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ABSTRACT In this paper, CM noise suppresion and magnetic elements winding loss optimization design of
a cascade power module based on GaN design are carried out (the front stage is buck converter, the second
stage is LLC resonant converter). To suppress CM noise, the front buck converter adopts planar stagger
reverse coupling inductance, by establishing reverse stagger coupling buck converter CM noise model and
conduction path model, the equivalent capacitance can effectively reduced, thus further reducing CM noise
current. A staggered winding structure is proposed for second stage LLC resonant converter, compared and
calculated LLC resonant transformer winding electromagnetic field characteristics with different structure.
a novel shielding and cancellation technique is proposed for LLC resonant converter, by establishing LLC
converter CM noise shielding model and the equivalent capacitance can effectively reduced, thus further
reducing CM noise current. In order to improve the LLC resonant converter efficiency, winding copper foil
optimal thickness is proposed. Experimental results show that power module with winding optimization and
shielding technology can effectively suppress the CM noise and improve efficiency, CM noise can reduced
12-20dB, the peak efficiency improved about 1% after copper foil thickness is optimized.

INDEX TERMS Common-mode, reverse stagger winding structure, shielding technology, buck converter,
LLC resonance converter.

I. INTRODUCTION increase: the fundamental and harmonic frequencies of the

With the development of rail transit power electronic power
converter towards high frequency, high efficiency and high
power density, electromagnetic interference becoming more
and more serious [7], [8]. EMI noise can divided into
common-mode noise(CM)and differential mode noise(DM),
common-mode noise is the most difficult EMC problem to
deal with because of it’s complicated conduction and radia-
tion path [2], [3], [4], [5], [6]. The common-mode noise in fre-
quency range of 150KHz-30MHz is conductive, in frequency
range of 30MHz-1GHz is radiation. Common-mode con-
duction and radiation electromagnetic interference is mainly
caused by the following reasons: @ Switching frequency
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noise source increase with the increase of switching fre-
quency [1], [2], [3]. @ Speed up switch: due to the dis-
tributed capacitance between potential changing switching
device and zero potential ground conductor in the circuit,
with the voltage of switching device V45 jumping, the induced
charge and pressure difference are formed, as the switching
speed increases, the high frequency harmonic component of
the noise source increases [5], [6], [7]. ® Power density
enhancement:with the increase of power density, the distance
between magnetic devices decreases, magnetic leakage and
coupling exist, and the near-field coupling between compo-
nents strengthens [4]. In view of the environmentally friendly
requirements of rail transit, EMI standards are increasingly
strict [2]. Therefore, EMI common-mode noise is the most
difficult problem to deal with in the design of high frequency
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DC/DC power module [6], [7], [8].Traditional switching
power EMI common-mode suppression strategies as follows:
@ Reduce the number of potential jump points in the circuit
from topological [5], [12], [13], [14]. @ Reducing the driving
speed from the driving angle but with increase the switching
loss as cost [9], [10], [11], [12]. ® From PCB layout, reduce
the high-frequency circuit, reduce the area of potential jump
point to earth [3]. @ From the angle of shielding, adopt shell
shielding technology and device shielding technology. The
LLC resonant converter in reference [3], [11] only use shield-
ing technology to solve the EMI common-mode noise prob-
lem, and without use primary side winding and secondary
side winding staggered technology to suppress dv/dt noise
sources. In reference [13], EMI common-mode noise of buck
converter is analyzed, but electromagnetic field modeling
analysis and common-mode noise conduction path are not
studied. Literature [8] has developed a cascaded power mod-
ule with high switching frequency, as the two-stage voltage
conversion architecture of the power module without adopt
winding shielding technology, EMI common-mode noise
can’t meet the rail transit international EN 50155:2017 stan-
dards without additional conventional passive filters. Litera-
ture [19] only uses shielding technology, and magnetic field
inside the transformer winding without use canceling tech-
nology, therefore, an extra filter needs to added at the power
input to meet EMI standards. Considering high-efficiency and
high-density power module PCB layout is mature enough
and EMI common-mode noise cannot be improved by reduc-
ing the driving speed and sacrificing efficiency, this paper
begins to optimize power module’s EMI common-mode by
improving circuit structure and transformer winding struc-
ture. power module’s EMI common-mode performance opti-
mized by buck converter interleaved coupling inductance
winding structure and LLC transformer shielding technology,
this method neither needs to pass additional conventional pas-
sive filters used for EMI mitigation, nor will affect efficiency
of the system and sacrifice the volume of modules.

This paper uses GaN as switching device develop a cas-
cade power module with high efficiency, high frequency
and high power density. The first stage circuit architecture
uses a two-phase interleaved buck converter convert the wide
range voltage into a constant intermediate bus voltage (48V)
through closed-loop control, buck converter switching fre-
quency is 750kHz and then LLC resonant converter converts
the intermediate bus voltage (dc48V) into a constant output
voltage (dc24V) through open-loop control, LLC resonant
converter switching frequency is about /.5MHz. In order to
solve EMI common-mode noise caused by high frequency
and high power density of cascaded power modules, power
module coupling inductance interleaved winding technology,
transformler shielding technology and cancellation technol-
ogy are studied and analyzed. In section II: a planar stagger
coupling inductance is proposed for the front buck converter,
adopted reverse stagger winding structure, establishing buck
converter common-mode noise model and conduction path,
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buck converters inductance windings inter-layer structure
capacitance under different winding structure were studied
and compared, from buck converter noise source suppress
common-mode noise and reduce the distributed capacitance
to the ground. In section III: LLC resonant transformer
common-mode noise suppression technology is studied and
analyzed, proposed a secondary side noise shielding tech-
nique and cancellation technique, studied and compared LLC
resonant transformer windings with different winding struc-
ture capacitance electric field characteristics and EMI effect,
establishing LLC converter common-mode noise shielding
model and conduction path. In section IV: in order to fur-
ther improve the power module’s density, LLC resonance
transformer winding design is optimize, deduce LLC reso-
nant converter winding loss mathematical model, the optimal
copper foil design point of winding is obtained. In section V:
develop two standard quarter brick power modules with
the same voltage conversion architecture (buck and LLC):
1# power prototype buck and LLC converter adopts tradi-
tional winding structure. 2# power prototype buck converter
rectifier inductance adopts reverse staggered coupling opti-
mization structure, LLC resonant transformer adopts stag-
gered winding structure and shielding technology. two power
module’s EMI common-mode noise, power loss and effi-
ciency are compared and analyzed, through experimental
analysis: power module optimized by staggered reverse wind-
ing technology and shielding technology EMI common-mode
noise can reduced about 12-20dB, in the low frequency band,
the maximum peak can drop 50dB, the winding adopts opti-
mal copper foil design, the peak efficiency can be increased
about 1%.

FIGURE 1. Power module topology architecture diagram.

Power module adopt above optimization design, all circuits
are integrated in a standard quarter power brick module, the
final prototype can reach 96.1% peak efficiency, the power
density can reach 185W/in3. the EMI performance of the opti-
mized prototype can meet EN 50155:2017 standards with-
out adding traditional filtering components. power module’s
topology shown as in fig.1.

Il. EMC OPTIMIZATION DESIGN OF BUCK CONVERTER

Power module designed in this paper requires high efficiency,
small volume and high power density, the EMI suppres-
sion strategy mentioned above can’t realized by traditional
buck converter without EMI filter. Buck converter EMI

61119



IEEE Access

G. Liu et al.: EMI CM Noise Suppression and Magnetic Elements Winding Loss Optimization Design

common-mode noise suppression can only be implement
from coupling inductance reverse winding optimization
design.

A. ANALYSIS OF CM NOISE SOURCE OF TRADITIONAL
DUAL-CHANNEL BUCK CONVERTER

In power module, two traditional buck converters are used
for parallel conversion. Coupling structure is not used in
the rectifier inductance [8]. The structure topology shown as
fig.2:

N1=8,N2=0

HlllIk-=
Ll
i
Hilllit=

(a) without coupling inductance

(b) winding no turn interleaved

FIGURE 2. Topology of dual buck converter and inductance winding
structures.

Fig.3 shows the EMI common-mode noise model of
dual-channel buck converter. the inductance of buck converter
adopts planar inductance without coupling structure, capac-
itors C, and Cy and resistors LISN form a Line Impedance
Stable Network (LISN). C, is the total distributed capacitance
of A phase inductance to PGND, Cj, is the total distributed
capacitance of B phase inductance to PGND, the total dis-
tributed capacitance consists two parts: @ the capacitance
between the switch tube and the heat sink. @ the capacitance
between the heat sink and the PGND.

LLC resonant converter

interleaved buck converter

—= PGND PGND =

FIGURE 3. EMI model of CM noise in dual-channel buck converter.

The potential point A and point B in the circuit jumps with
the opening and closing of switching tube V; and V4 (dv/dt
is generated). common-mode noise currents icm; and icmp
are generated through corresponding distributed capacitors
C, and Cy, respectively. Since ua and ug have the same phase,
icm; and icmy common-mode noise currents are superim-
posed in phase.

iem1 = Cadug /dt

1
Ienn = deub/dt M

For a more intuitive understanding, the distributed capac-
itance of the buck converter is deeply analyzed. The
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calculation model of the inductance winding distributed
capacitance is established, as shown in fig 4:

A x Ve1 Winding

electric field

Winding
electric fiel.

Q VP2

Vp2*y/A

A/2

=Vpl*x/A
V2 (&)=

Winding
voltage
distribution

b ov

FIGURE 4. Winding potential distribution diagram without coupled
structure.

Vi (x)

>

In buck converter, the potential distribution between each
turn winding of planar integrated inductance is not a fixed
value, but is a certain potential gradient distribution. The
effective port capacitance(EPC) that reflects the electric field
energy stored in the winding is used for description and
analysis. Since the flux through each turn of the winding is
basically the same as the induced electromotive force, and the
ac resistance of each turn of the winding is far less than the
excitation inductance, the potential of the coil is considered
to be linear distribution along the number of turns of the
winding, and the effective capacitance of the port can be
calculated by the method of electric field energy.

The following equation can be obtained from fig.4:

Vo1 =V
AVi(x) = Vpix /A (@)
AVa(x) = Vppx [A

Cy is the total distributed structure capacitance, C is the
winding unit structure capacitance, and C=Cy/A, the electric
field energy stored in the planar inductance is:

A
1
Egpc1 = E1+E, = / 3 -dC - [Vi(x) + Vo)
0

)- Vi
3)

The effective port capacitance of the planar integrated
inductance is:

A1 C 1 4Cy
= (32 dx-4- AV = =
/0 ) (=) -dx 1(x) B (3

4C
EPC, = TO 4)
The CM noise current Aicy(x) through the rectifier induc-
tance winding with a length Ax express follow:
Aiem—1(x) = Alep1 (%) + Aiepma(x)

= EPCy x [Vi(x) + V2(x)] )

The total current of port common-mode noise can be
obtained through coupling superposition, as shown in
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the following formula:

A
et = 34 i) = [ EPCL Vi) -+ Vo)

_ 4CyVp
3

B. OPTIMIZATION ANALYSIS OF CM NOISE SOURCE OF
STAGGER BUCK CONVERTER

The power module designed in this paper can’t suppress
EMI noise from the topological structure and driving. It’s
only optimize design from the winding of the buck converter
planar inductance, so introduce a reverse winding planar
coupling inductance to cancel the common-mode noise of the
reverse winding and suppress the common-mode noise of the
buck converter from the source. The topology of the staggered
buck converter and the planar reverse winding coupled induc-
tance structure shown fig.5:

(6)

N1=4,N:=4

L+ L.
— e a—

0

il
l—o—>———>

(b) winding four turn interleaved

(a) coupling inductance

FIGURE 5. Stagger buck converter planar coupling inductance.

The top view and side view of the cross-coupling induc-
tance core are shown in fig.6: W; and W) are length and width
of the outside column respectively, W,, is the winding width,
Wi, is the middle column width; L, W and H are coupling
inductance’s length, width and height. W5 is the inductance’s
length to width core ratio, Aw is the magnetic core cross-
sectional, V> and V are the core volume of the central column
and outside column respectively [1].

Wo I Vi
wl w Ae1 AeZ Ae1 Va H
: s -
Wo Ww Wm
) L
(a) Top view (b) Side view

FIGURE 6. Top view and side view of the coupling inductance core.

Fig.7 show the EMI common-mode noise model of stagger
buck converter, the planar coupling inductance of buck con-
verter adopts reverse winding structure. In normal operation,
the amplitude of us and up is equal and the phase is opposite,
so the common-mode noise current icm; is in the opposite
direction to icmp, which can achieve reverse cancellation
from the noise source.

According to buck converter planar-coupled inductance
reverse winding structure, establishing planar-coupled induc-
tance winding distributed capacitance calculation model.

VOLUME 11, 2023

LLC resonant converter

interleaved buck converter

Vo
C3
GND-S

= T Ca

— PGND PGND —

FIGURE 7. Electromagnetic interference model of CM noise in stagger
buck converter.

The stagger buck converters planar coupling inductorance
distributed capacitance are basically equal in magnitude and
opposite in direction. According to the voltage distribution
structure of the coupled inductance winding, calculate the
electric field distribution between the inductance windings,
and the electric field energy stored in the planar coupled
inductance can be obtained by integration.

A X VP1 Q Winding

A electric field
222222222

CP\OV

Winding
voltage
distribution

<
=
x
<<
g
Asz2{ < *
& s
=4 0
> )
|| x
~ Z
. N
=

\/

Winding (5 VPZ

electric field

FIGURE 8. Structure potential distribution diagram of stagger buck
coupling inductance winding.

According to fig.8: the voltage structure distribution of
each winding can be deduced:
Vpl = Vp2
AVi(x) = Vpix /A 0
AVa(x) = V(A —x) /A

The electric field energy stored in the planar-coupled
inductance of the stagger buck converter is:

A
1
Eppes = Ey — Er = /0 3 dC Vi) — V2

1 (G A-2X)% 1 Co. ,
—/0 5'(?)"“T—z'(?>'vp
®)

The equivalent capacitance of the planar integrated cou-
pling inductor is:

C
EPC, = ?0 )
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The CM noise current Aicpy(x) through planar coupling
inductorance winding with a length Ax is expressed in
Aigp—2(x) = |Aieym1 (X) — Ademp(x)]
= EPCy # |Vi(x) — Va(x)] (10)
The total current of port common-mode noise can be

obtained through coupling superposition, as shown in the
following formula:

A A
e = 34 i) = [ EPCyx Vi) = 1V200)]
A

= /7 EPCy* [Vi(x) — Va(x)]

0
A CoV.
+ / EPCy[Va(x) — V1] = —2F (11)

2

C. COMPARISON AND EXPERIMENTAL VERIFICATION
ANALYSIS

Compare equations (4) and (9): buck converter rectifier
inductance using reverse stagger coupled winding structure,
planar inductance effective port capacitance can be reduced
from 4Cy /3 to Cy/3. compare equations (6) and (11): CM
noise current can be effectively reduced from 4CyVp / 3 to
CoVp / 6, the CM current noise is separated by Fourier trans-
form, as shown in equation 12: T4 is the dead time, icy—mag
is the magnitude of common-mode noise current during dead
time.

sin (n T - —T"Tf’"“’)
N

00
i (l‘) —i 4Tdead Z
CM—-T = lem—mag TS no . Ttead
n=1,3,5... Ts

. [2n-m
~sm( Ts t) (12)

LISN can be used to extract CM noise voltage and calculate
EMI spectrum, as detailed in equation 13:

Vem—1(@) = icm—1(t) - Rrsiv (13)

In order to verify buck converter reverse winding technol-
ogy on common-mode noise suppression, the common-mode
noise based on dual-path buck converter prototype (without
coupled reverse winding technology) and stagger buck con-
verter prototype of planar coupled inductor reverse winding
were verified respectively, no filter was used during the test,
the test results shown in fig 9:

.
£ 8 38 8 8 3 8

o u Cm—
Froquency itz Froquency itz

(a) without coupling structure (b) with coupling structure

FIGURE 9. Comparison test of common-mode noise of two prototypes.
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Through experimental analysis: buck converter planar cou-
pling inductance with reverse staggered winding prototype’s
common-mode noise decreases about 15dB average in the
range of 150K-30MHz compared with traditional buck con-
verter. The common-mode noise of the traditional buck con-
verter without coupled reverse winding technology has five
deterioration peak point. Planar coupled inductance reverse
winding technology can effectively suppress common-mode
noise in the range of 150K-30MHz frequency band.

lIl. OPTIMIZATION OF EMC DESIGN FOR LLC RESONANT
CONVERTER

In this paper, the second stage adopts LLC resonant converter
convert the intermediate bus DC48V into DC24V constant
output. using open loop control mode, switching device duty
cycle is constant 50%, the common-mode noise model and
conduction path of different windings (traditional winding
structure and staggered winding structure) of LLC resonant
converter are studied and compared. A winding shielding
technique is proposed, the distributed capacitance of the pri-
mary and secondary sides of LLC resonant transformer is
modeled and calculated, through experiment show: staggered
winding and shielding technology can effectively reduce the
equivalent capacitance of LLC resonant transformer and sup-
press the common-mode noise of LLC resonant converter
from the source.

LLC resonant converter

rulm

interleaved buck converter

PGND =

FIGURE 10. LLC resonant converter common-mode noise transmission
path.

A. CM NOISE PATH AND MODEL ANALYSIS OF
TRADITIONAL LLC RESONANT CONVERTER

The common-mode noise conduction path of traditional LLC
resonant converter is shown fig.10: Cps is the distribution
capacitance of the primary side potential jump point to the
secondary side winding, and Cp1 and Cgp; are the distribution
capacitance of the secondary side potential jump point to the
primary side winding.

The simplified common-mode noise model of LLC res-
onant converter is shown in fig 11: up; and up, have
equal amplitude and opposite phase, and the generated
common-mode noise current Iy is opposite to Icyo phase.

LLC resonance transformer internal electric field char-
acteristics shown fig.12: transformer primary side and sec-
ondary side don’t adopt staggered winding structure, the
common-mode noise current flowing through the distributed

VOLUME 11, 2023



G. Liu et al.: EMI CM Noise Suppression and Magnetic Elements Winding Loss Optimization Design

IEEE Access

1cmpys | Sec—GND
L] .
Vin Co
Csp] Cspz’
PGND LTSN TI‘CMSPI _mespg
Pri—-GND

FIGURE 11. Simplified model of common-mode noise transmission for
LLC resonant converter.

capacitors Cgpy and Cgpp is equal and opposite, so the
common-mode noise can be cancelled.
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FIGURE 12. LLC resonance transformer internal electric field
characteristics.

Fig.13 shows the equivalent capacitance distribution of
winding of traditional LLC resonant transformer.

Scheme  Pril Pri2 Pri3  Secl-1 Secl-2 Secl-3 Sec2-1 Sec2-2 Sec2-3
A

=

I I I O T I T

)]

Y

Layer

FIGURE 13. Analysis of electric field characteristics of winding of
traditional LLC resonant transformer.

Co is the interlayer structure capacitance of winding,
C is the winding unit capacitance structure capacitance, and

VOLUME 11, 2023

C=3Cy/A, EPC(y is equivalent capacitance between winding
layers, the amount of charge stored in the transformer is:

34 3C)  Uprix 3
Q1=/ — . iy = Zuy,Co (14)
o A A 2P
Common-mode port effective capacitance is:
3
EPCco = o __ ~Co (15)
Upri 2

The CM noise current Aicm1(Xx) through the primary wind-
ing at position with a length Ax express follow:

Algp—jie—1(x) = EPCco * V(x) (16)

The total current of port common-mode noise can be
obtained through coupling superposition, as shown in the
following formula:

9Cy Upri

) 7)

34

lem—llc—1 =/o EPCco * V(x) =
B. LLC RESONANT CONVERTER WINDING OPTIMIZATION
DESIGN AND SHIELDING TECHNOLOGY RESEARCH
LLC planar transformer adopts EI magnetic core design, the
magnetic core is buckled on the PCBsurface, LLC trans-
former engineering mass production can ensure the consis-
tency of products. As shown in fig.14, r is the radius of the
core and c is the width of the winding.

Top view

le Side view

L ECO

(a) top view

C
t

(b) side view

FIGURE 14. Top view and side view of LLC transformer core.

In the design LLC resonant planar transformer, shield-
ing structure is introduced between primary and secondary
windings to realize secondary common-mode noise source
shielding offset, the winding of transformer adopts staggered
winding structure. staggered winding structure and shield
cancellation technology resonant converter’s common-mode
noise conduction path as shown fig.15:

The simplified model of common-mode noise of LLC res-
onant converter using staggered winding structure and shield-
ing cancellation technology is shown figl6: regardless of
tolerance design error caused by process consistency, if Cgpi
is equal to Cypp, icmgp and icmgp caused by potential jump
of transformer secondary side can also be cancelled.

LLC resonance transformer primary side and secondary
side adopt staggered winding and shielding technology, trans-
former internal electric field characteristics as shown in
fig 17:

Due to transformer inside primary and secondary side
windings adopts staggered winding structure, there are many
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interleaved buck converter

LLC resonant converter

Scheme  Pril  Secl-1 Sec2-1 Pri2 (Secl-2 Sec2-2| Pri3 Secl-3 Sec2-3
7

Layer 1 2 3 | 4 ] 5 6 |
Copper foil shielding Iayer 6

FIGURE 15. LLC resonant converter winding shielding technology

common-mode noise transmission path.

Magnetic core

| 8 9

FIGURE 16. LLC resonant converter winding shielding technology
common-mode noise simplified model.

Scheme  Pril Secl-1 Sec2-1 Pri2 Secl-2 Sec2-2 Pri3 Secl-3 Sec2-3
w 7N
HH

—_—

—— —_—

R o T T o I o A e A i
T T T T T TTTTTTTTTTTTTTT

FIGURE 17. Electric field characteristic analysis diagram of LLC resonant
transformer winding with staggered structure.

potential jump points inside the transformer, multiple electric
fields and distributed capacitance in primary and secondary
windings.
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The electric field energy between the first layer winding of
the primary side and the secondary side winding is:

A
Co X i Co
On = [ Sy = 2 (18)

The effective capacitance of the first layer winding of the
primary side and the secondary side winding is:
Qo1 Co

EPCy; = == (19)
Upri 2

The CM noise current through the first layer primary wind-
ing at position with a length Ax express follow:

. UpriX
Aicm—iic—2(1)(x) = EPCop *

(20)

The total current of common-mode noise of the port at the
first layer of primary side winding can be obtained through
coupling superposition, as shown in the following formula:

A
lCm—llC—z(l) = ZO Alcm—llc—2(])('x)

A
UpriX Coltyyri
= | EPC P P 21
/o o1 % =2 1 21

The electric field energy between the second layer winding
of the primary side and the secondary side winding is:

ACo 2 upi x i Co
o= [ G a2 @

The effective capacitance of the second layer winding of
the primary side and the secondary side winding is:
Qo2 Co

EPCy = == — (23)
Upri 3

The CM noise current through the primary winding second
layer at position with a length Ax express follow:

2upyix
3A

The total current of common-mode noise of the port at the
second layer of primary side winding can be obtained through
coupling superposition, as shown in the following formula:

Aiem—jic—22)(x) = EPCqp * 24

) A A 2Urix
lem—llc—2(2) = Zo Aiem—tie—22)(X) = / EPCop % —-
0
CO”pri
M 2.4 25
; (25)

The electric field energy between the third layer winding
of primary side and secondary side winding is:

AC .
Q03:/0 _O(Mi)dx_

The effective capacitance of the third layer winding of the
primary side and the secondary side winding is:
Qo3 Co

EPCyz = == — 27
Upri 6

(26)
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The CM noise current through the primary winding third
layer at position with a length Ax express follow:

. UpriX
Aieyjic—23)(x) = EPCop3 * 34 (28)

The total current of common-mode noise of the port at the
third layer of primary side winding can be obtained through
coupling superposition, as shown following formula:

X A A UpriX
lem—lle—2(3) = Zo Alem—pie—23)x) = | =~ EPCos x ==
0

Cottpri
= — 29
9 (29)

The total effective capacitance of common-mode port of
LLC resonant transformer is:

EPCci = Co1 + Coz + Coz = Co (30

In the above formula, Cy;, Copp and Cp3 is the trans-
former’s internal structure capacitance. LLC resonant con-
verter common-mode noise total current is:

. 3, 19Couy
lem—Ilc—2 = Zl lem—Ilc—2(x) = Tp” (31)

C. COMPARISON AND EXPERIMENTAL VERIFICATION
ANALYSIS

Compare equations (15) and (30): LLC resonant transformers
by using winding staggered structure and shielding technol-
ogy, effective port capacitance can be reduced from 3Cy / 2to
Cy. reference equations (17) and (31): CM noise current can
be effectively reduced from 9Cyup;; / 4 to 19Coupy; / 36.

Level in dBuV

22: W lm”“‘ | ”l} “u

20M 30M

500K 1M M 10M
Frequency in Hz

FIGURE 18. Common mode noise comparison test results.

In fig. 18, the green test curve is the common-mode con-
duction noise of the resonant converter with staggered wind-
ing structure and shielding technology. the red test curve is
the common-mode conduction noise of traditional winding
structure. through experiments analysis: the common-mode
noise of LLC resonant converter based on taggered winding
and shield technology can decrease 10dB than LLC res-
onant converter based on traditional winding ethod (with-
out shielding technology) in the range of 150K-30MHz. the
common-mode noise of LLC resonant converter prototype
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designed by traditional winding method has deterioration
peak point at 1.5MHz.

IV. OPTIMIZATION DESIGN OF WINDING LOSS OF
PLANAR PCB MAGNETIC ELEMENT

In this chapter, LLC resonant converter winding loss is stud-
ied and analyzed. Reducing magnetic components winding
loss includes following aspects: the design can optimized
from reduce the winding window magnetic field intensity
distribution. select the conductance wire diameter with min-
imum winding loss, and an appropriate number of turns can
designed to optimize the total loss of core devices. Due to
the use of planar magnetic core design, and using compact
1/4 standard brick structure, the transformer winding loss
can’t optimized from reducing the winding window’s mag-
netic field intensity, but can optimized from power modules
magnetic component copper foil thickness.

LLC transformer secondary winding adopts center tap
mode, designed into a perfect staggered structure. Trans-
former winding structure has been shown in fig 15: pri-
secl-secll staggered distribution structure, LLC resonance
transformer turns ratio is pri-secl-secll = 3:3:3. LLC planar
transformer adopts EI magnetic core design, the magnetic
core is buckled on the PCBsurface. k(f;) = /j2nfso i, f5 is
the switching frequency, u is the permeability.

Magnetic field distribution in winding:

H(th;‘s WW7 HIX’ HZX)
_ Hix * sinh[k(f;) * (W), — x)] + Hax * sinh[k(f;) * x]
o sinh(k(f;) * W,,)

(32)
The electric field distribution in winding:
‘](X7f:§‘9 WWa HIX9 H2x) = kk(f;“)*
[Hix * sinh(k(f) * (W, — x)) 4+ Hox * sinh(k(f) * x)]
sinh(k(f) * W,,)

(33)
Winding ac loss show in fig 17:

Pac(fs’ Ww, Hlx, HZx)
1 Wy
=— / J(x, fx, Ww, H1x, H2x)*dx (34)
20’ 0

Winding dc loss:
2

J
Pdc(Ww» Jdcx) = WdCX (35)
WO

Jacx 1s the dc current density in the direction of altitude;
P, and P are the unit loss in the direction of height.

Calculate the ac and dc losses of each harmonic in each
conductor layer.

Pac_layer(layer, Ww)
Nharm
= Z A x Pac(k *fs, Ww, Hlk,lawer» H2k,lawer) (36)
k=1
Pdc_layer(layer, Ww) = A x Pdc(Ww, Jdciawer)
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H1x H2x

o X

FIGURE 19. Magnetic field density per unit length of winding.
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FIGURE 20. LLC resonance transformer winding loss VS copper thickness
curve.

The total loss of primary and secondary winding, as in (37),
shown at the bottom of the page.

According to mathematical model of primary side loss
and secondary side loss, the copper thickness and loss curve
of winding can obtained. The winding’s copper thickness is
2.5 oz, the winding loss is optimal, as shown fig.20:

In this chapter, established LLC planar transformer wind-
ing loss model, the magnetic field density distribution and
current density distribution of planar transformer winding are
modeled and calculated accurately. AC and DC losses of each
harmonic are analyzed iterally, according to the total loss
analysis results selected the optimal copper foil thickness.

V. EXPERIMENTAL VERIFICATION ANALYSIS

A. DESIGN PARAMETERS AND PROTOTYPE COMPARATIVE
ANALYSIS

This paper designs two power modules prototype with
the same topology, both power modules adopt two-stage

topology transformation architecture(buck and LLC). The
size of the two power module is compatible with the stan-
dard package (2.3 inch x 1.45 inch). main power switch
tube, inductance core, LLC transformer core and switching
frequency of the two power modules are consistent. only
difference lies in buck converter inductance winding structure
and LLC resonant transformer winding structure.

1# power prototype: buck converter rectifier inductance
adopts traditional winding scheme without reverse cross-
coupling structure. LLC resonance transformer adopts tradi-
tional winding structure. power module all windings adopt
traditional 2 oz copper thickness, the maximum output power
is 200W. 2# power prototype: buck converter rectifier induc-
tance adopts reverse staggered coupling optimization struc-
ture. LLC resonant transformer adopts staggered winding
structure, primary and secondary winding adopts shielding
technology. power module all windings adopt 2.5 oz copper
thickness, the maximum output power is 200W consistent.
Both power modules key parameters designed in this paper
are shown in table 1.

TABLE 1. Key parameters of the power module in this paper.

input voltage DC60-160V
output voltage DC48V
buck Working frequency 750KHz
Switching devices GS66506T
Coupling inductance self induction 10uH
input voltage DC48V
output voltage DC24V
Working frequency 1.5MHz
LLC Switching devices EPC2029
resonant capacitance 1200nF
Magnetizing inductance 750nH
resonant inductance 80nH

Key parameters of the power module in this paper

B. COMPARATIVE ANALYSIS OF PROTOTYPE LOSS AND
EFFICIENCY

Two power module’s thermal imaging experiments compar-
ison and analysis as shown in fig 23: under the condition
of rated input voltage and full load output, the temperature
rise of the buck converter and LLC resonant converter in the
power module can be reduced average 10° after the winding
optimization.

4

layer_k=3

Protal_sec (Ww)
2

layer_k=1
6

layer_k=5
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= Z [Pac_layer(lay ker, Ww) + Pdc_layer(lay ker, Ww)]

Protal_prii(Ww) = Z [Pac_layer(lay ker, Ww) + Pdc_layer(lay ker, Ww)]

(37

+ Z [Pac_layer(lay ker, Ww) + Pdc_layer(lay ker, Ww)]
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FIGURE 21. Power module without coupling structure top and bottom
view.

(a) 1# without coupling structure

(b) 2# with coupling structure

FIGURE 23. Comparative analysis of prototype at full load thermal
imaging.
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FIGURE 24. The efficiency curve and comparative analysis diagram.

Compare and test the efficiency of two power modules
in fig.22: in the whole input voltage range, power module’s
efficiency with winding optimized design and shielding tech-
nology is 1% higher than before optimization.

C. COMPARATIVE ANALYSIS OF POWER MODULES
CONDUCTION TEST

In order to verify the EMC interference performance of the
two power modules, a comparative test of EMC conducted

VOLUME 11, 2023

noise was conducted, including full-load output at differ-
ent input voltages (DC60V,DC110V,DC160V), as shown in
fig 25: CM noise test bench include impedance load, power
module, linear impedance stabilization network and EMI
fully automatic test receiver. the conducting common-mode
noise of the 2# power module with optimized winding is
green, the conducting common-mode noise of 1# power mod-
ule without optimized winding is blue.

5000 1M a0 0 18
Frocuency nHz

(b) dec 60V input

50000 1M £ o L
Fraausncy in e Froquncy inHz.

(c) de 110V input (d) dc 160V input

FIGURE 25. Comparative analysis diagram of conducted common-mode
noise.

Experimental results show that the conduction noise can
effectively reduced within the full input voltage range by
optimizing power module internal buck converter rectifier
inductance and LLC resonant transformer winding structure.
In particular, common-mode noise suppression is superior
under low voltage input conditions. Power module with wind-
ing optimization design conduction common-mode noise can
decreases about 12-20dB in the range of 3MHz-30MHz com-
pared with traditional power module without optimization.
the maximum common-mode noise can be reduced more than
50dB especially in the low frequency part.

VI. CONCLUSION

In this paper, the common-mode noise and efficiency of the
cascaded power module (the front stage is buck converter,
and the second stage is LLC resonant converter) are studied
and analyzed. In order to solve the EMI common-mode noise
problem, the front buck converter in the power module adopts
stagger direction coupling winding structure to reduce the
port capacitance and effectively suppress the common-mode
noise transmission path. second LLC resonant circuit of the
power module adopts staggered winding structure and shield-
ing technology, the common-mode noise conduction path and
port equivalent capacitance model is established. In order to
further reduce the power loss of the power module, the PCB
planar magnetic components are studied and analyzed, LLC

61127



IEEE Access

G. Liu et al.: EMI CM Noise Suppression and Magnetic Elements Winding Loss Optimization Design

resonant converter winding loss model is established, and the
optimal design value of the winding copper foil is proposed.
Two research prototypes (the traditional winding scheme
and the optimized scheme in this paper) were developed
for comparative analysis conducted common-mode noise and
efficiency loss. The overall common-mode noise of the power
module using staggered winding optimization and shielding
technology can reduced about 12-20dB on average compared
with the traditional scheme. LLC transformer windings with
the copper foil optimal design, the power module winding’s
loss can be effectively improved, where the peak efficiency
can increase up to 1%.
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