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Developed Wide-Band Frequency Transformer
Model for Conducted Common Mode
Characteristics Prediction

Kaining FU, Jiangtao TU, Wei CHEN, and Linsen HUANG

Abstract—TIsolated power converters are widely used for its
safety and flexible adjustment between input and output voltage
range. EMI occurs due to the presence of switching process. The
existence of parasitic parameters in transformers causes the work
of EMI prediction in isolated DC-DC power converters more
complicated. Parasitic parameters in transformer are the crucial
propagation paths for CM noise conduction. For improving the
accuracy of EMI prediction, this paper developed a wide-band
frequency transformer model based on the two-capacitance mod-
el, further considering both the effect capacitive and inductive
coupling on conductive common mode noise. Furthermore, the
influence of permeability versus frequency of Mn-Zn ferrite on
CM transmission, is investigated in detail. Two-port measurement
is used for the validation of the proposed high frequency model.
The experiment results demonstrate that the proposed wind-band
frequency transformer model can well predict the CM noise be-
havior in the frequency range of 100 kHz to 100 MHz.

Index Terms—Common mode, electromagnetic interference, high
frequency model, parasitic parameter, transformer.

1. INTRODUCTION

LECTROMAGNETIC interference has become a major
challenge in the design of switch-mode power supplies
(SMPSs) [1]. Electromagnetic interference (EMI) affects the
normal operation of SMPSs, leading to a big size of EMI filters
[2]-[3]. The electromagnetic compatibility (EMC) standards
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Fig. 1. High-frequency model of transformer. (a) Six-capacitance model, (b)
Four-capacitance model, (c) Two-capacitance model.

are compulsory certification for power converters. For decreasing
the volume of EMI filters, various noise suppression methods
can be applied [3]-[8].

Isolated DC-DC converters are commonly used in electric
vehicle (EV), energy storage systems. The magnetic compo-
nents have the function of magnetic energy storage, voltage
transform and noise filtering. Power converters with transform-
ers show significant advantages in terms of galvanic isolation
and larger range of voltage conversion ranges. Therefore, trans-
formers are the key magnetic components in isolated power
converters. Parasitic parameters in transformers are key prop-
agation path for CM noise conduction. Various researches are
focused on modeling, prediction and suppression of the CM
behaviors. M. Antivachis et al. [6], H. Chen ef al. [7]-[8], and
Y. Li et al. [9] investigated the conduction path of EMI noise
in flyback converters and pointed out that reducing capacitive
coupling is the key to suppress CM noise. However, the prior
art has a limited frequency range when deal with high frequen-
cy EMI noise suppression.

The development of accurate transformer model is sig-
nificant in analyzing, predicting and suppressing EMI noise
in SMPSs. Then, several modeling techniques have been
developed, only considering the effect of capacitive coupling
on CM conduction [10]-[16]. As shown in Fig. 1(a), [11]
proposed a six-capacitance model to represent the CM be-
havior of the transformer. However, [12] points out that not
all the capacitances in the model are contribute to CM noise.
The capacitors C, and C, are connected in parallel with the
primary winding and secondary windings and do not generate
CM noise. This is because CM noise only flows through the
capacitance between the primary and secondary windings. As
shown in Fig. 1(b), the six-capacitance model can be simpli-



K. FU et al.: DEVELOPED WIDE-BAND FREQUENCY TRANSFORMER MODEL FOR CONDUCTED COMMON MODE CHARACTERISTICS PREDICTION 111

fied as four-capacitance model. [12] pointed out that the ca-
pacitance between primary and secondary winding should ob-
serve the displacement rule. The number of capacitances can
be further reduced. Based on the displacement current law, the
four-capacitance model can be simplified to two-capacitance
model as shown in Fig. 1(c). Then, H. Zhang et al. [12] de-
veloped a two-capacitance transformer model and a practical
evaluation method for CM behaviors. For further accelerating
the optimization process, both [13] and [14] proposed using
FEM simulation tools to achieve the optimization of trans-
former. EMI suppression of transformers can be addressed at
the designed stage. However, all of the above techniques are
focused on reducing the capacitive coupling of the transformer
to achieve noise suppression.

With further investigation on high-frequency modeling,
more attenuation should be focused on the effects of inductive
and capacitive coupling on high-frequency CM behavior [17].
This is due to the reason that the induced voltage drop per turn
is determined by the chain flux. The complex permeability
versus frequency alters the magnetic reluctance in the core,
lowering the proportion of magnetizing flux and increasing the
proportion of leakage flux [18]. [19] pointed out that the leak-
age magnetic flux significantly affects the potential distribution
of primary and secondary winding, and the capacitive coupling
between adjacent winding layers can also be changed. Then,
the effect of leakage flux on CM transmission can be character-
ized by using coupling coefficients in the high-frequency mod-
el [20]. However, coupling coefficients can only be obtained
by measurement and cannot be used to the prediction of EML.

This paper addresses the emergency requirement of high
frequency electromagnetic modeling of transformer, accurately
predicting the nonlinear CM behaviors in a wide-band frequen-
cy range (100 kHz-100 MHz). The proposed modeling tech-
nique is developed based on the two-capacitor model. Then,
a high-frequency modeling method for magnetic components
that considers the effects of capacitive and inductive coupling
is established. The proposed high-frequency model can be used
to simulate the EMI spectrums of the whole isolated power
converters. It is possible to predict whether the designed pow-
er will pass EMC certification through simulation rather than
measurement.

This paper is organized as follows. In Section II, the con-
ducted mechanism of the CM noise flowing the transformer
is investigated. Then, a two-capacitance model considering
only capacitive coupling and the CM behaviors evaluation
method are presented. In Section 111, the high-frequency CM
behavior of the transformer is investigated. Combined with the
nonlinear characteristics of the Mn-Zn ferrite material used as
the magnetic core, a wide-band frequency CM model of the
transformer is proposed. In Section IV, the parameters in the
proposed model are obtained by impedance measurements and
the accuracy of the proposed wide-band frequency model is
checked by scattering parameter measurements. Finally, this
paper is summarized.
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Fig. 2. Distribution of electromagnetic field. (a) Magnetic field, (b) Electric field.
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Fig. 3. Measurement method of static capacitance. (a) Method 1, (b) Method 2.

II. CM CHARACTERISTIC EVALUATION METHOD OF
TRANSFORMER

A. CM Transmission Mechanism

The interaction of inductive and capacitive couplings inside
the core window complicates the CM noise analysis. As
illustrated in Fig. 2(a), the magnetizing flux circulates only
inside the magnetic core, while the leakage flux circulates
through the air inside the core window. Mn-Zn ferrite material
is a commonly used material in high frequency applications.
Due to the characteristics of high permeability of Mn-Zn ferrite
material, the proportion of leakage flux is far lower than the
magnetizing flux resulting in the same induced voltage drop
along each turn. Therefore, the potential distribution of the
winding can be assumed to be linearly and continuous [21].
As illustrated in Fig. 2(b), there are three kinds of charges, i.e.,
primary charges, secondary charges and CM charges. All of
them are generated by the potential difference. Primary charges
and secondary charges form the primary self-capacitance and
secondary self-capacitance, respectively. Only the CM charges
flow through secondary side to form CM displacement current.

B. Two-capacitance Model

Since the permeability of Mn-Zn ferrite material is larger
enough, the voltage potential distribution of the windings
is linearly and continuedly. Then, the inductive coupling on
the CM noise can be neglected, and the capacitive coupling
domains the CM behaviors. Using a quantity value to represent
the CM behaviors is necessary for the CM evaluation.

Fig. 3 illustrates two kinds of measurement methods of
static capacitance Cy,, which is widely used to evaluate CM
behavior. The static capacitance is measured by an LCR meter



112 CPSS TRANSACTIONS ON POWER ELECTRONICS AND APPLICATIONS, VOL. 10, NO. 1, MARCH 2025

Impedance path of CM noise

Fig. 4. Concept of dynamic CM capacitance. (a) CM transmission, (b) Two-
capacitance model.

or impedance analyzer. For this kind of measurement, the two
windings are regarded as a parallel plate capacitor.

The measured capacitance is determined by the winding
structure parameters, such as the distance between two adjacent
windings, the faced area, and the permittivity of the insulation
material. Once the transformer has been wound, the value
of the capacitance Cg, is constant and is only determined by
physical structure. Hence, the measured capacitance is called
static capacitance. In practical, the transformer with the same
winding structure but with different winding connection type
can exhibit different CM transmission characteristics. This
is due to the fact that the potential distribution can affect the
distribution of electric charges. Therefore, the CM transmission
characteristics of a transformer is dominant by two factors, i.e.,
winding structure and potential distribution.

As illustrated in Fig. 4(a), an voltage excitation is assigned
across the primary winding, and the electric charges is induced
in the secondary winding, forming a CM displacement current
icw- Fig. 4(b) illustrates the dynamic CM capacitance model
containing two capacitors (C,p, and Cygp,) for evaluating the CM
behaviors of the transformer [9].

Assuming that the impact of leakage inductance is ignored,
the potential distributions of the primary and secondary
winding are shown in (1) and (2):

|

AV = (1)
Vs

A= @

where N and M are the turn number of the primary and second-
ary windings, respectively. ¥, (V5) is the voltage drop assigned
on primary winding (secondary winding) between terminal A
and B (C and D).

V3 and Vy; are the potential of the i turn and ; turn, and they
can be represented as in (3) and (4)

Vo, =Vy +(N=0)AV, 3)
Vg =Ve +(M = DAV, 4)
According to the displacement current rule, the CM

displacement current i flowing through the parasitic
capacitance of the transformer can be calculated as following:

S0 M s)

i=1 j=1

~

where G, is the interwinding capacitance between 7 turn in
primary winding and j turn in secondary winding.

Substituting (1)-(4) into (5), the CM displacement current
icym can be simplified as following:

N U d(V; -V
Iem :ZZ;CPiSj ( Bdt C) +

©)
L dr, L& M- jdV
ZZC"’S’N Ca O ?

i=l j=1

Since the leakage inductance is ignored, the voltage drops V,
and Vg meets the following relationship:

Ve =nVs (7
where 7 is the turn ratio of the primary to the secondary winding.

Substituting (7) into (6), the CM displacement current i,
can be further simplified as:

T T A7
ICM:Z-Z‘CP"S’ (]ilt :
i=l j=
s N—i -J dv
-z J = 8
Z}; "N M—JCP'SJ dr ®)
CStr d (VB — VC) + CStrl dVS
dr dt

N M
CStr = Z Z CPiSj )

N M Noi dX N—i
Csm = nZZCPiSj N__i_zchisj M——Jl (10)

Combining the six-capacitance model from [11], the CM
displacement current can be represented as:

d(Vy-V) .
dr

dv;

dr

Iem :(CAD+CAC+CBD+CBC)
1n

[(n -DCyp +nC . — CBD]

Compared with (8) and (11), it can find that only two equations
are listed in (12). Therefore, using two lumped capacitances are
enough to represent the CM displacement current i,

{CSU:C ap T Cact Crpt+Ce 12
Con =(n=DC, +nC . —Cy, (12)
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Fig. 5. Measurement method of dynamic CM capacitance of the transformer. (a)
Circuit connection, (b) Equivalent circuit.
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Fig. 6. Comparison between measured and the model.

C. CM Behavior Evaluation Method

To evaluate the CM transmission characteristics, Fig. 5
shows the measurement method conducted by a network
analyzer. S parameter is measured for the evaluation of CM
characteristics. Since the voltage excitation Vg assigned on the
primary side can build the voltage potential distribution along
cach turn, the CM current flows through C, to secondary side.
Then, the CM noise will be received by Port 2 of a network
analyzer. For the measurement method illustrated in Fig. 5, S,
will be measured and used for the CM evaluation. To compare
the difference between the two-capacitance model and the
measurement, Fig. 6 illustrated the comparison results. It can
be noticed that the two-capacitance model agrees well with the
measurement from 100 kHz to 10 MHz. Besides, the slope of
the two-capacitance models is 20 dB/dec up to 30 MHz. In the
range of 10 MHz to 100 MHz, there is a larger discrepancy
between the measurement and the two-capacitance model. The
high frequency CM transmission characteristic of the trans-
former exhibits nonlinear behaviors. Therefore, the two-capac-
itance model can only represent the CM characteristics of the
transformer in the frequency range from 100 kHz to 10 MHz.
In this frequency range, only the capacitive coupling between
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Fig. 7. Relative permeability of the PC95 core material.

adjacent primary and secondary winding layers is considered.
For higher frequency range, only considering the capacitive
coupling is insufficient to model the high frequency CM char-
acteristics. It is necessary to consider both the effect of induc-
tive coupling and capacitive coupling on the high frequency
CM behavior.

As has been analyzed in Fig. 2, both high-frequency electric
field and high-frequency magnetic field exist in the core win-
dow of the transformer. Since Mn-Zn ferrite material is used
as the magnetic core, the permeability changes rapidly with
frequency after the cut-off frequency [17]. Fig. 7 illustrated the
curve of the relative permeability versus frequency of the Mn-
Zn ferrite material. This kind of Mn-Zn ferrite material is called
PC95, which is manufactured by TDK. Once the frequency is
higher than the cut-off frequency of the magnetic material (For
Mn-Zn ferrite, its cut-off frequency is 1 MHz), the permeabil-
ity will rapidly decrease, resulting in a large proportion varia-
tion between the leakage flux and the magnetizing flux. Since
the flux linkage each turn is different, the voltage potential
distribution along each turn cannot be regarded as linear and
continuous. Hence, the effect of the inductive coupling should
be further considered in modeling high-frequency CM behav-
ior. For coupled hollow inductors, they do not have a magnetic
core as a coupling medium. In the high frequency range, The
CM transmission characteristics is not affected by the nonlin-
ear characteristics of the magnetic core. The CM transmission
characteristics between primary and secondary winding only
take into account the effect of electric field coupling, and can
be represented in terms of capacitance.

III. MODELING OF HIGH FREQUENCY TRANSFORMERS

As has been analyzed in Section II, the magnetic character-
istics of permeability with frequency are the main factor con-
tributing to the nonlinear CM behavior in the high-frequency
range. In order to characterize the CM transmission behavior,
it is crucial to accurately measure the complex permeability of
magnetic material. However, many manufactures only provide
information on the variation of amplitude permeability with
frequency (lack of phase information) and a limited frequency
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Fig. 8. Complex relative permeability versus frequency.

range (10 kHz-2 MHz), as illustrated in Fig. 7. It is insufficient
for modeling and analysis of EMI in a wide-band frequency
range for EMI modeling.

A. Measurement of Magnetic Characteristics

In this paper, complex permeability is introduced, which
can be used to analyze the high-frequency CM conduction
mechanism.

p=u—ju (13)

where /' is the real part reflecting the magnetizing characteristic
of the magnetic material, and y" is the imaginary part reflecting
the loss characteristics.

In order to achieve a wide-band EMI modeling of the
transformer, it is essential to measure the complex permeability
of the magnetic material. In this paper, PC95 Mn-Zn ferrite
manufactured by TDK was used, which Fig. 8 shows the mea-
surement results of complex permeability versus frequency.

It can be clearly observed that both x' and x" vary with
frequency. For the real part i/, the cut-off frequency is 1 MHz,
and after the cut-off frequency, the real part rapidly decreases
leading to a decrease in the magnetizing flux and an increase in
the leakage flux.

B. Proposed High Frequency Model

Since the electric field distribution inside the transformer
varies with frequency, capacitive coupling is affected by induc-
tive coupling in the higher frequency range.

For two-capacitance model, the branches of leakage induc-
tance and magnetizing inductance are regarded as short-circuit
and open-circuit, respectively. This model should follow two
assumptions:

1. The permeability of the core material is higher enough.

2. The magnetizing inductance is far larger than the leakage
inductance.

As illustrated in Fig. 9(a), the transformer is regarded as an
ideal transformer which propagates the CM noise through the
two capacitances (C,. and Cy). However, as illustrated in Fig. 8,
the permeability of the magnetic core varies with frequency.
When the frequency is higher than the cut-off frequency (1

(®)

Fig. 9. High frequency model of transformer. (a) Two-capacitance model, (b)
Proposed model.
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Fig. 10. Equivalent circuit model. (a) Equivalent circuit with transformer, (b)
Equivalent circuit with transformer in form of impedance, (c) Equivalent circuit
without transformer.

MHz), the two assumptions are not valid. As shown in Fig. 6,
the measured S,, parameter exhibits nonlinear characteristics
within the range of 10 MHz to 100 MHz. Since the permeabili-
ty decreases rapidly after the cut-off frequency, there is a signif-
icant discrepancy between the two-capacitance model and the
S,, measurement results. The proposed model should consider
the impacts of leakage inductance and magnetizing inductance
on conducted EMI. As illustrated in Fig. 9(b), the developed
high-frequency model further takes into account the effects of
leakage inductance and magnetizing inductance with frequency.
Fig. 10(a) illustrates the equivalent circuit of the proposed
high frequency transformer model under the measured configu-
ration of S, parameter. For better and clear modeling, the branch
impedance of L,(f) and Ly,(f) can be represented in form of the
impedance Z, and Z,,, respectively, as shown in Fig. 10(b).
According to the definition of S,, parameter, it can be given as:

§2(dB)=201g U (14)

Yy
2

where U, is the voltage drop in resistor R, with a transformer
as shown in Fig. 10(b) and U, is the voltage drop in resistor R,
without transformer as shown in Fig. 10(c).

The total displacement current /, is given as:

U,
L= . (15)
Z AL ALy N Lo+ 2y /2y )

The voltage drops U, and U, across the impedance Z, in
both cases can be derived as:

ZM

U=1
b 2y (22, 12,

(22//230) (16)
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U,=—-U,
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By substituting (16) and (17) into (14), the S,, parameter can
be represented as:

2
Z AZ ALy N L+ 2y 2y

S,,(dB) = 201g[

(18)

Zu (2,72 ) |]
ZyH(Zue 2y /)|

From (18), it can find that when the magnetizing impedance
Z\ 1s larger enough, the impact of leakage impedance Z, can be
neglected. For the two-capacitance model, the leakage imped-
ance Z, is regarded as short-circuit and the magnetizing imped-
ance is regarded as open-circuit.

Similarly, when the two-capacitance model is applied, the
S, parameter can be given as:

] (19)

As the frequency increases, the permeability decreases rap-
idly, resulting in significant changes in both Z, and Z,,, When
the frequency is above the cut-off frequency of the magnetic
material, the impedance Z, and Z,, exhibit nonlinear character-
istics. For this consideration, the leakage impedance and mag-
netizing impedance should be considered in the high frequency
range. Therefore, the proposed high frequency model can con-
sider both the effect of capacitive and inductive couplings on
conducted EMI.

27,

S.(dB)=20lg| |—=%2 |
»(dB) g(Z]+ZZ+ZAC

IV. EXTRACTION OF PARAMETERS FOR THE PROPOSED MODEL

For the proposed high-frequency model, it includes capac-
itive parameters and inductive parameters, which need to be
obtained through measurements.

A. Capacitive Parameters

The capacitive parameters include the lumped capacitance
Cyc and Cy, which are determined by the structure capacitance
Cs, defined in (9) and the voltage difference (U, and Uy) be-
tween two terminals (A and C, B and C). The structure capac-
itance Cg, is measured by an impedance analyzer as shown in
Fig. 11(a). Then, the voltage pulsation generated by the signal
generator is applied to the primary winding. As show in Fig.
11(b) and (¢), U, and Uy are measured by voltage probes
using an oscilloscope. It should be noticed that the influence of
the probe’s parasitic capacitance on the measurement results
should be considered during the measurement.

As shown in Fig. 11(b), for this configuration, the voltage
drops U, and U, satisfy the following relationship:

A " Cac D
VY
Cic .
B it C
«— Cy, —>
@
<IN
o
(S )
Impedance analyzer (Wayne Kerr}ySUOB)

(@ (b) (©

Oscil’lps;»'flae
CHI CHI

Osé‘i_ll(%

Fig. 11. Extraction method of capacitive parameters. (a) Measurement of
structure parameter, (b) Measurement of Cy., (¢) Measurement of C..

1
Upe _ JO(Cyct Chne)
U 1 N 1
JO(Cpe +Che)  J0Cye
Coe B (20)
Cac +Cac + Corgpe
C

BC

C,. +C

Str Probe

where U,y is the voltage drop determined by a signal genera-
tor, and U, is the measured voltage drop.

It should be noticed that the value of Cy, Cyc and Gy, are
in pF level resulting in Zy¢, Zyc, Zpopes>50 Q. Therefore, the
resistor R, (50 Q) can be omitted in the calculation.

According to (20), Cy. can be transformed as:

U
C'BC = (CStr + CPmbe )U_AC (21)
AB

Similarly, as shown in Fig. 11(c), when the voltage drop Uy
is measured, the voltage drops U, and Uy, satisfy the follow-
ing relationship:

1

UBC jm(CBC + CProbe )
1

1
joCye

=

AB

+
Jo(Cye + Cpe)
Cac
Cac +Coc + Cprpe
Cac

CStr +C

Probe

22)

According to (22), C, can be transformed as:

UBC

CAC = (CStr + CProbe) U
AB

(23)

Based on the derivation (20)-(23), the capacitance Cy and
C,c can be given as following:

U
CBC = (CStr + CProbe ) UAC
AB

U 4)
Cuac= (CStr + Corope )U_BC

AB
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Fig. 12. Transformer model. (a) Proposed high frequency model, (b) Open-
circuit operation, (c) Short-circuit operation.

Besides, the C, and Gy also satisfy the following relationship:

Cow = Cac +Cye (25)

B. Inductive Parameters

The inductive parameters in the proposed model include the
leakage impedance and the magnetizing impedance, both of
which can be afforded by impedance measurements.

Fig. 12(a) illustrated the proposed high-frequency model.
For extracting the magnetizing impedance Z,,, the secondary
side should be opened and the corresponding circuit is shown
in Fig. 12(b). For this operation, the measured impedance be-
tween terminals A and B includes the sum of the magnetizing
impedance and the leakage impedance. Since the magnetizing
impedance Z,, is far larger than the leakage impedance Z,, the
measured impedance is almost equal to the magnetizing im-
pedance Z,,.

Similarly, the leakage impedance can be obtained by a
short-circuit operation on the secondary side, the corresponding
equivalent circuit of which is illustrated in Fig. 12(c). When the
secondary side is short-circuited, the magnetizing flux within
the magnetic core is zero. Therefore, the measured impedance
contains only the leakage impedance without the magnetizing
inductance. For the measured impedance Z,,(f) and Z(f), they
will be substituted into the model as shown in Fig. 12.

V. EXPERIMENT VERIFICATION

For verifying the effectiveness of the proposed high frequen-
cy model of the transformer, a wire-wound transformer is made
and used to measure the CM transmission characteristics. Fig.
13(a) shows prototype of the test transformer and Fig. 13(b)
illustrates its winding arrangement. The detail specifications of
the transformer are listed in Table I. The core material is PC95
and its permeability versus frequency is illustrated in Fig. 8.

In order to measure the S,, parameter, a network analyzer
can be used. In the measurements, an Agilent ES072A network
analyzer was applied to measure the CM transmission charac-
teristics of the transformer (S,, versus frequency in the range
of 100 kHz to 100 MHz). Fig. 14 illustrated the measurement
platform of S,, parameter.

It should be noticed that calibration is necessary to achieve
high accuracy measurements in the high frequency range.
Therefore, the SOLT (Short-Open-Load-Through) calibration
method is used to ensure the accuracy of radio frequency (RF)
measurements. In order to meet the impedance matching, the
transmission board used to measure S,, should be designed

| . Symmetry
” Axis

—» Side Limb

Copper Wire

» Central Limb

(b)

Fig. 13. Prototype of the test transformer. (a) Prototype, (b) Winding arrangement.

TABLE I
SPECIFICATIONS OF THE TRANSFORMER

Parameters Value

Core size PQ2625

Core material PC95 (Manufactured by
TDK)

Initial relative permeability 3300

Bobbin 6+6 YT-2606

dp=0.4mm; ds=0.6 mm (bifilar
winding) ; da=0.3 mm

Winding diameter

Winding arrangement PSP
Np1=17, Np2=17;
Na=6; Ns=8

Network analyzer

Fig. 14. Measured platform of S, parameter.
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Fig. 15. Design of high-frequency test board. (a) Test board, (b) Influence of
signal cable widths on S,; measurement.

for 50 €, as shown in Fig. 15(a). If the impedance matching
is done properly, the signal from Port 1 will be completely re-
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Fig. 16. Extraction of capacitive parameters C,. and Cyc. (a) Connection
schematic, (b) Extraction platform.
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Fig. 17. Measurement of voltage waveform of U,.
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ceived by Port 2. Since there are some differences between the
transmission calibration board and the microstrip line, the char-
acteristics impedance of the test board is designed to 50 Q. To
be more precise, the FEM simulation tool is used to fine-tune
the line width of the signal line to achieve better measurements.
Fig. 15(b) shows the simulation results of the transmission co-
efficient S, for different signal wire width, from which a suit-
able line width size of 1.8 mm was selected. The transmission
coefficient is related to the characteristic impedance of the line;
The closer the transmission coefficient is to 1 (S, is close to 0
dB), the closer the characteristic impedance is to 50 Q.

Fig. 16(a) shows the measurement diagram of the capacitive
parameters, i.e., Cyc and Cy., where a signal generator and an
oscilloscope is used. The signal generator generates high-fre-
quency voltage pulsations Uy on the primary winding and the
CM noise will flow through the lumped capacitance C, and
Cyc to secondary side. Fig. 16(b) shows the capacitance ex-
traction platform where the oscilloscope is a Tek MDO3014
and the signal generator is a RIGOL DG1062Z. As has been
mentioned in Section IV, the impact of probe capacitance
should be taken into account when measuring parasitic ca-
pacitance. The voltage probe (Tek THDP0200) has a parasitic
capacitance Cp,,,. of 15 pF according to the data sheet provided
by Tektronix. The structure capacitance C, is 44.85 pF, where
the used impedance analyzer is WK6500B. The amplitude of
the sinusoidal signal Uy is 20 V and the frequency is 50 kHz.
The lumped capacitance Cy and C, are selected, and the
lumped capacitance C,;, and Cyp, are set to 0. Fig. 17 shows the
measured voltage waveform of U, and its amplitude is 6.5 V.

Based on the measured waveform shown in Fig. 17 and the
relationship between the voltages and the parasitic capacitances
in (21), the lumped capacitance Cy and C,. can be calculated
by (24) and (25). Therefore, the lumped capacitance Cy. and
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Fig. 18. Measured impedance. (a) Magnetizing inductance, (b) Leakage inductance.
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Fig. 19. Comparison results.

C,c are 19.451 pF and 25.399 pF, respectively.

Fig. 18(a) shows the measured magnetizing inductance of
the transformer. The magnetizing inductance remains almost
the same in the frequency range from 100 kHz to 500 kHz with
a resonance point occurring at 4 MHz. When the frequency is
higher than 4 MHz, the magnetizing inductance will decrease
rapidly. This phenomenon is because that the inherent high-fre-
quency magnetic characteristics of the core material.

Fig. 18(b) shows the measured leakage inductance versus
frequency. Similarly, the resonance point occurs at 50 MHz.
The reason why the resonance point of the leakage inductance
curve is far higher than that of the magnetizing inductance
curve is due to the reason that the leakage flux flows through
the air instead of the core material. The relative permeabili-
ty of the air is equal to 1, and does not vary with frequency.
Then, the resonance frequency due to leakage inductance and
parasitic capacitance is far higher than that due to magnetizing
inductance and parasitic capacitance. The measured L, and Ly,
versus frequency shown in Fig. 18, will be substituted into (18).
Combining with the measured C, and Cy, the S, parameter
versus frequency will be calculated.

For full-circuit EMI prediction, it requires the models of
PCB traces, rectifier bridge, near field couplings, magnetic
components, and EMI receivers. All of the models will affect
the EMI simulation accuracy. Besides, the EMI modeling
process of the full-circuit needs to extract the numerous of pa-
rameters used in EMI prediction. Limited by the page length,
the validation of the proposed model is focused on single
transformer evaluation. Based on the extracted parameters,
Fig. 19 illustrates the comparison results between the S,; mea-
surements, the two-capacitor model and the proposed high-fre-
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Fig. 20. Winding arrangement of a PCB planar transformer.
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Fig. 21. Comparison results of a PCB planar transformer.

quency model. It can be vividly observed that the two-capac-
itor model exhibits linear and continued characteristics in all
frequency range (100 kHz-100 MHz). As analyzed in Section
I, the two-capacitance model can represent the CM transmis-
sion characteristics from 100 kHz to 10 MHz. This is because
that the two-capacitance model does not take into account the
effect of inductive coupling on CM transmission, resulting in
a slope equal to 20 dB/dec. The proposed model agrees well
with the measurements in all frequency ranges. Since it can
fulfill take into account the effect of both capacitive and induc-
tive coupling, the proposed high-frequency model can exhibit
almost the same CM transmission characteristics as the mea-
sured results in the range of 100 kHz to 100 MHz.

The proposed high-frequency transformer model can be ap-
plied in both wire-wound transformers and PCB planar trans-
formers. In order to illustrate the generalization of the proposed
high-frequency modeling method, the PCB planar transformer
will be taken as an example. The detail PCB winding specifica-
tions are shown in Fig. 20. Fig 21 illustrated the corresponding
comparison results, where the proposed model can agree well
with the measurement in the frequency range from 100 kHz to
100 MHz.

In order to illustrate the effect of leakage flux on CM noise
transmission, Fig. 22 shows the CM noise transmission charac-
teristics under different leakage inductance Z,. It can be vividly
found that the larger the leakage inductance Z,, the smaller the
resonance frequency of the CM transmission characteristics
line. Therefore, the value of leakage inductance will signifi-
cantly affect the high-frequency CM transmission character-
istics of the transformer. The modeling process is the same
whether the leakage flux is large or small.
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Fig. 22. Effect on leakage inductance on CM transmission.

In summary, inductive coupling can significantly affect the
capacitive CM transmission characteristics, and lead to nonlin-
ear CM transmission in the high-frequency range.

VI. CONCLUSION

Inductive and capacitive parasitic parameters can significantly
affect the CM noise transmission characteristics. Existing
techniques for modeling transformer CM behavior only consider
the influence of electric field coupling on CM transmission
and have a limited frequency range (below 10 MHz) for EMI
prediction. The frequency-dependent characteristic of the
permeability leads to nonlinear CM transmission characteristics
in the high-frequency range. The proposed high-frequency
model further takes into account the effects of magnetic and
electric field on CM transmission, and can accurately represent
CM transmission in a wide-band frequency range (100 kHz to
100 MHz). The proposed high-frequency model can be further
developed and used for the EMI prediction of the whole circuit.
However, the proposed high-frequency model has not yet been
used to investigate the radiated EMI emission mechanism and
can be developed in future work.
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