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Abstract: The transformer is the key circuit component of the common-mode noise current when an isolated converter is working. The high-
frequency characteristics of the transformer have an important influence on the common-mode noise of the converter. Traditionally, the mea-
surement method is used for transformer modeling, and a single lumped device is used to establish the transformer model, which cannot be
predicted in the transformer design stage. Based on the transformer common-mode noise transmission mechanism, this paper derives the
transformer common-mode equivalent capacitance under ideal conditions. According to the principle of experimental measurement of the net-
work analyzer, the electromagnetic field finite element simulation software three-dimensional (3D) modeling and simulation method is used to
obtain the two-port parameters of the transformer, extract the high-frequency parameters of the transformer, and establish its electromagnetic
compatibility equivalent circuit model. Finally, an experimental prototype is used to verify the correctness of the model by comparing the ex-
perimental measurement results with the simulation prediction results.
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1 Introduction
solated power converters are widely used in applications
that require isolation between the input side and the out-
put side. However, due to the high voltage and current
rate of change when switching devices in the power con-
verter are turned on or off, serious electromagnetic interfer-
ence (EMI) noise is generated". For converters including iso-
lation transformers, the critical path of common-mode noise in-
cludes the distributed capacitance between the primary and
secondary windings of the transformer in addition to the direct-
to-ground coupling capacitance of the voltage trip point? .
The transmission mechanism of common mode noise and the
establishment of an electromagnetic compatibility model are
of great significance for the analysis and suppression of com-
mon mode noise of isolated power converters.

Magnetic components in power converters often occupy a
large volume. As power converters develop toward high
power density, traditional wound transformers are gradually
replaced by planar transformers due to their disadvantages of
large size and weight. Planar transformers generally use
multi-layer printed circuit board (PCB) traces as windings.
The primary and secondary windings are tightly coupled,

with low leakage inductance. At the same time, the core
height is greatly reduced, so that planar transformers have a
smaller size, which is widely used in isolated converters with
high power density”® 7. However, the copper thickness of the
printed circuit board is limited by the process. In order to im-
prove the current capacity, it is necessary to increase the
width of the planar transformer windings and adopt the
method of multi-layer parallel wiring, which will greatly in-
crease the facing area between the primary and secondary
windings of the planar transformer, increase the distributed
capacitance between the windings, and deteriorate the high-
frequency characteristics of the planar transformer'®. For the
integrally installed planar transformer, its printed circuit
board windings and the main circuit share the same PCB,
and its discrete devices cannot be obtained to evaluate its
electromagnetic compatibility characteristics. Therefore, the
relevant parameters of the electromagnetic compatibility
equivalent circuit model of the planar transformer can be ex-
tracted through electromagnetic field simulation software.
Compared with the traditional wound transformer, the struc-
tural parameters of the planar transformer are stable and con-
sistent, and it is easy to model in the electromagnetic field fi-
nite element simulation software.
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In Ref. [9], considering the winding potential gradient
distribution of planar transformers, a two-capacitance
model based on common-mode current equivalence is de-
rived based on the winding structure theory. However, the
results obtained from the theoretical calculation consider
the common-mode equivalent capacitance to be constant, ig-
noring the case that the common-mode equivalent capaci-
tance is no longer a pure capacitance at high frequencies.
Refs. [10 - 11] propose a method for evaluating the
common-mode EMI characteristics of transformers using
vector network analyzer experimental measurements. In
this method, the transformer is treated as a common-mode

[12-13] used

noise filter, and the insertion loss parameter S,,
to evaluate the EMI filter performance is referenced into
the transformer. The experiment proves that it is feasible
and effective to use the insertion loss measurement prin-
ciple to evaluate the common mode noise rejection capabil-
ity of the transformer. However, Refs. [10 = 11] only use S,,
as the evaluation basis without further analyzing the spe-
cific meaning of the complete S-parameters obtained by the
vector network analyzer to measure the transformer.

Section 2 analyzes the common mode noise transmission
mechanism of the planar transformer, and deduces the ex-
pression of the induced charge  between the primary and
secondary windings according to the potential distribution of
the windings when the planar transformer is working. From
the expression, two capacitors are sufficient to represent the
common-mode noise of the transformer. Section 3 establishes
the electromagnetic compatibility equivalent circuit model of
planar transformers according to the common mode noise
transmission mechanism and the energy transmission charac-
teristics of the transformer and introduces a method to estab-
lish the electromagnetic compatibility model of the full-
bridge transformer through the experimental measurement of
the network analyzer. Section 4 is based on the principle of
experimental measurement and modeling of the network ana-
lyzer, and the two-port parameters of the planar transformer
are extracted through the electromagnetic field finite element
simulation software without physical objects, and are equiva-
lent to a circuit model. Finally, the accuracy of the simula-
tion modeling is verified by a full-bridge circuit prototype ex-
periment in Section 5. Section 6 concludes this paper.

2 Transmission Mechanism of Common
Mode Noise in Planar Transformers

2.1 Structural Capacitance Calculation

The common-mode noise transmission of the planar trans-
former is mainly through the distributed capacitance be-
tween the primary winding and the secondary winding. It is
worth noting that the distributed capacitance of the trans-
former is not equal to the equivalent capacitance of the com-
mon mode noise, because the voltage on the planar trans-
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former winding is not a constant value. However, the deriva-
tion of the common-mode noise equivalent capacitance is
based on the distributed capacitance of the planar trans-
former. The simulation results of a one-turn-to-one-turn cir-
cular plane copper wire are shown in Fig. 1. Fig. 1(a) shows a
simulation model of a one-turn-to-one-turn circular planar
copper conductor. In Fig. 1(c), the planar transformer wind-
ing uses PCB wiring, and the distance d between the turns of
the primary and secondary windings is the distance between
the layers of the PCB. For a planar transformer with a single-
layer single-turn structure, considering the current flow fac-
tor, the wiring width w of the winding is generally much
larger than d, and the distributed capacitance between the
primary winding and the secondary winding can be approxi-
mately regarded as a parallel plate capacitor, ignoring the
edge effect. Then the structural capacitance C, between
turns in Fig. 1(c) can be expressed as:

C, = £,805 ,

d (1)
where ¢, is the dielectric constant of the filling material be-
tween the PCB layers, g, is the dielectric constant in
vacuum, S is the facing area between turns, and d is the dis-
tance between turns.

Since the method of approximating parallel plate capaci-
tors is used in the calculation of the capacitance of the pla-
nar transformer structure, in order to test the rationality and
accuracy of the approximation, the electromagnetic field fi-
nite element simulation software is used to verify the winding
structural capacitance.

Taking a turn-to-turn ring-shaped flat copper wire as an
example, we list the model parameters as follows: the copper
thickness is 1 mm, the inner diameter is 12.3 mm, the outer

(a) Simulation model of one-turn-to-one-turn circular planar copper conductor

(b) Electric field intensity distribution between turns

(c) Electric field energy distribution between turns

A Figure 1. Simulation results of one-turn-to-one-turn toroidal planar
copper conductors
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diameter is 20.6 mm, the distance between turns is 0.4 mm,
and the relative permittivity of the filler material is 4.4.

The simulation result of the finite element simulation soft-
ware is 21.769 pF, and the calculation result of Eq. (1) is
20.89 pF, with an error of 4.04%. The main source of error is
the edge effect of the parallel plate capacitor. In Fig. 1(b),
the electric field strength between conductors is basically
uniform, and the electric field distribution at the edge of the
conductor is obviously uneven. However, Fig. 1(c) shows that
most of the electric field energy is stored between conduc-
tors, so it is reasonable to use an approach that approximates
a parallel plate capacitor.

2.2 Calculation of Equivalent Capacitance for Common
Mode Noise of Planar Transformers

For a planar transformer, due to the close magnetic coupling
of each layer of windings, the magnetic flux or induced electro-
motive force linked by each turn of the winding is basically the
same, and the alternating current (AC) resistance of each turn
of the winding is much smaller than the excitation inductance.
If the leakage inductance is ignored, it can be approximated
that the potential of the winding is linearly distributed along the
number of turns and the length of the winding.

Assuming that the potential on the transformer winding in
Fig. 1(a) is linearly distributed along the turn length, and the
distributed capacitance is evenly distributed along the wind-
ing, the integral of the primary winding and the secondary
winding along the turn length / can be expressed as:

vph + Upl

f:vp(x)dx =5 L, 2)

Vsh + Vg

f:vs(x)dx =5 L. (3)

The charge () stored between the turns of the primary and
secondary windings in Fig. 1(a) can be expressed as:

0= %[t 0] = S| [ o, e = [ o]

Substituting Eqs. (2) and (3) into Eq. (4), we can get:

_ Vpn T V1 Uy Ty
Q - CO( 2 2 )

Considering that when the windings between different
turns of the planar transformer are connected, the outlet
ports of the windings on the same side need to be staggered
by a certain angle. At this time, the voltage difference be-
tween the relative position of the primary winding and the
secondary winding will change with the staggered angle.

However, it can be obtained from Eq. (5) that the induced
charge () between turns is determined by the structural ca-
pacitance C, between the primary and secondary windings
and the midpoint potential of the primary and secondary
windings. As long as the assumption of uniform distribution
of potential on the windings is established, the charge Q is
not affected by the voltage difference distribution of the pri-
mary and secondary windings. As long as the assumption of
uniform distribution of potential on the windings holds, the
charge () is not affected by the voltage difference distribution
of the primary and secondary windings. As shown in Fig. 2,
the angles between the primary winding outlet port and the
secondary winding outlet port are 180°, 135° and —135°. The
potential difference between the primary winding and the
secondary winding changes. However, ignoring the influence
of port voids, after the integration operation of Eq. (4), the fi-
nal induced charge Q between turns and the turns of three
different outlet port angles is the same.

The primary and secondary windings of a planar trans-
former are multi-turn, so it is only necessary to follow the cal-
culation method of Eq. (5). The inductive charge between
each turn of the primary and secondary windings is added up
to the charge Q, stored between the primary and secondary
windings of the entire planar transformer. ), characterizes
the transfer capability of transformer common mode noise.

Taking the single-layer single-turn planar transformer in
Fig. 3 as an example to calculate Q, we find that the turn ra-
tio of the primary and secondary windings is 3:1, the primary
winding has 3 turns, which are P,, P,, and P;, respectively,
and the secondary winding has 1 turn, which is S,. The trans-
former adopts a 2-layer parallel winding on the primary side,
an 8-layer parallel winding on the secondary side, and a stag-
gered winding on the primary and secondary sides. The spe-
cific stacked structure is shown in Fig. 3. At the same time,
the laminated structure parameters of the planar transformer
are given in Table 1. Under the symmetrical structure, the fac-
ing areas between P, P,, P, and S, are basically the same,
and S is uniformly taken as the facing area between the turns
of the primary and secondary windings.

The charge Q, s stored between the first turn P, of the

primary winding and the secondary winding S, can be ex-
pressed as:

35°
-135°

(b) Outlet port: 135°

(a) Outlet port: 180°

(¢) Outlet port: —135°

A Figure 2. Schematic diagrams of different angles of the outlet ports of
the primary and secondary windings
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(a) Laminated structure (b) Layer spacing

A Figure 3. Schematic diagram of the laminated structure of a planar
transformer

VTable 1. Planar transformer laminated structure parameters
d /mil d,/mil d,/mil S/mm?*
4.5 43 5 214.5

Qplsl = C

—_

6)

s o = )

where C,  is the total structural capacitance between P, and

S, v,,, is the midpoint voltage of P, and v, , is the midpoint
voltage of S,.

In the same way, the charge @, g stored between the sec-

ond turn P, of the primary winding and the secondary wind-
ing S, is:

Ql’251 = CP25| (vpzm

- yslm )’

—_

7)

where C

P28y

S,, and v,

The charge @, s stored between the third turn P; of the

is the total structural capacitance between P, and

is the midpoint voltage of P,.

primary winding and the secondary winding S, is:

Ql’xsl = CPXSI (vl'a'" - /USLI" )’

—_

8)

where C

P3sy

is the total structural capacitance between P, and
S, and v, , is the midpoint voltage of P;.

Then the charge (), stored between the primary and sec-
ondary windings of the entire planar transformer can be ex-
pressed as:

Qu = Qplsl + Qplsz + prsx’

—_

9)

From the perspective of the entire planar transformer, the
planar transformer in Fig. 4 has four endpoints: A, B, C, and
D, where A and C are ends with the same name. According to
the relationship between the voltage ratio of the primary and
secondary sides of the transformer and the turn ratio, it can
be known that the voltage drop Av, per turn of the primary

108 ZTE COMMUNICATIONS
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winding of the transformer is the same as the voltage drop
Av_ per turn of the secondary winding. If the voltage drop per

turn is Av, then we have:

N, Ns (10)

where v, is the port voltage of the entire primary winding of
the planar transformer, v, is the port voltage of the entire sec-
ondary winding of the planar transformer, N, is the number of
turns of the primary winding of the planar transformer, and
N, is the number of turns of the secondary winding of the pla-
nar transformer. According to the stacked structure of the
planar transformer, N, takes 3 and N takes 1.

Considering the voltage distribution of the planar trans-
former winding in Fig. 4, it is only necessary to select the
voltage of a certain point on the primary winding of the trans-
former as the voltage reference point, and the potential of
any other point can be expressed by the voltage reference
point and the voltage drop Av per turn; the same is true for
the secondary winding.

The point inside the transformer winding is used as the
voltage reference point. When modeling, the model of the
transformer needs to be split, which complicates the model-
ing. Therefore, in order to simplify the modeling, the four ter-
minals A, B, C, and D of the transformer are used as alterna-
tive voltage reference points. By selecting point B of the pri-
mary winding and point D of the secondary winding as the po-

tential reference points, the midpoint potentials Vp > Vs Uy
and vg , of each turn winding in the planar transformer can

be expressed as:

Vpm = Vg F 2.5Aw, (11)
Uy = Vp F 1.5Av, (12)
Uy = Vgt 0.5Av, (13)
v : BA c v, v v
1 )
\
)
\ |
\i
\
s.\\
\E D
\ v

A Figure 4. Flat transformer winding voltage distribution
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v, =v, + 0.5Av. (14)

s m
1

Substituting Eqgs. (6) - (8) and Eqgs. (11) - (14) into Eq. (9),
the total induced charge @, can be expressed as:

0u=(C,. +C, +C, Jop +

(2¢,. + C,. ) A, (15)

where C C ,and C

s TP Pas

transformer structure and material are determined, and the

are quantitative after the planar

induced charge  can be calculated with only two voltage
variables vy, and Av. Q,, reflects the induced charge be-
tween the primary and secondary windings, and replaces the
voltage variable Av with the voltage variables v,;, and vy, be-
tween the primary and secondary windings, as shown in

Eq. (16).

3 3 (16)

Substituting Eq. (16) into Eq. (15) and eliminating Av, we
can get:

1 2 2 1
Qall = gc/)ls‘ + gcp:s, + Cms,)v}m + (gcp,sl + gcpzsu)yfm'

(17)

Eq. (17) shows that the induced charge Q,,, is divided into
two parts, and the induced charge @ can be reduced to the
transformer port BD and port AD. Then the expressions of ca-
pacitance Cpp, and C,), are:

1 2

Cyp = ?Cmsl + gcpzsl + Cpxs,’ (18)
2 1

CAD - gcpl.\'l + 561;)2,\'I . (]9)

The capacitance Cy;, between B and D and the capacitance
C,, between A and D are the equivalent common-mode ca-
pacitance of the planar transformer. The sum of the induced
charges at both ends of the capacitance Cy), and C,), is Q.
The corresponding two-capacitor models of the transformer
are shown in Fig. 5.

3 Electromagnetic Compatibility Equiva-
lent Circuit Model of Planar Transformer

The electromagnetic compatibility equivalent circuit
model of the full-bridge transformer is shown in Fig. 6. This
model can not only realize the energy transmission character-
istics of the transformer but also reflect its electromagnetic

compatibility characteristics.

B O -

AFigure 5. Two-capacitor model

Z

LK

o : | — O

B

A Figure 6. Electromagnetic compatibility equivalent circuit model of
planar transformer

N, represents the number of turns of the primary winding,
N, the number of turns of the secondary winding, Z;, the

leakage inductance impedance, Z, the magnetizing induc-

L
tance impedance, and Z, and Z, the common mode equiva-
lent capacitance impedance. When the frequency is low, Z,
and Z;, can be represented by pure inductance, and Z., and
Z., can be represented by pure capacitance. However, as the
frequency increases, the electromagnetic environment inside
the transformer becomes more and more complex, and the
electromagnetic compatibility characteristics inside the
transformer can no longer be represented by the pure induc-
tance or pure capacitance model of these four impedance pa-
rameters. At the same time, in order to take into account the
basic circuit functions of transmitting energy, the lumped
concept is adopted, and the positions of Z;,, Z; ., Z,, and
Z., are kept unchanged. According to the specific imped-
ance curve of the four parameters, a high-order model com-
posed of inductance, resistance and capacitance is used to
represent the electromagnetic compatibility equivalent cir-
cuit model of the planar transformer. At the operating fre-
quency of the switch tube of the isolated converter, the
model can realize the energy transfer from the primary side
to the secondary side, and at the frequency of conducted elec-
tromagnetic interference, the model can reflect the electro-
magnetic compatibility characteristics of the transformer.

To extract Z,,; and Z,, it is necessary to simulate the ac-
tual working conditions of the planar transformer in the full-
bridge circuit, and to form the same potential distribution on
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Zl.k
g A C
:
TZ * 2 *
5
= 2 [] 2 N
5
z
B Z(fz D
- - _T ________________ 1
—
* LT |
50 Q !

Network analyzer Port2
AC: alternating current

A Figure 7. Schematic diagram of the simulation wiring diagram of the
actual working condition of the full-bridge transformer

the primary and secondary windings of the transformer as the
actual working condition. Fig. 7 shows the schematic dia-
gram of the simulation wiring diagram of the actual working
condition of the full-bridge transformer. The network ana-
lyzer Portl applies voltage excitation. The excitation output
terminal of Portl is connected to the primary winding point 4
of the full-bridge transformer, and the other excitation output
reference terminal is connected to the primary winding point
B of the full-bridge transformer. The network analyzer Port2
receives the common mode noise current generated by the
planar transformer, the signal-receiving terminal of Port2 is
connected to the secondary winding point D, and the other
signal-receiving reference terminal is connected to the pri-
mary winding point B.

The measurement result of the network analyzer is the
scattering matrix, that is, the S-parameter matrix, which de-
scribes the relationship between the reflected wave of the
port voltage and the incident wave. According to the relation-
ship between the port voltage and the current, the S-
parameter matrix can be converted into a Z-parameter ma-
trix, as shown in Eq. (20).

7 -z (1 +S11)(1 _522)+512521
! 0(1 —SH)(l _522)_512521
28
7 -7 12
2 0(1 _Sll)(l _522)_512521
28
7 -7 21
21 0(1 _ Sll)(l _ 522) =SS,
S, (1-5,)(1+8,)+5,S,,
n =4y
(1=5,)(1=55) =S558, | (20)

where S,; and S, are the transmission coefficients in the
scattering matrix, S;, and S,, are the reflection coefficients in

-l-lo | ZTE COMMUNICATIONS
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the scattering matrix, and Z,, is the characteristic impedance.

According to the test principle, the magnetic field of the
magnetic core of the planar transformer is excited during the
test, the potential distribution of the primary and secondary
windings of the transformer is formed, and the leakage mag-
netic field between the primary and secondary windings is
formed. Therefore, the network analyzer measures a two-port
network containing transformer leakage inductance Lk, exci-
tation inductor Lm, and equivalent common-mode capacitors
C1 and C2. We simplify the wiring schematic of Fig. 7 and
obtain an equivalent circuit diagram for measurement as
shown in Fig. 8.

According to the circuit theory, the two-port Z-parameter
can be expressed as:

U=2Z,1,+7Z,1,

Uy=2Zy1,+Zyxl,, (21)

The test result of the network analyzer is a two-port matrix,
which makes Fig. 8 further equivalent to the two-port net-
work of Fig. 9, and the Z-parameter expression of the two
ports is shown in Eq. (21). For the reciprocal two-port net-
work with three variables Z,,, Z,,(=Z,,), and Z,,, three equa-
tions can be listed, and three unknowns can be solved theo-
retically.

ZI.K
I 1 &
| SR
50 Q
0 a0 e
AC

I _

AC: alternating current

A Figure 8. Equivalent circuit diagram of simulated wiring of full-
bridge transformer in actual working conditions

I, Zy 2 [2

o———_ 1 1 “«—o
L <
+ +

. Port2
Fortl y Zin [] 2y [] y )

U, U,

o O

A Figure 9. Two-port equivalent circuit diagram
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Therefore, for the above two-port equivalent circuit, first,
the transformer secondary port CD in Fig. 6 is short-
circuited, and the leakage inductance impedance Z;, is mea-
sured using a network analyzer or impedance analyzer. In
Fig. 9, given Z|,, opening the port Port2, we can get Eqs.
(22) and (23):

Zy, = 7' oo Zy + ZLm//(ZCI + Zcz)»
I, (22)
Uz [ZLm//(ZCl +Zc2)]Zc2
212 =23 PR Zo+ 7
" c o) (23)
By opening Portl, Z,, can be represented as:
U
Zyp="2, _ =Zall(Ze + 2,,).
L (24)

Combining Eqs. (22) - (24), we can get the expressions of
Z,.,Zoand Z, with Z,, and Z,,, Z, and Z,, as variables:

— ZyZy — Z212 ~Zuly

VA

b Zzz - Z2l B (25)
7 Z11Z22_221 _ZLkZ22

cl Z,, , (26)
7. = Z11Z22 Z21 ZLkZ22

“ Z11 - ZLk - ZZI . (27)

Z,.» Zo, and Z, can be solved according to Eqs. (25) -
(27). After obtaining the impedance curves of the parameters
Zyo Zeys Loy and Z), required for modeling, the circuit pa-
rameters of the electromagnetic compatibility equivalent cir-
cuit model of the planar transformer are determined by the
method of circuit model fitting.

4 Planar Transformer Simulation

4.1 Extraction of Material Parameters of Planar Trans-
former Core

To obtain the impedance curves of magnetic core materials
such as inductors and transformers with the help of simula-
tion tools, it is first necessary to extract the complex perme-
ability of the magnetic core material. The complex permeabil-
ity of the magnetic core material has an important influence
on the electromagnetic compatibility characteristics of mag-
netic components, and is of great significance for the product
design selection of magnetic components and the research on
electromagnetic compatibility characteristics. Although the

data sheets provided by some magnetic core material manu-
facturers will include the complex permeability of the mag-
netic core material, the complex permeability frequency
range provided in the data sheet is usually in the range of
several kHz to several MHz, which cannot completely cover
the frequency band range of conducted electromagnetic inter-
ference research (150 kHz - 30 MHz). Therefore, it is neces-
sary to extract the complex permeability of the magnetic core
material through experimental measurement.

Because the distribution parameters of magnetic compo-
nents are very rich, there are distributed capacitances be-
tween the magnetic core and the windings, and between the
windings. To reduce the effect of distributed capacitance on
complex permeability measurements, the complex permeabil-
ity of a magnetic core is measured using a single-turn center-
ing method, as shown in Fig. 10. The single-turn winding
uses copper wires with a short length and a major diameter to
reduce the influence of the winding loss and lead inductance
of the single-turn winding on the measurement of the com-
plex magnetic permeability of the magnetic core.

The impedance characteristic of the single-turn coil is
measured with an impedance analyzer. The equivalent model
of the measurement is:

Z =R +joL, (28)

where R and L, are the equivalent series resistance and
equivalent series inductance of the magnetic component un-
der test, respectively. It can be approximated that the R in
the test result is only generated by the core loss, and L_ is
only generated by the magnetic permeability of the magnetic
core.

Thus according to the definition of complex permeability:

m=p =g (29)

A Figure 10. Experimental diagram of the single-turn through-center
measurement method
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where ' is the real permeability and u” is the imaginary per-
meability. The equivalent series model of the core imped-
ance can be expressed as:

. ulN*A
Z = jot e
A (30)

where N is the number of turns of the winding, [, is the

equivalent magnetic circuit length, A_ is the cross-sectional
area of the magnetic core, and @ is the measured angular

frequency.
Substituting Eq. (29) into Eq. (30), we can get:
r_an NZA
Z=jw (' = " )N"A,

1, . (31)

Comparing Eqs. (28) and (31), we can get the real and
imaginary parts of the complex permeability of the magnetic
core as follows:

! lee
r=
N?A, (32)
n _ Rslc
wN?A, (33)

The core loss tangent is:

tan(0) = = . (34)

In order to verify that the complex permeability obtained
by the experimental measurement can truly represent the
core parameters of the actual sample in the finite element
simulation software, an impedance analyzer is used to extract
the complex permeability of the magnetic ring in Fig. 11 ac-
cording to the method in Fig. 10. The impedance analyzer

" nﬁau

A Figure 11. Actual core samples
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A Figure 12. Real and imaginary parts of core complex permeability ex-
tracted by the impedance analyzer

model is WK 6500B, the core material of the magnetic ring is
DMR96, the measured outer diameter is 25 mm, the inner di-
ameter is 15 mm, and the height is 7 mm.

The real and imaginary parts of the complex magnetic per-
meability of the magnetic ring obtained by the impedance
analyzer are shown in Fig. 12.

4.2 Planar Transformer Simulation Modeling

The measurement of the two-port parameters of the planar
transformer by the network analyzer is introduced previously.
According to the measurement results, the impedance curves
of the leakage inductance, magnetizing inductance and
equivalent common mode capacitance of the transformer are
obtained, and the electromagnetic compatibility equivalent
circuit model of the transformer is established. However, the
method based on the actual sample measurement of the trans-
former cannot realize the prediction of conducted EMI noise
in the design stage of planar transformer, and the method of
deriving the equivalent capacitance of common-mode noise
based on the theory of transformer winding stacked structure
can only reflect the transmission characteristics of trans-
former common-mode noise at low frequency. The electro-
magnetic field finite element simulation software HFSS of
Ansys can simulate the function of the network analyzer, ob-
tain the two-port Z-parameters of the transformer, and realize
the extraction of the wide-band parameters of the planar
transformer without physical objects. At the same time, due
to the use of a planar transformer, the accuracy and consis-
tency of the winding structure parameters are higher than
those of the traditional manual winding transformer, which is
conducive to improving the consistency between the simula-
tion model and the real thing.

Take the planar transformer of the full-bridge circuit as
an example. The magnetizing inductance is designed to be
110 wH, the turn ratio of the primary winding and the sec-
ondary winding is 3:1, the number of turns on the primary
side is 3, and the number of turns on the secondary side is
1. The core material is DMR96, the relative permittivity of
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plate FR4 is set to 4.4, and the physical diagram and simu-
lation model of the planar transformer are shown in Fig. 13.
The physical diagram of Fig. 13(a) shows that the planar
transformer of the full-bridge circuit is integrally installed.
We import the PCB of the full-bridge circuit into the simula-
tion software and separate the PCB layout of the winding
part of the planar transformer to establish the simulation
model of the planar transformer.

The actual planar transformer magnetic core is composed
of two magnetic cores. Generally, in order to control the in-
ductance of the magnetizing inductance during the produc-
tion process, an air gap will be opened on the central column
of the magnetic core. This air gap is very small and difficult
to measure accurately, but the size of the air gap can be de-
termined by comparing the magnetizing inductance. In the
simulation, the transformer’ s secondary winding is left open
and the primary winding is excited, and the input impedance
curve can be obtained, which includes the magnetizing in-
ductance, the leakage inductance and the inter-turn capaci-

(a) Full bridge circuit plane
transformer

(b) Simulation model of planar transformer

A Figure 13. Full-bridge circuit planar transformer simulation model
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A Figure 14. Planar transformer simulation results

tance of the transformer. Since the planar transformer adopts
the interleaved winding method, the leakage inductance is
far smaller than the magnetizing inductance. The input im-
pedance curve at a low frequency can be approximately re-
garded as the impedance curve of the magnetizing induc-
tance. After determining the size of the air gap, we short-
circuit the secondary winding to obtain the leakage induc-
tance Z;, impedance curve of the transformer. After that, we
add excitation according to the measurement method in Fig.
7 to obtain the Z-parameter impedance curve of the trans-
former at two ports, and derive Z,,, Z,, and Z, in the model
according to Eqs. (25) = (27). The simulation results are
shown in Fig. 14.

5 Experimental Verification

We use the full-bridge circuit module in the wireless base
station power supply as the experimental prototype. The
rated input voltage of the full-bridge circuit module is 48 V,
the rated output voltage is 12 V, the rated output current is
35.8 A, and the operating frequency of the circuit is 170
kHz. The experimental prototype is shown in Fig. 15. The
planar transformer used in the experimental prototype is the
transformer mentioned above. The conduction test of the full
bridge circuit is shown in Fig. 15.

According to the generation and conduction mechanism of
common mode noise which is mainly caused by the instanta-
neous potential change when the switching device is turned
on or off, and the distributed capacitance that exists between
the power supply and ground is affected by the rising and
falling edges of the switching device voltage, resulting in
noise currents flowing through the line impedance stabiliza-
tion network (LISN), ground, and P and N lines with the
same amplitude and direction. The common-mode noise cir-

A Figure 15. Full bridge circuit conduction test
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cuit of the full-bridge circuit is shown in Fig. 16. There are 5
main potential jump points, of which the four potential jump
points are the 4 terminals of the transformer. Part of the
common-mode noise current at the two potential trip points
on the primary side of the transformer conducts the common-
mode noise current to ground through the switching device’s
coupling capacitor to the ground, and the other part of the
common-mode noise current is transmitted from the primary
side to the secondary side through the interturn capacitance
of the transformer through the potential change of the trans-
former primary side and the secondary side winding, and
then flows into the earth, LISN, and back to the primary side.
For the two potential jump points on the secondary side of
the transformer, since the secondary side is connected to the
ground, the common-mode noise current flowing through the
coupling capacitor between the switching device and ground
flows directly back on the secondary side without flowing
through the LISN.

According to the substitution theorem, the switches Q,, Q;,
Q. and Q, and the output inductor L, are equivalent to cur-
rent sources, and the switches Q,, Q,, Qs, and Qy are equiva-
lent to voltage sources. The input capacitor C;, and the out-
put capacitor C, can be regarded as a short circuit due to
their small impedance, and the common mode impedance
Z, of the LISN can be regarded as 25 (). The equivalent cir-
cuit diagram after the application of the substitution theorem
is shown in Fig. 17.

When the current sources work together, all voltage
sources are short-circuited, and an equivalent circuit dia-
gram can be obtained. The primary current source is short-
circuited, the voltage at the transformer port is 0, and the sec-
ondary side current source is connected in parallel across
the secondary winding of the transformer, which is also short-
circuited. All current sources are short-circuited when the
current source is active, and no common mode noise current
is formed in Zem. The equivalent circuit diagram consider-
ing only the current source is shown in Fig. 18.

When the voltage sources work together, open all current
sources to obtain the equivalent circuit diagram. The equiva-

LISN: line impedance stabilization network

A Figure 16. Full-bridge circuit noise path
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lent circuit diagram considering only the voltage sources is
shown in Fig. 19. Q,, Q, and Q4 will generate common mode
noise current on Z_ . Using the superposition theorem for the
voltage sources (),, Q,, and (g, the common-mode noise volt-

age I'/(,m generated on Z_ can be found:

1
EE NN S S I S Zuw
2. 7w M) 7y 1,1
Zl,k ZI m Z/l D
1 : 1 -
V4V
1 T T I S |
i + . + . i m +
z, Yotz Vet || e
ZL/. ZLm ZAD

(35)

We use an oscilloscope to measure the voltage waveforms
Vs Voo and V,, across the switching tubes Q,, Q,, and Qq,

perform Fourier decomposition on them, substitute the re-
sults into Eq. (35) to obtain the predicted noise spectrum,
and compare it with the measured results, which is shown in

o 0

TOROIES

A Figure 17. Equivalent circuit diagram after applying the substitution
theorem

A Figure 18. Equivalent circuit diagram considering only current source
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cm

A Figure 19. Equivalent circuit diagram considering only the voltage source

Fig. 20. The noise prediction results are in good agreement
with the measured results, which shows the accuracy of the
extraction and modeling of the common mode noise equiva-
lent circuit of the planar transformer.

6 Conclusions

In this paper, the mechanism of common-mode noise con-
duction of planar transformers is analyzed and a method for
extracting planar transformer models through simulation is
introduced. The following conclusions are obtained:

1) The common-mode noise transmission capability of pla-
nar transformers is reflected in the induced charge Q be-
tween the primary and secondary windings of planar trans-
formers. At the same time, according to the theoretical deri-
vation of the potential distribution on the planar transformer
winding, the induced charge () can be represented by two ca-
pacitors.

2) When using a network analyzer to measure a planar
transformer, the measurement result is a two-port network in-
cluding leakage inductance, magnetizing inductance, and

inter-turn capacitance.
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A Figure 20. Predicted noise spectrum and measured noise spectrum

3) With the help of the simulation software, the Z-
parameters of the planar transformer can be obtained, and
the EMI model of the planar transformer can be established
through the Z-parameters. Finally, the accuracy of the simu-
lation and modeling is verified through a full-bridge circuit
prototype experiment.
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