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Abstract—In order to construct a low-impedance loop for
common-mode electromagnetic interference (EMI) signals, tradi-
tional method is to use Y-capacitors as filtering components. How-
ever, in the commonly used isolated ac—dc switching-mode power
supplies (SMPS), the Y-capacitors branch also behaves as a terri-
ble leakage current loop. For the safety of human beings, this leak-
age current is not allowed in commercial used equipment, such
as chargers, medical instruments, etc. Therefore, certain works
should be done to both acquire good EMI performance and satisfy
the strict leakage current limitation. The goal of this paper is try to
meet these two demands at the same time. In this paper, a novel non-
Y-capacitor EMI design concept for SMPS is proposed for the first
time. By getting rid of traditional EMI filtering component—the
Y-capacitors, the leakage current can be eliminated entirely. Mean-
while, to face with EMI design challenge, optimized transformer
architecture is presented. Analysis of the transformer architecture
as well as the auxiliary winding has been carried out. Then, a novel
topology suitable for non-Y-capacitors converter is proposed and
the design procedure of the proposed topology is discussed in de-
tail. The proposed concept is applied to several popular converter
topologies. The experiment results demonstrated the effectiveness
and feasibility of the proposed non-Y-capacitor design schemes.

Index Terms—Balanced-winding topology, common-mode noise,
electromagnetic interference (EMI), non-Y-capacitor, transformer
architecture.

I. INTRODUCTION

LECTROMAGNETIC interference (EMI) filters have

been widely used for decades to solve conducted EMI
problems for switching-mode power supplies. However, the
common-mode Y-capacitor filtering components will also intro-
duce an unsafe by-pass for the low-frequency (50 Hz) current
for many battery charger applications. On the one hand, con-
sumer who uses a charging cell phone with a metal case will
have the risk of getting an electric shock due to the existence of
Y-capacitor branch. On the other hand, the leakage current will
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TABLE I
MAXIMUM LEAKAGE CURRENT

Equipment Condition Limit
Information All equipment From protective earth ground  0.25 mA
Technology to accessible parts not
(IEC60950) connected to protective
ground
Handheld From protective earth ground  0.75 mA
terminal (earth conductor) to
protective ground
Portable From protective earth ground 3.5 mA
terminal (earth conductor)to
protective ground
Stationary
Medical Patient leakage 100 A
(IEC60601-1)
TABLE I

TEST RESULTS OF LEAKAGE CURRENT RELATIONSHIP WITH VALUE OF Y-CAP

Capacitance of Y-caps 3300 pF 2200 pF 1000 pF 470 pF
Leakage current 1.02 mA 0.94 mA 0.43 mA 0.34 mA
Capacitance of Y-caps 220 pF 100 pF Non-Y-caps -
Leakage current 0.29 mA 0.21 mA 0.075 mA -

also affect the performance of the touch screen too. To protect
the safety of human beings and to prevent the user from be-
coming part of a path for leakage current, strict leakage current
standards were developed. Table I shows some leakage current
limits for IT equipment [1], [2].

Traditional method to minimize this kind of leakage current
is to use small-scale EMI filter by-pass components. Table II
shows a tested result of the relationship between leakage cur-
rent and Y-capacitor value based on a 5-V 2.1-A power supply.
It can be seen if smaller value Y-capacitors are used, larger
impedance of the Y-cap branch will be achieved. Therefore, the
value of leakage current will become smaller. However, lim-
ited Y-cap value will inevitably result in EMI design challenge
for the whole system. During the past decade, various types of
EMI solutions, based on improved converter topologies [3]-[5],
controlling or modulation algorithm [6]—[8], driving schemes
[9]-[12], and filtering methods [13]-[18] have been reported.
Based on 1000-2000-pF limited Y-cap value, the EMI noise
can either be reduced from the beginning of the noise source
[3]-[12] or be blocked from the coupling path [13]-[30]. These
publications are very important to power electronics and EMI
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research. Nevertheless, there is still a lack of manuscript which
treats the EMI noise and leakage current simultaneously, or
could acquire both excellent leakage current value and good
EMI performance. In [25], a shielding-cancelation technique is
presented by combining the shielding technique and the winding
cancelation method together. The shielding layer is adjusted to
have the same turn number and winding direction with its adja-
cent windings. However, using shields may lead to large power
losses, and this is not practical in the structure of multiple-layer
transformer windings because many of the shields are needed.
In [17], a redesign of low-power single- phase EMI filter where
less than 100 pA of leakage current is presented. A 3-Y capac-
itor method is suggested by using additional capacitor in series
with the existing Y-capacitor between phase and ground. Al-
though the leakage current is diminished to meet the standard,
this makes the system complex with increased cost and size.
Moreover, this is not a common method for all the switching-
mode power supply application. In a word, it is widely believed
that this line of research has not yet been reached completely.

In this paper, a novel non-Y-cap EMI design concept is pro-
posed. There is not any common-mode grounding path in the
proposed EMI filter structure. The motivation of this study is to
first get rid of the by-pass EMI components in order to elimi-
nate the leakage current which flows through it. Then, to deal
with the EMI challenge, an efficient non-Y-cap EMI mitigation
design procedure is put forward on. The novelty of the proposed
method lies in two aspects. On the one hand, it could reduce the
EMI noise passively. That is, optimized transformer architecture
is presented, which is able to reduce the EMI noise from trans-
mission path. On the other hand, the proposed method could
minimize the EMI noise actively. That is, a novel topology suit-
able for non-Y-capacitor converter is proposed to solve the EMI
issue from the noise source. This method has the merit of low
cost and easy to be fabricated in massive production.

This paper is organized as follow: Section II discusses the mo-
tivation for reduction of Y-capacitor in medical and handheld
or some dedicated portable equipment in detail. Then, non-Y-
cap EMI design concept is proposed. Section III describes opti-
mized transformer structure to reduce the conduction EMI noise.
Section IV proposes a new topology with balanced winding
which has excellent conducted EMI performance, and the ex-
perimental results are presented in Section V. Section VI is the
conclusion of this paper.

II. MOTIVATION AND PROPOSED DESIGN PROCEDURE FOR
NON-Y-CAPACITOR DESIGN

A. Case A. Charger Interference to Touch Screen

Touch screen has been widely used in many applications,
such as industrial control computers, mobile phone, PDA, GPS,
PMP, MP3, MP4, etc. There are mainly eight different touch
screen technologies which can be sorted in two types according
to whether they need Indium Tin Oxide (ITO) or not. At present,
resistance type and surface capacitive which need the ITO are
widely used. Multitouch operation based on surface capacitive
type can be implemented by calculating the fingers position
according to capacitance change. In this kind of applications,
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Fig. 1.  Charger interference coupling mode. (a) With Y-capacitor. (b) Without
Y-capacitor.

the EMI has to be considered to prevent the interference to the
system.

The charger of the touch screen device is a potential inter-
ference source. As shown in Fig. 1(a), the interference can be
coupled to the touch screen by the finger when people using
the phone which is connected to the charger in the wall. If the
charge has two-wire ac input connector without connecting to
the power ground, the finger including the human body turns to
be a low-impedance return path of the charger EMI interference.
With the low impedance of Y-capacitor, Cy , there will be a high
interference loop shown by the red arrow mark in Fig. 1(a). If
there is no Y-capacitor in the system, the charger interference is
only coupled by the transformer parasitic capacitors (~20 pF)
between the primary windings and the secondary windings. Due
to high impedance of transformer parasitic capacitors, Cyinding
there will be only a low interference loop shown by the red arrow
mark in Fig. 1(b). This kind of little capacitance coupling can be
cancelled by the charger and equipment itself parasitic capaci-
tors in paralleled. However, if a Y-capacitor is added between
the primary winding and secondary winding in the charger, the
coupling is impossible to be cancelled by the parasitic capacitor
of the portable device. The interference is easy to be trans-
ferred to the portable device with this low-impedance loop, and
the normal working of touch screen may be interrupted. If the
portable device is operated with multifingers of people on the
touch screen, the interference will turn to be even more serious.

In order to improve the electromagnetic susceptibility per-
formance, the Y-cap is not allowed to use in chargers from the
world-famous company, such as Apple, Samsung, and Huawei,
etc. So, a non-Y-cap EMI design for SMPS is urgent for the
need of market.
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Fig. 2. Leakage current test mode in the medical equipment.

TABLE III
LEAKAGE CURRENT AND PATIENT AUXILIARY CURRENT ({1A)

B Type BF Type CF Type

Leakage current Normal  Single Normal Single Normal Single
(LKC) State Failure State Failure State Failure

State State State
Earth LKC 5 10 5 10 5 10
Enclosure LKC 100 500 100 500 100 500
Patient ac LKC 100 500 100 500 10 50
Patient dc LKC 5 50 5 50 5 50
Patient Aux. dc current 5 50 5 50 5 50
Patient Aux. ac current 100 500 100 500 10 50

B. Case A. Charger Interference to Touch Screen

As we know, the quality of the power supply will influence
the stability and reliability of the medical equipment. Bad power
source will even lead to medical accidents and cause huge eco-
nomic losses.

The case of the most medical equipments can be touched
easily since it is installed very close to the patient and operator.
Security and isolation of power supply are two significant spec-
ifications compared with the commonly used power supply. The
isolation voltage between input and output should be more than
4000 V and the leakage current should be as low as possible
to meet the requirements. The leakage current test mode in the
medical equipment is shown in Fig. 2. Generally, the leakage
current limitation of medical equipments defined in the IEC601
standard is only one-tenth of that of the commonly used power
supply, and it is lower than 100 pA as described previously.
The maximum leakage current is defined for three main types
of power supply equipment as follow.

1) Class B—No electrical contact with patient and maybe

earthed.

2) Class BF—Electrically connected to patient but not di-

rectly to heart.

3) Class CF—Electrically connected to the heart of patient.

The detail leakage current limitation is shown in Table III. As
we known, the Y-capacitors branch behaves as a terrible leak-
age current loop. So in the medical equipment switching power
supply, the Y-capacitor is limited to a very small value. Or it is
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Fig. 3. Shunting effects of C'y for the CM noise when Q; is being turned-off:
(a) With Y-capacitor. (b) Without Y-capacitor.

even been prohibited in order to prevent the patients and med-
ical personnel to get an electric shock. Meanwhile, the power
supply should pass the standards, such as FCC-B, CISPR22-B,
ENS55011/EN55022/61204/61000, etc. In order to eliminate the
leakage current and obtain better EMI performance, non-Y-cap
EMI design is urgent in the power supply for medical equipment.

C. Impact of Y-capacitors on the EMI Noise and Stabilization

Differential mode (DM) noise is mainly caused by the pul-
sating converter current, and is attenuated by the input filter
capacitor. Since this capacitor is generally an electrolytic one
with large ESL and ESR, it is only effective for the reduction
of DM noise up to the switching frequency [31]. The DM noise
current is not changed if adding or removing the Y-capacitor
and only the CM noise current is related to the Y-capacitor. In
this paper, the non-Y-cap design is focused, so the CM noise is
analyzed, measured, and compared in following sections.

It is well known that CM conducted EMI is caused by the
CM current flowing through the parasitic capacitance of tran-
sistors, diodes, and transformers to earth in the power circuit.
The CM noise is accounted by the current flowing through the
line-impedance stabilization network (LISN) resistor as shown
in Fig. 3(a). To find solution to reduce the CM current, the
secondary-side CM noise current propagation path is also illus-
trated. When a Y-capacitor Cy is added between the primary
return terminal PGND and secondary return terminal SGND,
the CM noise current will change original path from Cj, to Cy
and it changes to be the DM noise which is much easier to be
solved by the filter. By means of this method, the CM noise has
low impedance with Cy branch and better EMI performance
can be acquired. On the contrary, if the Y-capacitor is removed
for the leakage current standard requirements, all the CM noise
has only one path through the Cs., and this will cause the worse
EMI results as shown in Fig. 3(b).
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In the non-Y-cap SMPS design, although the leakage current
is eliminated sharply, the EMI will be worse than the SMPS
with Y-capacitor. So, it is urgent to find a non-Y-cap EMI design
method for SMPS.

D. Proposed EMI Design Procedure for Non-Y-capacitor
SMPS

In the non-Y-cap EMI design, it is both very difficult and
expensive to solve the EMI problem based on the traditional EMI
design process. In order to obtain a better EMI performance, a
brand new design procedure is proposed in this paper as shown
in Fig. 4. First, whether it is necessary to carry out a non-Y-cap
design for a SMPS should be fully understood. If not, it will
be fine to follow the general EMI design procedure. If yes, the
topology has to be selected considering the EMI. The control
and driving unit is also needed to be selected considering the
EMI performance. Thus, the transformer architecture suitable
for EMI reduction is applied and the EMI filter to suppress
the CM noise is designed. Then, the electrical performance of
SMPS is optimized to meet the specification. After that the EMI
is checked whether it can meet the standard. If not, then redesign
the EMI filter or other method suitable for the non-Y-capacitor
should be applied until it passes the EMI certification.

In this paper, following the proposed design procedure, two
effective methods, one is to reduce EMI noise passively, one
is able to reduce the EMI noise from transmission path, are
applied for the non-Y-cap SMPS design. Excellent EMI per-
formance can be obtained as well as the leakage current at
microampere level.

II. OPTIMIZING TRANSFORMER STRUCTURE TO REDUCE CM
NOISE FOR NON-Y-CAP EMI DESIGN

The transformer provides power transmission path and gal-
vanic isolation for SMPS. However, it is a key EMI noise source
of the power supply. In order to reduce this noise, corresponding
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Fig. 5. Flyback converter: (a) Simple CM noise source model of (b) Major
paths for the CM noise current from primary to secondary side.

research has been studied on the transformer parasitic capaci-
tance analysis. For simplification, this paper takes the flyback
converter as an example. In a flyback converter, the transformer
has three windings, such as primary winding, secondary wind-
ing, as well as auxiliary winding. Sandwich structure trans-
former is very popular in those applications for its smaller leak-
age inductance and higher efficiency. However, for the non-Y-
cap design, this means much larger parasitic capacitance which
is harm to reduce the CM noise. On the contrary, the non-
sandwich has smaller parasitic capacitance and it means better
EMI. So following analysis is based on nonsandwich trans-
former structure.

In most applications, the CM noise of a power converter
is dominated by displacement currents which are the results
of voltage pulsating (dv/dt) on the converter parasitic capaci-
tances. In an isolated power converter, the interwinding capac-
itances of power transformer are critical parasitic capacitances
of the converter in the CM noise perspective. Such capacitances
are distributed along the windings with different voltage pul-
sating (dv/dt) [21]. The CM noise current generated by the
noise sources propagates through interwinding capacitance of
the transformer and goes into LISN through the grounding wire
of secondary side output, as shown in Fig. 5(a).

The total CM noise current going through the interwinding
capacitors is determined by the distribution of voltage pulsat-
ing along the windings. It is determined by both the voltage
pulsating on the transformer terminals and the winding struc-
ture of the transformer. The CM noise current introduced by
the voltage pulsating can be calculated as in following equation
[23]:

. dv
Tem = ECE' )
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Fig. 6. (a) Model of two adjacent winding layers. (b) Parasitic capacitors of
two adjacent winding layers of transformer #0.

There are distributed parasitic capacitances between every
two layers. Those capacitances between primary winding lay-
ers or between primary winding and auxiliary winding do not
contribute to the CM noise because the displacement currents
between them are confined within the primary side of the con-
verter. These parasitic capacitors only contribute to the DM
noise current. So the displacement current of primary winding
to the auxiliary winding C,,, does not contribute to the CM noise
current. The distributed parasitic capacitances C,s between pri-
mary winding and secondary winding, C,s between auxiliary
winding to secondary winding provide the major paths for the
CM noise current from primary to secondary side of the con-
verter as shown in Fig. 5(b). This paper only focuses on primary
side to the secondary side which related to the Y-capacitor be-
tween them.

It is easy to calculate the dv/dt of the winding pulse voltage to
the earth ground. How to evaluate the capacitance is key problem
here. As presented in [32]—[34], the two adjacent winding layers
can be modeled as two conductors of the shape of a hollow
cylinder which share the same center as shown in Fig. 6(a). The
space between them is filled with insulation material. Parasitic
capacitance AC between them can be calculated as follows:

INo e )
d
where ¢, is the permittivity of the insulation material between
layers. Alis the height of the winding layer, and d is the distance
between two winding layers.

To verify above assumption, the half window of the trans-
former #0 with the three different windings is illustrated in
Fig. 6(b). The primary winding is evenly divided into three lay-
ers. Meanwhile, the auxiliary winding and secondary winding
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TABLE IV
MEASUREMENT RESULTS OF INTERWINDING PARASITIC CAPACITOR VALUE

Parasitic capacitors Chpis_#0 Chs_po Cpss_#0 Cas_#0
Chas_#o

Capacitor value 16 pF 18.3 pF 20.7 pF 244 pF

Average capacitor value 19.8 pF

Parasitic capacitors Cpia_#0 Cha_#0 Ch3a_#0 -
Choa_#0

Capacitor value 11.3 pF 11.8 pF 12.4 pF -

Average capacitor value 12 pF

are distributed symmetrically in a standalone layer. The termi-
nals A, D, and F are dotted terminals. Based on above trans-
former architecture, the interwinding capacitance can be mea-
sured as follows in Table I'V.

According to [23], the capacitor between the winding and core
can be neglected due to the smaller capacitance, and the primary
winding inner layers capacitors can also be neglected because
they do not contribute to the CM noise. So only capacitors be-
tween different windings should be considered and analyzed.
According to the current formula of capacitor I = C * dv/dt,
the displacement current between primary side and secondary
side only depends on the voltage jump slope and the parasitic ca-
pacitor value. First, to analyze the intercapacitor between wind-
ings, in Fig. 7(a), the half window of the transformer #1 with
the three different windings is illustrated. The primary winding
is evenly divided into three layers. Meanwhile, the auxiliary
winding and secondary winding are distributed symmetrically
in a standalone layer. The terminals A, D, and F are dotted
terminals, while identify the positive current orientation by the
voltage between two winding layers from high to low.

Supposing the positive current orientation is from primary
side to the secondary side, if the current orientation is opposite
to the positive current orientation, then adds a minus before plus
to the total current.

When the Q, is in switching mode, point A can be considered
as a pulse voltage source which the amplitude is V from turned-
on state to turned-off state, and it can be expressed following:

N

Va = Vaus + Vo * 1 3)

S
where Vg is the rectified voltage of the flyback converter, Vo
is the output voltage of the flyback converter. The Np and Ng are
turns of primary winding and secondary winding, respectively.
Similarly, the point D can be considered as a pulse voltage
source which the amplitude is Vp from turned-on state to turned-

off state, and it can be expressed as follows:

Ng Ng
Ww=Vo+W — =Vi*x—. 4
p="Vo+ BUS * 3 AN (4)
In the same way, the point F can also be considered as a pulse
voltage source which amplitude is V from turned-on state to
turned-off state, and it can be expressed following:
Na

VF—Vo*FS+VBUS*N—P—VA*NP 5

where N is the turn’s of auxiliary winding.
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Fig.7. Transformer #1: (a) Interwinding. (b) Voltage and current distribution.
(c) CM current propagation.

The voltage distribution of the three windings is shown in Fig.
7(b). When the Q; is turned off, the voltage of points A, F, and D
is rising up relative to points B, E, and C, respectively. By means
of the above equations, the displacement current propagation
path is shown by the arrow in Fig. 7(c).

The displacement current between primary winding and the
secondary winding is given as

fomo s~ Gosspr (Nes Vo Ns Vi
e st 2 Np At Np At

Cpas#1 (Nes +Npo +Npz Va Ng Vi
2 Np At Np At

N N Vi Ns V,
(( p3 + P2+1)_A_S_A> 6)
Np

+

Cpls_#l

M

where Npi, Npo, and Npy are turns of three pri-
mary winding layers from inner to outer, respectively.
Chis_#1,Cpas_#1, and Cpzs_41 are parasitic capacitors be-
tween the three primary winding layers from inner to outer and
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secondary winding, respectively. At is the transient time of the
voltage jumping.

The displacement current between auxiliary winding and the
secondary winding is also given as follows based on the same
analysis method

I _ Cagr (NaVa  Ns Vi )
om sl 2 Np At Np At

where C,s_x is the parasitic capacitor between the auxiliary
winding and secondary winding.

Some assumptions are made to simplify the equations accord-
ing the physical distance between different layers as follows:

Cas_# 1
3

Cas_#l

Chzs_#1 = Cas_1,Chos_ 41 = ,Chts_s1 =
N
Npy = Np3 = 3P (8)

Substituting (8) into (6) and (7), the total displacement current
from primary to secondary can be expressed by

Npy =

Icm_#l = I(',m_ps_#l + Icm_as_#l

= Cas_#1 (0 694 + 0. 5]‘]\\77—P —1. 42NP) %. ©)
If the total displacement current is decreased, the better EMI
will be obtained. To reduce the displacement current, the para-
sitic capacitance of the primary winding and secondary winding
has to be decreased by increasing the physical distance between
the primary side windings to secondary winding, although the
voltage pulsation between them is very large. While adding sev-
eral turns of tapes may not be feasible considering the window
area limitation. To solve this problem, the auxiliary winding can
be placed in middle layer as shown in Fig. 8(a).
By means of this method, some assumptions are made to
simplify the equations in view of the distance between different
layers as follows:

1 1
CpBS_#Z = 5035_#2701)25_#2 - gcas_#Za
1
Cors_p2 = ans_#m
1
Npi1 = Npy = Np3 = gNP- (10)

Therefore, based on the above analysis methods, the total
displacement current formula from primary and secondary can
be expressed by

Icm-#? = Icm_ps_#Q + Icm.as-#?
Na Ns\ Va
= Choo o (0458 +0.5=2 — 1.04— ) =2 (11
_#2( + o NP) At (11)

In order to better understand the effectiveness of our process,
the voltage pulsation and displacement current are analyzed in
Fig. 8(b). Then, the displacement current propagation path is
shown by the arrow in Fig. 8(c).

Compared Icy,_uo with o w1, Cas 4o is equal to the
Chas_g1 from the above theory, in case of Ng/Np < 17/27 in
the general low-voltage output application (Ng << Np), the
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Fig. 8. Transformer #2: (a) Interwinding. (b) Voltage and current distribution.
(c) CM current propagation.

displacement current has been reduced greatly. So, placing the
auxiliary winding in the middle of primary winding and sec-
ondary winding is an effective method to mitigate the EMI
noise in the non-Y-cap design.

Further on to reduce the displacement current, a shield wind-
ing is inserted between primary winding and auxiliary winding
based on above transformer #2 as shown in Fig. 9(a). The start-
ing point of the shielding winding is connected to point B, and
the end point is disconnected to any electrical node.

Based on the similar analysis method, the displacement
current between the primary winding and secondary winding
Tem _ps_u3 is as follows:

I _ Cissps (Nea Vo Ns Va
em-ps—#3 2 Np At Np At
+Op28_#3 Nps + Npa + Np3 V4 Ns Vi
2 Np At  Np At
Chis_#3 Np3 + Npa Vo Ng Va
R REEARE JET)
N Moo ) AT w ar) U2
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Fig. 9. Transformer #3: (a) Interwinding. (b) Voltage and current distribution.
(c) CM current propagation.

The displacement current between the auxiliary winding and
secondary winding ., .s_u3 has the same equation as in (7):

Cowps (NaVa  Ns Vi
2 Np At  Np At

In the new power architecture, an additional displacement
current between shielding winding and secondary winding is
formed to cancel the displacement current which is given as
follows:

Icm_as_#?; = (13)

Cuasgs (Nsp | N\ Vi

2 Np  Np ) At
For simplification, some assumptions can be made as to the

parasitic capacitance according the layers distance as follows:

1 1

Icm_sds_#i} = (14)

Csds_#3 = 2Cab_#370p3s_#3 = gcas_#?n
1
Chos_u3 = 4Cas_#37
1 1
Cprs_u3 = 5Cas_#37NP1 = Npy = Np3 = gNP- (15)

Obviously, the I.,, q4s_#3 flows from secondary side to pri-
mary side, and it has the different current orient, so it can cancel
a part of the total current. Therefore, the total displacement
current formula from primary and secondary can be expressed
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by
Icm_#3 = Icm_ps_#B + Icm_as_#?) - Icm_sds_#3
Ny Ng Naas | Va
= Chs_ . H— —1.26— —0.2 —.
#3<035+05NP 6Np 0 5Np>At
(16)

To better understand the effectiveness of the process, the
voltage pulsation and displacement current are analyzed in
Fig. 9(b). Thus, the displacement current propagation path is
shown by the arrow in Fig. 9(c).

Compared Icy,_u3 with o w0, Cas 43 is equal to the
Chas_uo from the above theory, the /., _x3 is much smaller
than I, 42, and the displacement current has been reduced
greatly. Based on above analysis, the shielding winding not
only increases the physical distance between primary winding
and secondary winding, but also cancels a part of the displace-
ment current from primary side to secondary side. If a proper
Niq is selected, the total displacement current could even be
reduced to zero; thus, the CM noise will be reduced and better
EMI performance will be obtained.

Obviously, the transformer optimized method is effective to
reduce the CM noise in the non-Y-cap design. Actually, it is
not only suitable for the flyback converter, and it is suitable
for almost all isolated converter, such as forward converter,
half-bridge converter, and LLC converter. To verify it, the trans-
former optimized method is applied to the LLC converter as
follows.

The simple model of the LLC converter is shown in
Fig. 10(a). Based on the transformer optimization method in the
non-Y-cap design, three different transformers, such as trans-
former #4, #5, and #6 are designed for the LLC which is shown
in Fig. 10(b)—(d) respectively. The primary winding is evenly
divided into two layers and the auxiliary winding and secondary
winding are distributed symmetrically in a standalone layer. The
transformer #4 structure has the same structure as transformer
#1. This is primary-secondary-auxiliary winding structure. The
transformer #5 structure is primary-auxiliary-secondary wind-
ing structure as transformer #2. The transformer #6 structure
is primary-shielding-auxiliary-secondary winding structure the
same as the transformer #3. Based on above analysis, the trans-
former #6 has the best EMI performance among the three
transformers. Due to the limited length, it is not analyzed in
detail.

In short, in the non-Y-cap EMI design, the inner parasitic
capacitors among different windings as well as the different
layer consideration of power transformer are analyzed. Accu-
rate relationship is built based on the layer distance for analysis.
The distribution of voltage along layer is studied to calculate
the CM current. The CM displacement current from the pri-
mary side to the secondary side is analyzed and modeled. Based
on the built model, three different optimized transformers are
presented in detail and are proved to be effective meth-
ods for the non-Y-cap EMI design whatever the topology is
applied. The optimized method is also verified by the ex-
periment both in flyback converter and LLC converter in
Section V.
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Fig. 10. LLC converter: (a) Simple model. (b) Interwinding of transformer
#4. (c) Interwinding of transformer #5. (d) Interwinding of transformer #6.

IV. PROPOSED TOPOLOGY WITH BALANCED WINDINGS FOR
NON-Y-CArP EMI DESIGN

Although the optimized transformer architecture is able to
reduce the EMI noise from the transmission path, a better way
of solving the EMI issue from the noise source, it has the merit
of low cost and easy to be fabricated in massive production.

In this section, a new topology suitable for non-Y-capacitor
converter is proposed to solve the EMI issue actively from
the noise source. It is better EMC behavior along with other
desirable converter parameters considered in the topology
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Fig. 11. (a) Proposed flyback topology with balanced windings. (b) Q; is
turned-on. (c) Q1 is turned-off. (d) Q; body diode is turned-on. (e) Operation
waveforms.

design. Since the flyback converter is widely used as an isolated
switching-mode power supply, this paper takes it as an exam-
ple to introduce the proposed topology with balanced windings
as shown Fig. 11(a). It just operates as a flyback with primary
winding divided into two branches, and the switch and control
logic branch is placed in the middle. Based on an optimized
transformer structure, the EMI CM noise current in the two
branches has been cancelled entirely. So it has excellent EMI
performance and the Y-capacitor can be removed easily for strict
leakage current limitation.

First, the operational principle of the proposed topology is
introduced. At the switch Q; turning on moment, the magnetic
current increases linearly from zero. The energy stores in two
primary windings just like inductors. The voltage across the two
windings Pril and Pri2 is proportional to Vzyg. After a certain
time, the switch Q; turns off and then the energy stored in the
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Fig.12.  Transformer#7: (a) Interwinding. (b) Voltage and current distribution.
(c) CM current propagation.

primary winding will transfer to the secondary through output
rectifier diode. Then, the switch Q; voltage will be Vzyg +
(M + My) * Vo (M, and My are the transformer ratios of the
two balanced windings). Until the secondary winding current
goes to zero, the primary switch voltage will be clamped to
Vius. The current transmission paths of the proposed topology
at different intervals are shown in Fig. 11(b)—(d), respectively.
The real-time waveforms of the voltage and current are shown
in Fig. 11(e).

A traditional flyback converter without auxiliary winding is
analyzed first as a guideline. It is used as a guideline to com-
pare the proposed balance winding effectiveness. The primary
winding is evenly divided into four layers, while the secondary
winding is distributed symmetrically in a standalone layer. The
half window of the transformer structure implemented with EE
core is shown in Fig. 12(a) and the terminals A and C are
dotted terminals. According to [23], the capacitor between the
winding and core can be neglected due to the smaller capac-
itance, and the primary winding inner layers capacitors can
also be neglected because they do not contribute to the CM
noise. For simplification, this paper supposes all the winding
layers cover the whole window width and there is two-layer
taps between different windings. Then, the parasitic capaci-
tance is different in view of different distance between the dif-
ferent primary winding layers to the secondary winding layer
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and a k ratio can be represented for the difference. According
to current formula of capacitor I = C * dv/dt, the displace-
ment current between primary side and secondary side only
depends on the voltage jump slope and the parasitic capacitor
value.

When the Q; is in the switching mode, the point A can be
considered as a pulse voltage source which amplitude is Vj
from turned- on state to turned-off state and it can be expressed
as follows:

Va = Vous + 2% 4 14 a7
Nk
where Nw and Nk are turns of primary winding and secondary
winding respectively.

Similarly, the point D can also be considered as a pulse voltage
source which amplitude is Vp from turn on state to turn off state
and it can be expressed following:

N, N
Vo =Vo + _“KTVBUS e —\I;VA. (18)

N N

The voltage curve of the four layers winding at different points

is illustrated in Fig. 12(b) assuming that the voltage is evenly

distributed. At the Q7 turned-off moment, the voltage of point

A, and D is rising up relative to points B and C, respectively. By

the means of the above equations, the displacement current is

shown in Fig. 12(c). Assuming that the current orient to primary

side is positive, the displacement current between inner primary
winding and the secondary winding can be expressed by

Nwa + 2 # (Nws + Nwa) — Nk

Icm_wkl-#7 = Cwlk‘#7 2% Ny + At .
Nw + Nws + Nws + Nws — N

c. V. 19

+ 2k _#T7 2 % Nv\r * At A ( )

where Nyw1, Nwe, Nws, and Ny, are turns of three primary
winding layers from inner to outer respectively. Cyqj_x7 is
parasitic capacitor between the second primary winding layer
and secondary winding. At is the transient time of the voltage
jumping.

Similarly, the displacement current between outer primary
winding and the secondary winding is calculated as follows:

Nws + 2% Nwy — Ng

Icm_WkQ_#7 = Cw3k_#7 2 x NW * At VA
Nwy — N
., W Ry 20
+ AT Ny # AL (20)

where Cy31_47 is the parasitic capacitor between the third pri-
mary winding layer and secondary winding layer.

Substituting (17), (18) into (19) and (20), and supposing Ny
= Nw2 =Nw3z = Nwy = 1/4x Ny, Cusi_s7 = Cuir_s7,
Cuwak_y7 =k * Cyrp_g7, and Cypyp_y7 =k * Cy3p_y7, the
total displacement current from primary to secondary can be
expressed by

Icm-wk-#? = Icm-wkl-#? + Icm-wk?-#?

V,

N
= Cutk_s7 (1—%) (k+1)ﬁ @21
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(c) CM current propagation.

where k is the ratio of the capacitance difference between the first
primary layer W1 to secondary winding layer and the second
primary layer W2 to the secondary winding layer.

Therefore, based on the above equation, N is much smaller
than Ny in the traditional low-output voltage flyback converter,
the CM displacement current is very large and the EMI turns to
be worse if the Y-capacitor is removed to eliminate the leakage
current.

With the similar research method, the proposed topology with
balanced winding is analyzed as follow. The transformer struc-
ture is just the same as the above traditional structure of flyback
which is shown in Fig. 13(a).

In the proposed topology, when the Q; is in switching mode,
the point A can be considered as a pulse voltage source which
amplitude is Vi from turned-on state to turned-off state and it
can be expressed following:

Niw

———— + My x
Niw + Now Lero

Va = VBusg * (22)

where Nijw and Now are the turns of two primary windings,
respectively. M is the turn ratio of the Pril to the secondary
winding.
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In the same way, the point H can be considered as a pulse
voltage source which amplitude is Vi from turn-on state to
turned-off state and it can be expressed as follows:

Now
Niw + Now

where M is the turn ratio of the Pri2 to the secondary winding.

Meanwhile, the point D can be considered as a pulse voltage
source which amplitude is Vp from turned-on state to turned-off
state and it can be expressed by

Vit = —(VBus * + My x Vo) (23)

_Veus _Va _ Vi
My + M, M, M2.

The voltage of the different winding layers at different point
is shown in Fig. 13(b). At the Q; turned-off moment, the voltage
of points A and D is rising up relative to points B and C, re-
spectively. However, the voltage of point H is decreasing down
relative to point G. Then, the displacement current between the
primary and secondary is shown in Fig. 13(c). The displace-
ment current between primary winding Pril and the secondary
winding is given as

Vo =Vo + (24)

Niwa — Nk
2 % NIVV x At A

Niw + Niwa — Nk
Vi (25
Q*NI\V * At A ( )

where Niw2, Niw, and N the turns of primary winding Pril
inner layer 1W2, Pril winding layer and secondary winding,
respectively. C'2k_#5 is the parasitic capacitor between the
Pril inner layer 2W2 and secondary winding.

Similarly, the displacement current between primary winding
Pri2 and the secondary winding is given as

Nows + Nx
2 x NQV\' * At i

Now + Nowa + Nk
2 % NQ\V * At

where Nawo is the turns of primary winding Pri2 inner layer
2W2. Cyyyap_ug is the parasitic capacitor between the primary
winding Pri2 outer layer 2W2 and secondary winding.

Substituting (22), (23) into (24) and (25), and supposing
Niw1 = Niwz = 1/2% Niw, Now1 = Nowz = 1/2 % Now,
and Chyor_#5 = Cly2r_#g in view of the power architecture,
the total displacement current from primary to secondary can be
expressed by

Icm _lwk_#8 — Clw?k:,# 8

+Clwik_#8

Icm 2wk_#8 — OQWQk,# 8

+Cow1k_#8 Vi (26)

Clrwak_#s
IC]H*Wk*#S = IC"“JWk—#S + ICm,?wkf#?S = 4‘,\7*7&::

Vius
X | ————+Vo ).
(Ml o, 1O
With a proper design of M; and Ms, the CM noise from the
primary to secondary can be reduced even to zero. Therefore,
there is no difference whether the Y-cap is removed or not. At the

same time, due V and Vj; has the different voltage pulsating,
so the CM noise from the point A and point H will be partial
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Fig. 14.  (a) Proposed forward topology with balanced windings. (b) Proposed
LLC topology with balanced windings.

cancelled. So the proposed topology with balanced winding has
excellent EMI performance and suitable for the non-Y-cap EMI
design.

Further on, the balanced winding method can also be applied
the forward converter and LLC converter which is shown in
Fig. 14(a) and (b). However it is complex and not analyzed in
detail due to limited length.

In short, in the non-Y-cap SMPS EMI design, a balanced
winding method is proposed and suitable for various types of
isolated topologies. With a proper winding turn number de-
signed for the balanced winding, the CM noise current is even
reduced to zero. However, it is complex with high BOM cost,
and it is low reliability due to so many components. The power
rating is also limited by the radiation performance. So it is suit-
able for lower power rating application, and experimental results
demonstrated verify the effectiveness of the proposed methods
in the non-Y-cap EMI design in following Section V, and a ded-
icated prototype based on the optimized transformer method
is also demonstrated to compare with the proposed balanced
winding method.

V. EXPERIMENTAL RESULTS

In this section, experimental results are presented in order to
validate the theoretical predictions. All the experimental results
are based on the following test platform as shown in Fig. 15.
This is test environment for conducted EMI of home information
technology device, as governed by European Union. Normally
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5-V 2.1-A flyback: (a) Prototype. (b) Operation waveforms.

Fig. 15.  Conducted EMI measurement platforms.
TABLE V
BASIC SPECIFICATION OF THE FLYBACK PROTOTYPE
Input L and N Two-wire, 85-264 Vac 47-63 Hz,
Output 5V,2.1 A, Viipple < 100 mV and
Iocp < 2.5A with USB port
Efficiency Energy star Level 6 and No load loss <70 mW
EMC and leakage current ENS55022 Class B limits; Leakage current
<100 A
Size Wx L x H=315mm x 40 mm x 19.6 mm
Switching frequency Quasi-Resonant flyback with 70 kHz at full load in
115 Vac
Transformer EE16 core:

Np = 102TS, NA = 16TS, Ns =6Ts

quasi-peak level limits as well as average level limits are applied
to take EN55022 Class B limits as the standard.

A. Case A—Flyback Converter With Optimized Transformer
Architecture to Reduce an EMI Noise in the Non-Y-cap Design

In order to verify the optimized transformer structure to get
rid of the Y-capacitor, a flyback converter prototype is first built.
This is a 5-V 2.1-A charger for smart phone or touch Pads. The
basic specification of the prototype is shown in Table V.

The prototype is shown in Fig. 16(a) and the flyback converter
operation waveforms are shown in Fig. 16(b). More specifi-
cally, the voltage of pulsating points Vi, Visgn, Vo, and Vp
are shown as CH1, CH2, CH3, and CH4, respectively.

The measured leakage current of this prototype is 75 pA and
it meets the leakage current standard.

The conducted EMI spectrum of a traditional sandwich trans-
former with 1000-pF Y-capacitor between the primary and
secondary measured at 220 Vac at 50 Hz is shown in Fig. 17(a).
With the help of Y-capacitor, the conducted EMI can meet the
EN55022 Class B limits standard easily. If the Y-capacitor is re-
moved for the limited leakage current benefit, the EMI changes
to be worse and hard to meet the standard which is shown in
Fig. 17(b). It is over the limitation line about 10 dB. To satisfy

EMCG00 EMD Measuze Report

dBuV Limiv  — —v  mEE

3 30MHE Bandwidth LT Stepi  HOKHe Test Tine Lm: Detectar: PROW

(b)

Fig. 17.  5-V 2.1-A EMI spectrum of sandwich transformer #0: (a) With Y-cap.
(b) Without Y-cap.
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Fig. 18. 5-V 2.1-A EMI spectrum: (a) Nonsandwich transformer #1 without
Y-cap. (b) Nonsandwich transformer #2 without Y-cap.

the strict leakage current limitation and acquire good EMI per-
formance, the transformer structure needs to be optimized.

According the transformer optimized method presented in
Section III, the CM noise can be significantly reduced in the
non-Y-capacitor SMPS. The conducted EMI spectrum by the
transformer #1 is shown in Fig. 18(a). With the improved trans-
former #2 by exchanging the secondary-side winding and aux-
iliary winding position, the EMI spectrum shown in Fig. 18(b)
is about 3 dB improved than Fig. 18(a) as expected.

When a shielding layer is inserted to the transformer #2 to
be the transformer #3, the conducted EMI is improved greatly
compared with above two transformers as expected. The CM
noise is significantly reduced and it can pass the EN55022 Class
B limits certification. The EMI spectrums measured at L-line at
220 V and N-Line at 220 V are shown in Fig. 19(a) and (b).

B. Case B—LLC Converter With Optimized Transformer
Architecture to Reduce an EMI Noise in the Non-Y-cap Design

Further on, to verify the proposed transformer structure to get
rid of the Y-cap, an LLC converter prototype is built as well.
This is a 20-V 3-A adapter for medical equipment. The basic
specification of the prototype is shown in Table VI.

The LLC prototype is shown in Fig. 20(a) and the LLC
converter operation waveforms are shown in Fig. 20(b). More
specifically, the voltage of pulsating points resonant current Iy,
low-side switch Vpg, low-side switch gate drive Ve, and the
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Fig. 19.  5-V 2.1-A EMI spectrum of transformer #3 without Y-cap: (a) L-line
at 220 V. (b) N-line at 220 V.

TABLE VI
BASIC SPECIFICATION OF THE LLC PROTOTYPE

Input L and N Two-wire, 230 Vac 47-63 Hz,
Output 20V,3 A, Viipple < 200 mV
Efficiency Energy star Level 6 and No load loss <100 mW

ENS55022 Class B limits; Leakage current
<100 pA

EMC and leakage current

Size W x Lx H=46 mm x 98 mm x 24 mm
Switching frequency LLC with 180 kHz at full load in 230 Vac
Transformer PQ2020: L, = 400 pH, Np; =

50Ts, Na1 = 4Ts, Ng1 = Ng1 = 6Ts
Resonant inductor and capacitor L, = 30 pH, C, = 13.6 nF

secondary-side winding voltage Vp are shown as CHI, CH2,
CH3, and CH4, respectively.

The measured leakage current of this prototype is 75 ©A and
it meets the leakage current standard.

The conducted EMI spectrum based on the transformer #4
is shown in Fig. 21(a). With the improved transformer #5 by
exchanging the secondary-side winding and auxiliary winding
position, the EMI spectrum shown in Fig. 21(b) is about 3-5 dB
improved comparing with Fig. 21(a) as expected.

When a shielding layer is inserted to the transformer #5
to be the transformer #6, the EMI is improved greatly com-
pared with above two transformers as expected. The CM
noise is significantly reduced and it can pass the EN55022
Class B limits certification. The EMI spectrums measured at
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Fig. 20.  20-V 3-A LLC converter: (a) Prototype. (b) Operation waveforms.
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TABLE VII
BASIC SPECIFICATION OF THE FLYBACK PROTOTYPE

Input L and N Two-wire, 85 Vac ~ 264 Vac
47 Hz ~ 63 HZ,
Output S5V, 1A Viipple < 100 mV and Iocp
< 1.3 A with USB port
Efficiency Energy star Level 6 and No load loss <70 mW
EMC and leakage current EN55022 Class B limits; Leakage current
<100 A
Size W x L x H= 36 mm x 36 mm x 18 mm
Switching frequency Quasi-Resonant flyback with 70 kHz at full load in
115 Vac
Transformer EE13 core:

Niw = 98Ts, Now = 62Ts, Nx = 10Ts

L-line at 220 V and N-line at 220 V are shown in Fig. 22(a)
and (b).

C. Proposed Balanced Winding Method for the Non-Y-cap
EMI Design

In order to verify the proposed balanced winding method to
get rid of the Y-cap, a flyback converter prototype is built. This
is a 5-V 1-A CCCV charger operating in quasi-resonant mode
for smart phone or touch Pads. The basic specification of the
prototype is shown in Table VII.

The prototype is shown in Fig. 23(a) and the flyback
converter operation waveforms are shown in Fig. 23(b).
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Fig. 23.  Proposed flyback with balanced windings: (a) Prototype. (b) Opera-
tion waveforms.

More specifically, the voltage of pulsating points Vi, Va,
Vp, and Vp are illustrated in CHI, CH2, CH3, and CH4,
respectively.

The measured leakage current of this prototype is 75 uA and
it meets the leakage current standard.

The conducted EMI spectrum of a traditional sandwich trans-
former with 470-pF Y-capacitor between the primary and sec-
ondary which is measured at 220 Vac at 50 Hz is shown in
Fig. 24(a). With the help of Y-capacitor, the EMI can meet the
EN55022 Class B limits standard easily. If the Y-capacitor is
removed for the limited leakage current benefit, the EMI changes
to be worse and hard to meet the EMC standard which is shown
in Fig. 24(b). It is over the limitation line about 20 dB. To satisfy
the strict leakage current limitation and acquire good EMI per-
formance, the proposed balanced windings should be applied to
solve it.

First, with the optimized transformer method, the EMI per-
formance is improved greatly. The EMI spectrums measured at
L-line at 220 V and N-line at 220 V are shown in Fig. 25(a) and
(b). It can pass the EMI standard without Y-cap.

As expected, the CM noise is significantly reduced by the
proposed balanced windings method in the non-Y-cap EMI
design. The CM noise is significantly reduced and it can pass
the EN55022 Class B limits standard certification. The EMI
spectrums measured at N-line at 115 V and N-line at 220 V are
shown in Fig. 26(a) and (b).
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Fig.24. 5-V 1-A EMI spectrum of transformer #7: (a) With Y-cap. (b) Without
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Fig. 25. Optimized transformer EMI spectrums without Y-cap: (a) L-line at

220 V. (b) N-line at 220 V.
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Fig. 26.  Proposed topology EMI spectrums without Y-cap of transformer #8:
(a) N-line at 115-V ac. (b) N-line at 220-V ac.

VI. CONCLUSION

In this paper, the motivation for the non-Y-cap design is pre-
sented first. In the commonly used isolated switching power
supplies, the Y-capacitors branch behaves as a terrible leak-
age current loop. For the safety of human beings, this leakage
current is not allowed in power supplies, such as chargers, med-
ical instruments, etc. Therefore, in order to both acquire good
EMI performance and satisfy the strict leakage current limita-
tion, a novel non-Y-capacitor EMI design concept for SMPS is
proposed. Following the proposed new design procedure, it is
easier to meet the EMI standard and leakage limitation spec-
ification. To eliminate the leakage current entirely, optimized
transformer architecture is present first. Analysis of the trans-
former architecture as well as the auxiliary winding has been
carried out. Both flyback converter and LLC converter are built
to verify this method. Then, a novel topology suitable for non-
Y-capacitors converter is proposed. The design procedure of the
proposed topology is discussed in detail as the flyback con-
verter an example. The proposed concept is also applied to sev-
eral popular converter topologies, such as forward, half-bridge
converter.

In conclusion, a novel non-Y-capacitor EMI design con-
cept is proposed to satisfy the strict leakage current limitation.
Optimized transformer architecture and proposed balanced
winding topology are verified to be two effective methods for
non-Y-cap design to eliminate the leakage current entirely.
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