigation; (3) design filter topology based on im-
pedance mismatch rule, and optimize the filter com-
ponent impedance; (4) reduce near-field couplings
using winding structure, orientation, shielding or
cancellation techniques.

The high switching speed of WBG devices will

pose unique EMI challenges and bring research op-

portunities in WBG flyback converters as in Table 4.

Tab. 4 Challenges and resear ch topicsfor WBG

flyback converters

Challenges

Research topics

Aim: Analyze noise source in WBG flyback
converters

Topics: Modeling of switching devices and
DM-CM noise sources in flyback converters

Aim: Reduce noise sources without reducing

Conducted efficiency
EMI Topics: Optimization of switching devices,
modeling  drivers, control and modulation, and compo-
and nent/system integration
reduction
Aim: Reduce CM EMI with the transformer
optimization
Topics: Modeling and optimization of trans-
former windings at high frequencies, core
material and winding structure optimization,
CM EMI balancing and shielding
Aim: Improve radiated EMI modeling
Topics: Modeling of HF noise generation,
Radiated conversion, and propagation in layout, trans-
EMI formers, filters, and antennas; HF modeling of
modeling components and near-field couplings
and' Aim: Reduce radiated EMI
reduction Topics: Optimization of switching devices,
driver circuits, transformer winding, core
structures, PCB layouts, filters, and shielding
Aim: Investigate the effects of near-field
couplings on conducted and radiated EMI
Topics: Modeling of near-field couplings, and
Near-field their effect on noise sources, conversion, and
coupling propagation paths
_e_ffec.t Aim: To mitigate near-field coupling effects
mItigation  Tonics: Component design with low near-
field emissions and low susceptibility, PCB
layout optimization, shielding and grounding
optimization
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	17-27  2023-0056  王贵峰
	28-35  20221206 0882-3  王林涛
	36-44  20221108 0824  杨  清
	45-54  20221015 0775-3  曾华荣
	55-64  2023-0005-3  蔡永翔
	65-74  20220923 0725-3  张景璋
	75-82  20220918 0705  周  杰
	83-95  20221007 0754-3  王春涛
	96-104  20220922  0723  张  江
	105-115  2023-0083-3  夏  晔
	116-127  20221017 0780  赵慧荣
	128-135  2023-0227  裴冯来
	136-142  20220823 0652-3  于来宝
	143-151  2023-0003-gkk  包斯嘉
	152-161  2023-0137  汪  清
	162-170  20220919 0708-3  孙新凤
	171-180  20221223 0917-3  蒋  鹏
	181-190  20221017 0779-3  陈乐飞
	191-199  20221114  0839  戎士敏
	200-209  jops-2023-0072  方 正
	210-217  2023-0056-3  王金明
	218-228  20221010 0761-3  汪兆栋
	229-237  2023-0121  李继超
	238-246  jops-2023-0145  张佳波
	247-252  20220731  0591  文  陈
	253-265  20221124 0867-3  李  银
	266-273  20221011  0762  张  可
	274-282  20220918 0704-3  路  玲
	283-293  20221017  0781  赵家城
	294-303  20221018 0784  王子鹏
	304-312  2023-0104  靳明旭
	313-320  JOPS-2023-0094-3  杜焕伦
	321-329  2024-0782  李  鑫
	330-337  2023-0042-3z  黄成洋
	338-348  2023-0011-3z  陈益华



