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Abstract—SiC MOSFETs with antiparallel SiC schottky barrier
diodes (SBDs) without reverse recovery can significantly reduce
turn-ON switching loss. However, this will exacerbate the oscillation
during the switching process, making the electromagnetic interfer-
ence problem more serious. This article analyzes the influence of
the power module parasitic parameters on the propagation path
and proposes the optimization principle for the first time. First,
the high-frequency switching oscillation noise source (HO-S) and
the propagation path considering power module parasitic param-
eters based on a double-pulse test circuit are analyzed. Second,
a high-frequency switching oscillation conduction common-mode
(HO-CM) current mathematical model is established during the
switching oscillation process to clarify the relationship among noise
source, propagation path, and HO-CM current. Then, in order
to reduce HO-CM current, the optimization principle of HO-CM
current excited by HO-S is proposed. The HO-CM current can
be canceled by optimizing the power module layout or Busbar
parasitic inductance. Finally, the effect of power module para-
sitic parameters on HO-CM current is verified, and the HO-CM
currents of power modules with different packaging layouts are
compared. This method can reduce the HO-CM current spectrum
of the critical conduction mode or discontinuous conduction mode
buck converter by more than 10 dB. The analysis of the effect of
power module parasitic parameters on HO-CM current can guide
power module layout design or power module selection based on
different working conditions of half-bridge converters.

Index Terms—Common-mode current, electromagnetic inter-
ference (EMI), optimization, oscillation, parasitic parameters.

NOMENCLATURE

CD Output capacitance of the upper devices.
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Coss Output capacitance of the lower devices.
C1, C2, C3 Parasitic capacitances of power modules.
Cdc Decoupling capacitance with low parasitic

inductance.
CY1, CY2, CY3 C1, C2, C3 by Y–� transformation.
L1, L2, Ls1, Ls2 Parasitic inductances of power modules.
VD Drain–source voltage of the upper devices.
Vds Drain–source voltage of the lower devices.
id Current of parasitic inductance L1.
C12 Sum of C1 and C2.
C23 Sum of C2 and C3.
C13 Sum of C1 and C3.
C123 Sum of C1, C2, and C3.
L12 Sum of L1 and L2.
Ls12 Sum of Ls1 and Ls2.
CY13 Sum of CY1 and CY3.
CY23 Sum of CY2 and CY3.
CDY1 Sum of CD and CY1.
CDY13 Sum of CD, CY1, and CY3.
CossY3 Sum of Coss and CY3.
CossY23 Sum of Coss, CY2, and CY3.
Lsum Sum of L1, L2, Ls1, and Ls2.
p1 L1 divided by Ls1.
p2 L2 divided by Ls1.
p3 Ls2 divided by Ls1.
p Sum of p1 and p2.
m C2 divided by C1.
n C2 divided by C3.
q C1 divided by C3.

I. INTRODUCTION

H IGH power density is the goal of power electronic convert-
ers. Switching frequency and speed are essential indica-

tors for the converter to achieve high power density. Although Si
insulated gate bipolar transistors (IGBTs) and SiC MOSFETs have
the same turn-ON process that can achieve the same steep rise
edge (or same rise time), Si IGBTs have a slower turn-OFF speed
due to the trailing current. In addition, the body diode of SiC
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Fig. 1. Time-domain waveform and frequency-domain spectrum of voltage
NS. (a) Time-domain waveform of H-VS divided into HT-VS and HO-VS.
(b) Spectrum of the H-VS.

MOSFETs or SiC SBDs can reduce the reverse recovery current,
thus further reducing the switching loss [1]. Therefore, SiC
MOSFETs and SiC SBDs are more suitable for high-frequency
converters.

However, the wide-bandgap power devices aggravate switch-
ing oscillation [2], [3]. The voltage waveform and current wave-
form of power devices are the important noise sources (NS)
causing electromagnetic interference (EMI). The power device
is replaced by a voltage waveform or current waveform in the
common mode (CM) circuit model through the substitution
principle [4], [5], [6], [7]. It is a common method to treat the
power device as a black box and replace the whole power device
with a voltage source or a current source [6], [7]. Because voltage
and current waveforms can be measured directly, the analysis of
NS is clearer.

The distinctions in EMI between SiC MOSFETs and Si
IGBTs are mainly attributable to the switching frequency,
oscillation, and slew rate (dv/dt) [8], [9], [10]. The high-
frequency voltage noise source (H-VS) can be divided into the
high-frequency trapezoidal voltage noise source (HT-VS) and
the high-frequency switching oscillation voltage noise source
(HO-VS) [11]. The HT-VS contains three pieces of information,
namely, voltage rising edge, voltage falling edge, and switching
frequency. The HO-VS includes high-frequency switching os-
cillations, as shown in Fig. 1.

The conducted CM current generated by HT-VS is indepen-
dent of the parasitic inductance of the power module. Therefore,
most existing studies directly ignore the parasitic inductances
of power modules when establishing an EMI model and use
HT-VS instead of the active power device to establish an EMI
model [6], [7], [12], [13], [14], [15]. The HT-VS is compared
between the SiC MOSFET and the Si IGBT in [9]. Only the switch-
ing frequency has a significant effect on HT-VS. Therefore,
the existing EMI models and suppression methods for IGBTs

can also be used for SiC MOSFETs, including passive filters,
active filters, topology, modulation, balancing, and CM noise
cancellation [16], [17], [18], [19], [20], [21]. These methods are
designed for EMI caused by HT-VS. It should be noted that SiC
MOSFETs have higher requirements for EMI suppression due
to their higher switching frequency [16]. Therefore, the new
packaging structure is also used for EMI suppression purposes.
Reducing CM capacitance is the idea behind new packaging
structures, such as the structure of an integrated CM screen layer
and local shielding techniques [22], [23].

However, the high-frequency switching oscillation conduc-
tion common-mode (HO-CM) current caused by HO-VS cannot
be ignored in the converters based on wide-bandgap devices,
as shown in Fig. 1 [10], [11], [24]. The HO-CM current is
determined by both the high-frequency switching oscillation
noise source (HO-S) and the propagation path. The frequency
domain of HO-VS has been analyzed and predicted [10], [11].
The propagation path of the HO-VS is dependent on the para-
sitic parameters of the power module. Obviously, the existing
EMI models for IGBTs are not suitable for SiC MOSFETs with
switching oscillation. Therefore, the HO-CM current model
considering parasitic parameters is necessary.

There are few studies about the HO-CM model. The CM
circuit is given considering all parasitic parameters given in [25],
[26], and [27]. The simulation and experiment are compared in
[25]. But the expression of HO-CM is not given. Xie et al. [26]
established differential mode (DM) and CM models considering
all parasitic parameters based on MATLAB. It is concluded that
the effect of parasitic inductances on the EMI propagation path
is weak due to the limitations of the analysis.

HO-CM current suppression methods are necessary in addi-
tion to passive filters. The volume of a high-frequency passive
filter is larger due to the decline of magnetic core performance
at high frequency and the filtering performance also decreases
due to parasitic capacitances [16].

At present, due to the lack of an HO-CM model, HO-CM
current suppression methods mainly focus on the oscillation NS
itself rather than the propagation path. These methods can be
divided into three categories: reducing parasitic inductance, in-
creasing damping, and changing drive speed. The new packaging
structure is the primary method to reduce parasitic inductance.
Ren et al. [28] and Cougo et al. [29] proposed the adjacent decou-
pling concept using several decoupling capacitors to reduce the
size of the commutation loop. Li et al. [30] presented a compact
GaN power module with low parasitic parameters. Packaging
structures with low module parasitic inductance often have more
complex structures [22], [29], [31], [32], [33]. Therefore, the
new packaging structure cannot consider both practicability and
performance at present. Increasing the damping of the commu-
tation loop is an effective method to suppress oscillation. Wu
et al. [24] analyzed the impact of adding an RC snubber on
switching oscillation and high-frequency EMI noise. An ana-
lytical method for RC snubber optimization design to eliminate
switching oscillations is proposed [34]. However, adding an RC
damping will increase converter system losses. Reducing the
switching speed can also minimize switching oscillation while
driving. The compromise between EMI and switching losses is
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Fig. 2. Schematic diagram of the DPT circuit based on different power devices.
(a) Si IGBT and Si diode. (b) SiC MOSFET and SiC SBD.

investigated by increasing the driving resistance [35]. The active
gate drives have also been extensively studied to change dv/dt
or di/dt [36], [37].

In order to link HO-S and HO-CM current, the frequency-
domain expressions of the conducting path excited by HO-VS
and high-frequency switching oscillation current noise source
(HO-CS) considering parasitic parameters during turn-ON and
turn-OFF are derived by using the Thevenin theorem and the
Norton theorem, respectively, in this article. The HO-CS is
selected as the main NS instead of HO-VS because it is contin-
uous and contains both turn-ON and turn-OFF oscillations. The
optimization principle of HO-CM current excited by HO-CS
is proposed using the parasitic parameter of the power module
itself. The proposed suppression method can guide the selection
and design of power modules for different converters based on
a half-bridge structure.

The rest of this article is organized as follows. Section II
analyzes the factors affecting the HO-CM current, including
HO-VS, HO-CS, and conducting path. In Sections III and IV,
the conducting paths excited by HO-VS and HO-CS are deduced
during turn-ON and turn-OFF oscillations, respectively, and the
principle of HO-CM current cancellation is given. Experiments
are verified by comparing two different power modules in
Section V. Finally, Section VI concludes this article.

II. ANALYSIS OF EFFECT FACTORS OF CONDUCTION

CM CURRENT

The factors affecting the conducted CM current include NS,
conducting path, and the affected objects. In a power converter,
the NS is generated by the power devices during the switching
process. The conducting path is related to the parasitic param-
eters of the power module. The line impedance stabilization
network (LISN) is the affected object.

A. NS Analysis

The performance of power devices and peripheral circuits
are key factors affecting NSs. In this section, the switching
waveforms are compared with different power devices, the
parasitic inductance of the commutation loop, and the driving
resistance, representing the different device performances and
the application of the power circuit and drive circuit.

1) Comparison of SiC Mosfet and Si IGBT: Fig. 2 shows the
test schematic diagram of Si IGBT and SiC MOSFET based on

Fig. 3. Comparison of switching waveforms of SiC MOSFET and Si IGBT.
(a) SiC MOSFET. (b) Si IGBT.

the double-pulse test (DPT) circuit. In the following switching
process, the lower device is the active test device to control the
switching process.

Fig. 3 shows the comparison of the switching waveforms of
SiC MOSFET and Si IGBT with the same driving resistance and
parasitic inductance. It can be seen from Fig. 3 that the voltage
oscillation of SiC MOSFET is more severe than that of Si IGBT
during the switching process. Therefore, all SiC power devices
without reverse recovery current cause more serious HO-VS
than Si power devices.

In addition, Fig. 3 also contains two pieces of information.
One is that the upper device voltage VD oscillates during turn-ON,
and the other is that the lower device voltage Vds oscillates during
turn-OFF. Therefore, the sum of the upper and lower device
voltages is not equal to the dc voltage due to parasitic inductance
during the oscillation process. However, the equivalent NS of
the traditional CM model only uses the voltage waveform of the
lower device or upper device, which ignores the oscillation of
the turn-ON or turn-OFF process [10], [11], [14], [38]. Therefore,
selecting only one voltage waveform to analyze the HO-VS is
inaccurate. Fortunately, the HO-VS and HO-CS are a pair of
oscillations. The waveform of HO-CS contains high-frequency
oscillation during turn-ON and turn-OFF. The new combination
of switching waveforms as NSs is given in Section II-B.

2) Comparison of Different Driving Resistances and Par-
asitic Inductances: Fig. 4 shows the switching waveform of
reducing parasitic inductance or increasing driving resistance
based on Fig. 3(a).

Reducing parasitic inductance can significantly reduce volt-
age oscillation without any sacrifice. Advanced packaging tech-
nology, such as three-dimensional packaging modules without
bonding wire, can significantly reduce parasitic inductance.
However, considering the cost and technology, the power mod-
ule structure of commercial SiC MOSFET is still the same
as that of Si IGBT. For example, the SiC MOSFET power
module FF3MR12KM1P and the Si IGBT power module
DF300R12KE3 from Infineon have the same structure and
layout. Therefore, the influence of the parasitic inductance of
SiC MOSFET power module on the switch waveform cannot be
ignored.
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Fig. 4. Switching waveforms of reducing parasitic inductance or increas-
ing driving resistance based on Fig. 3. (a) Reducing parasitic inductance.
(b) Increasing drive resistance.

Fig. 5. Layout comparison of different power modules. (a) CAS300M12BM2
from CREE. (b) BSM120D12P2C005 from ROHM.

Increasing the driving resistance can also reduce the voltage
oscillation but increase the switching loss. Switching oscillation
still exists whether the parasitic inductance is reduced or the
driving resistance increases.

B. Conducting Path Model

The conducting path is related to the parasitic parameters
of the power module. Fig. 5 shows a comparison of the dif-
ferent layout structures CAS300M12BM2 from CREE and
BSM120D12P2C005 from ROHM; note that the terminals of
dc+, ac, and dc− are not shown. According to the structure
layout, the half-bridge power module contains four parasitic
inductances and three parasitic capacitances. Table I lists the
parasitic parameters of the power module extracted by Q3D.

When considering the heatsink and LISN, the equivalent cir-
cuit diagram based on the DPT circuit can be obtained, as shown
in Fig. 6(a). The inductance L0 includes CM filter inductance and
line parasitic inductance.

TABLE I
PARASITIC INDUCTANCES AND CAPACITANCES OF CAS300M12BM2 AND

BSM120D12P2C005

Fig. 6. Conducted EMI circuit diagram based on the DPT circuit. (a) EMI
circuit. (b) CM high-frequency circuit.

The NSs include a dc voltage source, a current source, and
power devices. The dc voltage and decoupling capacitance Cdc

can be considered short circuits, and the current source can be
considered an open circuit at a high frequency. Therefore, the
equivalent high-frequency circuit can be obtained as shown in
Fig. 6(b).

According to the equivalent high-frequency circuit, there are
two power devices. The two devices can be equivalent to a
current and a voltage source, respectively.

The Lsum and CD form a resonant circuit during the turn-ON

oscillation, and the lower devices are fully conducted simulta-
neously. Therefore, the upper device can be regarded as HO-CS,
and the lower device can be regarded as HO-VS (this combina-
tion is called LVHC), as shown in Fig. 7(a). Similarly, the lower
device can be regarded as HO-CS. The upper devices can be
regarded as HO-VS during turn-OFF (this combination is called
LCHV), as shown in Fig. 7(b).

If the influence of HO-CM current on HO-CS is not consid-
ered, the HO-CS iD and id would be the same measuring points
during switching oscillation due to the series connection. The
spectrum of HO-CS id or iD contains high-frequency oscillation
during turn-ON and turn-OFF. Therefore, the HO-CS is selected
as the main NS instead of HO-VS in the following section.
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Fig. 7. CM high-frequency equivalent circuit for switching oscillation.
(a) Turn-ON oscillation. (b) Turn-OFF oscillation.

Fig. 8. CM high-frequency circuit during turn-ON oscillation. (a) Equivalent
circuit excited by HO-CS. (b) Equivalent circuit excited by HO-VS.

Fig. 9. Simplified process of the Thevenin equivalent circuit excited by HO-CS
during turn-ON oscillation. (a) High-frequency equivalent circuit. (b) Intermedi-
ate process of the Thevenin equivalent circuit. (c) Thevenin’s equivalent circuit.

III. ANALYSIS OF HO-CM CURRENT DURING TURN-ON

OSCILLATION

According to the superposition theorem, the circuit shown in
Fig. 7(a) can be divided into CM circuits excited by HO-CS and
HO-VS respectively, as shown in Fig. 8.

A. Analysis of Conducting Path Excited by HO-CS

The open-circuit voltage and output impedance excited by the
HO-CS at the MG point can be obtained by using the Thevenin
theorem, as shown in Fig. 9.

The impedances Zon_1, Zon_2, and Zon_3 in Fig. 9(b) can be
obtained by Δ−Y transformation, as shown in Fig. 10.

⎧⎨
⎩
Zon_1 = ZLs2

ZC2
/(ZLs2

+ ZC2
+ ZC3

)
Zon_2 = ZC2

ZC3
/(ZLs2

+ ZC2
+ ZC3

)
Zon_3 = ZLs2

ZC3
/(ZLs2

+ ZC2
+ ZC3

)
. (1)

Fig. 10. Δ–Y impedance transformation. (a) Δ impedance. (b) Y impedance.

Fig. 11. Simplified process of the Norton equivalent circuit excited by HO-VS
during turn-ON oscillation. (a) High-frequency equivalent circuit. (b) Norton
equivalent circuit.

The open-circuit voltage V i
MG_on and equivalent impedance

Zi
on(s)can be obtained from Fig. 9.{

V i
MG_on =

(Zon_2+ZC1
)ZL1

−(ZL1
+ZL2

+Zon_1)ZC1

ZL1
+ZL2

+Zon_1+Zon_2+ZC1
iD

Zi
on(s) = (ZL2

+ Zon_1 + Zon_2)//(ZL1
+ ZC1

)
. (2)

According to Fig. 9 and (2), the transfer function from HO-CS
to HO-CM current can be obtained as follows:

IiCM_on

ID
= Gi

on =
V i

MG_on

(Zi
on(s) + Z0)ID

=
−s2(s2H1 + J1)

s6A1 + s5B1 + s4D1 + s3E1 + s2F1 + sG1 + 1
(3)

where ⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

A1 = Ls2C1C2C3(L0L12 + L1L2)
B1 = R0L12Ls2C1C2C3

D1 = Ls1C3(L1C1 + L2C2 + L0C13)
+(L0L12 + L1L2)C1C23

E1 = R0(L12C1C23+Ls2C12C3)
F1 = L1C1 + Ls2C3 + L2C23 + L0C123

G1 = R0C123

H1 = L2Ls2C2C3

J1 = Ls2C3 + L2C23 − L1C1

. (4)

The numerator ofGi
on has a corner frequencyωn1_on. Accord-

ing to the Appendix, the corner frequency satisfies (5), which is
independent of inductance L0.

ωn1_on =
√

|J1|/H1 > ωres_on (5)

B. Analysis of Conducting Path Excited by HO-VS

Similarly, the short-circuit current and output impedance ex-
cited by the HO-VS at the MG point can be obtained by using
the Norton theorem, as shown in Fig. 11.
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The short-circuit current IvMG_on and equivalent impedance
Zv

on can be obtained from Fig. 11 as follows:{
IvMG_on = −Vds

ZL2
//ZC2

+ZC3
+ZLs2

ZC2

ZL2
+ZC2

Zv
on(s) = (ZL1

+ ZC1
)//((ZC3

+ ZLs2
)//ZC2

+ ZL2
)

.

(6)
According to Fig. 11 and formula (6), the transfer function

from HO-VS to HO-CM current can be obtained as follows:

IvCM_on

Vds
= Gv

on =
IvMG_onZ

v
on(s)

(Zv
on(s) + Z0)Vds

=
−s(s2K1 +M1)

s6A1 + s5B1 + s4D1 + s3E1 + s2F1 + sG1 + 1
(7)

where {
K1 = L1C1C3

M1 = C3
. (8)

The denominator of Gi
on and Gv

on, which is determined by the
parameters of the network, is the same. The numerator of Gv

on
also has a resonant frequency ωn2_on, which is independent of
inductance L0.

ωn2_on =
√

M1/K1 > ωres_on. (9)

C. HO-CM Current Optimization Principle

When the inductive impedance of L0 at the resonant frequency
is much less than R0, the denominator of Gi

on has two resonant
frequencies ωd1_on and ωd2_on according to the second-order
system. According to the Appendix, the resonant frequency
satisfies (10) without considering the CM filter inductance.{

ωd1_on =
√

G1/E1 > ωres_on

ωd2_on =
√

E1/B1 > ωres_on
. (10)

When L0 is a CM filter inductance, it is much larger than the
parasitic inductance. The resonance frequency of the denomi-
nator of Gi

on will change. Fortunately, the resonant frequency of
the numerator of Gi

on and Gv
on is constant, which will be applied

to the HO-CM optimization principle. Therefore, the CM filter
inductance is no longer considered.

When considering the propagation path below the resonant
frequency ωres_on, the conducting path excited by HO-CS and
HO-VS can be approximately equal to (11) during turn-ON

oscillation without considering the CM filter inductance.{
Ii
CM_on

ID
=Gi

on ≈−s2J1 = −s2(Ls2C3+L2C23−L1C1)
Iv

CM_on

Vds
= Gv

on ≈ −sM1 = −sC3

.

(11)
The Bode diagram of the conducting path excited by HO-VS

and HO-CS can be obtained by MATLAB. Fig. 12 shows the
frequency-domain comparison of the accurate conducting path
and approximate conducting path excited by HO-CS and HO-
VS, respectively. The amplitude of the approximate conducting
path is almost the same as the accurate conducting path, but the
phase lags δ.

Fig. 12. Comparison of the accurate conducting path and the approximate
conducting path excited by HO-CS and HO-VS during turn-ON oscillation.
(a) Gi

on of CAS300M12BM2. (b) Gv
on of CAS300M12BM2. (c) Gi

on of
BSM120D12P2C005. (d) Gv

on of BSM120D12P2C005.

It can be seen from (11) and (12) that the conducting path
excited by the HO-VS is not affected by the parasitic induc-
tances of the power modules, and it is only related to C3 and
Rds_on. Therefore, the traditional CM model can ignore the
effect of parasitic inductances on conducted CM current without
considering the switching waveform oscillation. However, the
conducting path excited by HO-CS is very sensitive to the
parasitic inductances of the power modules.

To quantify the propagation path excited by HO-CS and HO-
VS, the relationship between lower device voltage Vds and upper
device current iD is given as follows:

Vds ≈ Ron_dsiD. (12)

where Ron_ds is the ON-resistance of the power device. Ron_ds of
CAS300M12BM2 is 5 mΩ. Ron_ds of BSM120D12P2C005 is
20 mΩ. The following equation can be obtained by substituting
(12) into (11).

IvCM_on

ID
= Ron_dsG

v
on ≈ −sRon_dsM1 = −sRon_dsC3. (13)

Fig. 13 shows the amplitude of the conducting path excited by
HO-VS and HO-CS during turn-ON oscillation. The frequency-
domain amplitude of the conducting path excited by HO-CS is
larger than that of HO-VS at the resonance frequency. Therefore,
the effect excited by HO-VS on HO-CM can be ignored, but
the HO-CM current excited by the HO-CS cannot be ignored
during turn-ON oscillation. The propagation path amplitude of
CAS300M12BM2 excited by HO-CS is 7 dB smaller than that
of BSM120D12P2C005 during turn-ON oscillation, as shown in
Fig. 13. That means the HO-CM current of CAS300M12BM2 is
smaller than that of BSM120D12P2C005 with the same HO-CS
during turn-ON oscillation.
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Fig. 13. Amplitude of the conducting path excited by HO-CS and HO-VS
during turn-ON oscillation. (a) CAS300M12BM2. (b) BSM120D12P2C005.

Fig. 14. CM high-frequency circuit based on the DPT circuit during turn-
OFF oscillation. (a) Equivalent circuit excited by HO-CS. (b) Equivalent circuit
excited by HO-VS.

The propagation path expression Gi
on contains two pieces of

information: phase and amplitude. When J1>0, the HO-CM
current lags HO-CS |−ϕ|. When J1<0, the HO-CM current leads
the HO-CS |180−ϕ|. When J1 = 0, the HO-CM current can be
completely canceled. For the convenience of experimental com-
parison, Ls1 and C3 are taken as the reference values of parasitic
inductances and capacitances, respectively. The constraint of
complete cancellation of HO-CM current can be obtained during
turn-ON oscillation according to (11), which is independent of
parasitic inductance Ls1 during turn-ON oscillation.

qp1 − (qm+ 1)p2 = p3. (14)

IV. ANALYSIS OF HO-CM CURRENT DURING TURN-OFF

OSCILLATION

According to the superposition theorem, the circuit shown in
Fig. 7(b) can be divided into two equivalent circuits excited by
HO-CS and HO-VS, respectively, as shown in Fig. 14.

A. Analysis of Conducting Path Excited by HO-CS

Like the turn-ON process, the open-circuit voltage and output
impedance excited by the HO-CS at the MG point can be
obtained by using the Thevenin theorem, as shown in Fig. 15.

Fig. 15. Simplified process of the Thevenin equivalent circuit excited by
HO-CS during turn-OFF oscillation. (a) High-frequency equivalent circuit.
(b) Intermediate process of the Thevenin equivalent circuit. (c) Thevenin equiv-
alent circuit.

Fig. 16. Δ−Y impedance transformation. (a) Δ impedance. (b) Y
impedance.

The impedances Roff_1, Roff_2, and Roff_3, as shown in
Fig. 15(b), can be obtained by Δ−Y transformation, as shown
in Fig. 16.⎧⎨

⎩
Zoff_1 = ZLs1

ZC1
/(ZLs1

+ ZC1
+ ZC3

)
Zoff_2 = ZC1

ZC3
/(ZLs1

+ ZC1
+ ZC3

)
Zoff_3 = ZLs1

ZC3
/(ZLs1

+ ZC1
+ ZC3

)
. (15)

From Fig. 15, the open-circuit voltage V i
MG_off and equivalent

impedance Zi
off can be obtained as follows:{

V i
MG_off =

(Zoff_2+ZC2
)ZL2

−(ZL1
+ZL2

+Zoff_1)ZC3

ZL1
+ZL2

+Zoff_1+Zoff_2+ZC2
(−Id)

Zi
off(s) = (ZL1

+ Zoff_1 + Zoff_2)//(ZL2
+ ZC2

)
.

(16)
Using Fig. 15 and (16), the transfer function from HO-CS to

HO-CM current can be obtained as follows:

Gi
off =

IiCM_off

Id
=

V i
MG_off

(Zi
off(s) + Z0)Id

=
s2(s2H2 + J2)

s6A2 + s5B2 + s4D2 + s3E2 + s2F2 + sG2 + 1
(17)

where⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

A2 = Ls1C1C2C3(L0L12 + L1L2)
B2 = R0L12Ls1C1C2C3

D2 = Ls1C3(L1C1 + L2C2 + L0C12)
+(L0L12 + L1L2)C13C2

E2 = R0(L12C13C3+Ls1C12C3)
F2 = L2C2 + Ls1C3 + L1C13 + L0C123

G2 = R0C123

H2 = L1Ls1C1C3

J2 = Ls1C3 + L1C13 − L2C2

. (18)

The numerator ofGi
off has a corner frequencyωn1_off . Accord-

ing to the Appendix, the corner frequency satisfies the formula
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Fig. 17. Simplified process of the Norton equivalent circuit excited by HO-VS
during turn-OFF oscillation. (a) High-frequency equivalent circuit. (b) Norton
equivalent circuit.

(19), which is also independent of inductance L0.

ωn1_off =
√

|J2|/H2 > ωres_off. (19)

B. Analysis of Conducting Path Excited by HO-VS

Similarly, the short-circuit current and output impedance ex-
cited by HO-VS at the MG point can be obtained by using the
Norton theorem, as shown in Fig. 17.

The short-circuit current IvMG_off and equivalent impedance
Zv

off(s) can be obtained from Fig. 17.{
IvMG_off =

VD

ZL1
//ZC1

+ZC3
+ZLs1

ZC1

ZL1
+ZC1

Zv
off(s) = (ZL2

+ ZC2
)//((ZC3

+ ZLs1
)//ZC1

+ ZL1
)

.

(20)
Using Fig. 17 and (20), the transfer function from HO-VS to

HO-CM current can be obtained as follows:

Gv
off =

IvCM_off

VD
=

IvMG_offZ
v
off(s)

(Zi
off(s) + Z0)VD

=
s(s2K2 +M2)

s6A2 + s5B2 + s4D2 + s3E2 + s2F2 + sG2 + 1
(21)

where {
K2 = L2C2C3

M2 = C3
. (22)

The numerator ofGv
off has a resonant frequencyωn2_off , which

is also independent of inductance L0.

ωn2_off =
√

M2/K2 > ωres_off. (23)

C. HO-CM Current Optimization Principle

The denominator of Gi
off and Gv

off has two resonant frequen-
cies ωd1_off and ωd2_off without considering the CM filter induc-
tance. The resonant frequency satisfies the following equation,
according to the Appendix.{

ωd1_off =
√

G2/E2 > ωres_off

ωd2_off =
√

E2/B2 > ωres_off
. (24)

When considering the propagation path below the resonant
frequency ωres_off, the amplitude of the conducting path excited
by HO-CS and HO-VS can be approximately equal to (25)

Fig. 18. Amplitude of the conducting path excited by HO-CS and HO-VS
during turn-OFF oscillation. (a) CAS300M12BM2. (b) BSM120D12P2C005.

during turn-OFF oscillation.{
Ii

MG_off

Id
= Gi

off ≈ s2J2 = s2(Ls1C3 + L1C13 − L2C2)
Iv

MG_off

Id
= Rds_onG

v
off ≈ sRds_onM2 = sRds_onC3

.

(25)
It is similar to the conducting path excited by HO-VS and

HO-CS during turn-ON oscillation. The amplitude of the approx-
imate conducting path (25) is almost the same as the accurate
conducting path (17), except for the phase lags ϕ. The effect
excited by HO-VS on HO-CM can be ignored, but the HO-
CM current excited by the HO-CS cannot be ignored during
turn-OFF oscillation, as shown in Fig. 18. The propagation path
amplitude of BSM120D12P2C005 excited by HO-CS is 7 dB
smaller than that of CAS300M12BM2 during turn-OFF oscilla-
tion, as shown in Fig. 18. That means the HO-CM current of
BSM120D12P2C005 is smaller than that of CAS300M12BM2
with the same HO-CS during turn-OFF oscillation.

When J2> 0, the HO-CM current leads HO-CS 180-ϕ. When
J2 < 0, the HO-CM current generated lags the HO-CS |−ϕ|.
When J2 = 0, the HO-CM current can be completely canceled.

Similar to turn-ON oscillation, the constraint of complete
cancellation of HO-CM current can be obtained during turn-OFF

oscillation according to (25), which is independent of parasitic
inductance Ls2 during turn-OFF oscillation.

p2qm− p1(q + 1) = 1. (26)

V. EXPERIMENTAL VERIFICATIONS

In order to verify the principle of HO-CM current cancellation
and compare the effect of parasitic parameters of power modules
on HO-CM current, two power modules, CAS300M12BM2 and
BSM120D12P2C005, with different parasitic inductances L1

and L2 are tested in this article.

A. Experimental Platform

The experimental platform based on the DPT circuit was built,
as shown in Fig. 19. The decoupling capacitors are composed
of three 22-nF multilayer ceramic chip capacitors and a 10-μF
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Fig. 19. Experimental test platform. (a) Schematic diagram of the DPT circuit.
(b) DPT experimental platform.

metalized polypropylene film capacitor in parallel. The parasitic
parameters of the two power modules have been extracted by
ANSYS Q3D, as listed in Table I. L1 and L2 include the parasitic
inductances of the power modules themselves, L1_in and L2_in,
and the Busbar L1_ext and L2_ext, as expressed in (27) by per
unit. The Busbar parasitic inductances are the only controllable
variables for commercial modules.{

p1 = p1_ext + p1_in

p2 = p2_ext + p2_in
. (27)

The LISN can provide a CM current path and stable high-
frequency impedance. Due to the short operation time of the
DPT circuit, the EMI receiver cannot be used. The HO-CS and
HO-CM currents are obtained by the current Probe TCP0030,
and then fast Fourier transform analysis is carried out with
MATLAB.

In order to analyze the impact excited by HO-CS on HO-CM
current during turn-ON and turn-OFF, respectively, the driver chip
UCC5390SC from TI is selected, which has split output.

B. Experiment of Power Module CAS300M12BM2

The constraint conditions on HO-CM current cancellation
of parasitic parameters L1_ext and L2_ext of power module
CAS300M12BM2 during turn-ON oscillation and turn-OFF os-
cillation can be obtained by substituting (27) into (14) and (26),
respectively.

p1_ext = 1.4p2_ext + 1.11 (28)

TABLE II
EXPERIMENTAL CONDITIONS AND NUMBERS OF CAS300M12BM2

Fig. 20. HO-CM cancellation constraint line and experiment numbers of
CAS300M12BM2.

p2_ext = 9.46p1_ext + 23.9. (29)

When p2_ext is equal to 0, p1_ext is required to be equal to 1.11
during turn-ON oscillation. When p1_ext is equal to 0, p2_ext is
required to be equal to 23.9 during turn-OFF oscillation. The
difference between p1_ext and p2_ext represents the asymmetry
of Busbar. Therefore, the HO-CM cancellation during turn-OFF

oscillation is more difficult than that during turn-ON oscillation.
The power module CAS300M12BM2 is used to verify HO-CM
current cancellation during turn-ON oscillation.

In order to analyze the influence of parasitic parameters on
HO-CM current during turn-ON oscillation, the following two
conditions need to be met at the same time.

1) HO-S remains unchanged during turn-ON oscillation,
which can be achieved by ensuring that the sum of p1_ext

and p2_ext remains unchanged.
2) HO-S does not exist during turn-OFF oscillation, which

can be achieved by a large turn-OFF resistance and a small
load current. The larger turn-OFF resistance and smaller
load current can reduce the switching speed, thus reducing
turn-OFF oscillation [39].

The experimental conditions and numbers of
CAS300M12BM2 are listed in Table II. Fig. 20 shows
the HO-CM cancellation constraint line marked with the
experiment numbers.

Fig. 21 shows the time- and frequency-domain waveforms of
HO-CS and HO-CM current of CAS300M12BM2 with No1–
No3 during the switching process. The sum of parasitic induc-
tances of the power circuit and the gate driving resistance from
No1 to No3 is the same, so the time-domain and frequency-
domain waveforms of the HO-CS are almost the same, as shown
in Fig. 21(a)–(c). In addition, compared with the HO-CS during
turn-ON, the HO-CS during turn-OFF can be ignored. However,
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Fig. 21. Time- and frequency-domain waveforms of HO-CS and HO-CM
current of CAS300M12BM2 with No1 to No3 during turn-ON. (a) Time-domain
waveforms of HO-CS during turn-ON. (b) Time-domain waveforms of HO-CS
during turn-OFF. (c) Frequency-domain waveforms of HO-CS. (d) Time-domain
waveforms of HO-CM current during turn-ON. (e) Time-domain waveforms of
HO-CM current during turn-OFF. (f) Frequency-domain waveforms of HO-CM
current.

the HO-CM current is different during turn-ON due to different
positions of parasitic inductances. No3 has minimum HO-CM
current and No1 has maximum HO-CM current, as shown
in Fig. 21(d), which is consistent with Fig. 20. The HO-CM
spectrum of No3 is 15 dB lower than that of No1. The HO-CM
optimization principle can effectively reduce HO-CM current
during turn-on oscillation.

The HO-CM optimization principle during turn-ON oscilla-
tion is further verified, as shown in Fig. 22.

Fig. 22 shows the comparison of the effects of different
turn-ON driving resistances on HO-CM current with No4 and
No5. No4 has a smaller turn-ON driving resistance than No5,
and therefore, there is switching oscillation during turn-ON.
Although the HO-CS spectrum of No4 is 12 dB higher than that
of No5, the HO-CM current spectrum of No4 is only 3 dB higher

Fig. 22. Time- and frequency-domain waveforms of HO-CS and HO-CM
current of CAS300M12BM2 with No4 and No5 during turn-ON. (a) Time-
domain waveforms of HO-CS and HO-CM current with No4. (b) Time-domain
waveforms of HO-CS and HO-CM current with No5. (c) Frequency-domain
waveforms of HO-CS and HO-CM current with No4 and No5.

than that of No5. Therefore, the HO-CS has little effect on the
HO-CM current during turn-ON oscillation by the cancellation
method proposed in this article.

C. Experiment of Power Module BSM120D12P2C005

Similar to CAS300M12BM2, the constraint conditions on
HO-CM current cancellation of parasitic parameters L1_ext and
L2_ext of power module BSM120D12P2C005 during turn-ON

oscillation and turn-OFF oscillation can be obtained by substi-
tuting (27) into (14) and (26), respectively.

p1_ext = 3.32p2_ext + 3.7 (30)

p2_ext = 1.98p1_ext + 1.72. (31)

The HO-CM cancellation during turn-OFF oscillation is eas-
ier than that during turn-ON oscillation. The power module
BSM120D12P2C005 is used to verify HO-CM current cancel-
lation during turn-OFF oscillation.
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TABLE III
EXPERIMENTAL CONDITIONS AND NUMBERS OF BSM120D12P2C005

Fig. 23. HO-CM cancellation constraint line and experiment numbers of
BSM120D12P2C005.

Similar to CAS300M12BM2, the following two conditions
need to be met to analyze the influence of parasitic parameters
on HO-CM current during turn-OFF oscillation.

1) HO-S remains unchanged during turn-OFF oscillation.
2) HO-S does not exist during turn-ON oscillation, which can

be achieved by a large turn-ON resistance and a small load
current.

The experimental conditions and numbers of
BSM120D12P2C005 are listed in Table III. Fig. 23 shows
the HO-CM cancellation constraint line marked with the
experiment numbers.

Fig. 24 shows the time- and frequency-domain waveforms
of HO-CS and HO-CM current of BSM120D12P2C005 with
No6–No8 during the switching process. The sum of parasitic
inductances of the power circuit and the gate driving resistance
from No6 to No8 is the same, and therefore, the time-domain
and frequency-domain waveforms of the HO-CS are almost the
same, as shown in Fig. 24(a)–(c). In addition, compared with
the HO-CS during turn-OFF, the HO-CS during turn-ON can be
ignored. However, the HO-CM current is different during turn-
OFF due to different positions of parasitic inductances. No8 has
a minimum HO-CM current, and No6 has a maximum HO-CM
current, as shown in Fig. 24(e), which is consistent with Fig. 23.
The HO-CM spectrum of No8 is 7.5 dB lower than that of No6.
The HO-CM optimization principle is effective in reducing HO-
CM current during turn-OFF oscillation.

The HO-CM optimization principle during turn-OFF oscilla-
tion is further verified, as shown in Fig. 25.

Fig. 25 shows the comparison of the effects of different
turn-OFF driving resistances on HO-CM current with No9 and
No10. No9 has a smaller turn-ON driving resistance than No10,
so there is switching oscillation during turn-OFF. Although the

Fig. 24. Time- and frequency-domain waveforms of HO-CS and HO-CM cur-
rent of BSM120D12P2C005 with No6–No8 during turn-OFF. (a) Time-domain
waveforms of HO-CS during turn-ON. (b) Time-domain waveforms of HO-CS
during turn-OFF. (c) Frequency-domain waveforms of HO-CS. (d) Time-domain
waveforms of HO-CM current during turn-ON. (e) Time-domain waveforms of
HO-CM current during turn-OFF. (f) Frequency-domain waveforms of HO-CM
current.

HO-CS spectrum of No9 is 6 dB higher than that of No10, the
HO-CM current spectrum of No9 and No10 is the same. There-
fore, the HO-CS has little effect on the HO-CM current during
turn-OFF oscillation by the cancellation method proposed in this
article.

D. Comparison of HO-CM Current Between Two Power
Modules

The most significant difference between the two power mod-
ules is the layout of parasitic capacitances C1, C2, and C3, which
leads to different HO-CM current characteristics during turn-ON

and turn-OFF oscillations.
The constraint of HO-CM current cancellation cannot be

met simultaneously during turn-ON and turn-OFF. The power
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Fig. 25. Time- and frequency-domain waveforms of HO-CS and HO-CM
current of BSM120D12P2C005 with No9 and No10 during turn-OFF. (a) Time-
domain waveforms of HO-CS and HO-CM current with No9. (b) Time-domain
waveforms of HO-CS and HO-CM current with No10. (c) Frequency-domain
waveforms of HO-CS and HO-CM current with No9 and No10.

module CAS300M12BM2 can realize HO-CM current can-
cellation more easily than BSM120D12P2C005 during turn-
ON oscillation considering the symmetrical design of para-
sitic inductances L1 and L2 of Busbar. The power module
BSM120D12P2C005 can realize HO-CM current cancellation
more easily than CAS300M12BM2 during turn-OFF oscillation.

In the experiment, the combination of parasitic inductances
L1_ext and L2_ext of No3 and No8 is optimal during turn-ON

and turn-OFF. There is a slight error between the experimental
conditions and the ideal constraint, as shown in Figs. 20 and 23.
The error of module BSM120D12P2C005 is greater than that of
module CAS300M12BM2.

The error is mainly caused by the following reasons:
1) the measurement error of the parasitic inductance of Bus-

bar,
2) the parasitic inductance of decoupling capacitance,
3) the error of equivalent parasitic inductances of the power

modules.

TABLE IV
EXPERIMENTAL CONDITIONS AND NUMBERS OF BSM120D12P2C005 BASED

ON DCM OR CRM BUCK CONVERTER

Because the Busbar and decoupling capacitance are the
same when testing the two power modules, the greater error
of BSM120D12P2C005 is caused by the equivalent parasitic
inductances of the power modules. Obviously, power module
BSM120D12P2C005 has a more complex internal structure than
CAS300M12BM2, as shown in Fig. 5.

Although the Busbar parasitic inductances are used to meet
the HO-CM current cancellation constraint condition in the
experiment, it can also be achieved by optimizing the power
module layout. When the parasitic inductances of power mod-
ules and Busbar satisfy the constraint of HO-CM cancellation
during turn-ON oscillation, we call it layout A. When the parasitic
inductances of power modules and Busbar satisfy the constraint
of HO-CM cancellation during turn-OFF oscillation, we call it
layout B.

E. Case of Discontinuous Conduction Mode or Critical
Conduction Mode Buck Converter

The first switching cycle of the DPT circuit can simulate the
critical conduction mode (CRM) or discontinuous conduction
mode (DCM) buck converter, which is a typical soft turn-ON and
hard turn-OFF converter. Therefore, layout B is suitable for the
CRM or DCM buck converter to reduce HO-CM current during
turn-OFF oscillation. The power module BSM120D12P2C005
can meet the requirements of layout B by designing Busbar
parasitic inductances.

The experimental conditions and numbers of
BSM120D12P2C005 based on DCM or CRM buck
converter are listed in Table IV. Fig. 26 shows the time-
and frequency-domain waveforms of HO-CS and HO-CM
current of BSM120D12P2C005 with No11 and No12. There
are almost no HO-CS during turn-ON due to zero-current
turn-ON. The HO-CS is mainly generated during turn-OFF,
as shown in Fig. 26(a). Time-domain and frequency-domain
waveforms of the HO-CS are almost the same due to the
same driving resistance and the sum of parasitic inductances.
However, due to the HO-CM cancellation principle, the HO-CM
spectrum of No11 is 13 dB lower than that of No12. Therefore,
the HO-CM current based on layout B is hardly affected by
HO-CS during turn-OFF oscillation.

VI. CONCLUSION

This article deduces the CM mathematical model considering
the parasitic parameters of the power module, and the effects of
parasitic parameters on the propagation paths excited by HO-VS
and HO-CS are analyzed during turn-ON and turn-OFF oscil-
lations, respectively. Under the combination of LVHC during
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Fig. 26. Time- and frequency-domain waveforms of HO-CS and HO-CM
current of BSM120D12P2C005 with No11 and No12 based on DCM or CRM
buck converter. (a) Time-domain waveforms of HO-CS and HO-CM current.
(b) Frequency-domain waveforms of HO-CS and HO-CM current.

turn-ON and LCHV during turn-OFF, the effect excited by HO-VS
on HO-CM current is almost only related to parasitic capacitance
C3, whereas the effect excited by HO-CS on HO-CM current is
related to all parasitic parameters, including L1, L2, Ls1, Ls1,
C1, C2, and C3. Therefore, the effect of parasitic parameters
on HO-CM current cannot be ignored, which is often not con-
sidered in most CM models. According to the propagation path
excited by HO-CS, the HO-CM current optimization principle is
proposed during turn-ON and turn-OFF oscillations, respectively.
The transfer function from HO-CS to HO-CM includes all
parasitic parameters related to the power module layout.

The different phenomena of HO-CM current can be observed
by exchanging only parasitic inductances L1 and L2 without
changing the sum of parasitic inductances in the experiment.
In order to reduce the HO-CM during turn-ON oscillation, the
absolute value of J1 related to the power module layout should be
as small as possible. When the parasitic parameters of the power
module meet constraint (14), the HO-CM current can almost
be completely eliminated during turn-ON oscillation. Similarly,
in order to reduce the HO-CM during turn-OFF oscillation, the
absolute value of J2 should also be as small as possible. When
the parasitic parameters of the power module meet constraint
(26), the HO-CM current can almost be completely eliminated
during turn-OFF oscillation.

By comparing two power modules with different lay-
outs, we can find that power module CAS300M12BM2
can realize HO-CM current cancellation more easily than
BSM120D12P2C005 during turn-ON oscillation. The power
module BSM120D12P2C005 can realize HO-CM current can-
cellation more easily than CAS300M12BM2 during turn-OFF

oscillation. The HO-CM current spectrum of a DCM or CRM
buck converter based on BSM120D12P2C005 can be reduced by

Fig. 27. Simplified process of the schematic diagram during turn-ON oscilla-
tion.

Fig. 28. Y–� impedance transformation. (a) Y impedance. (b) � impedance.

more than 10 dB using the optimization principle. According to
constraints, the analysis of the effect of power module parasitic
parameters on HO-CM current can guide the layout design of
power modules for different converters based on a half-bridge
structure.

APPENDIX

Generally, the oscillation amplitude of HO-CM current is less
than that of HO-CS, thus the effect of HO-CM current on HO-
CS can be ignored. The oscillation schematic diagram can be
obtained using the configuration shown in Fig. 7(a) during turn-
ON oscillation and is shown in Fig. 27.

The impedances CY1, CY2, and CY3 as shown in Fig. 27(a)
can be obtained by Y–� transformation, as shown in Fig. 28.⎧⎨

⎩
ZCY1

= (ZC1
ZC2

+ ZC2
ZC3

+ ZC3
ZC1

)/ZC2

ZCY2
= (ZC1

ZC2
+ ZC2

ZC3
+ ZC3

ZC1
)/ZC1

ZCY3
= (ZC1

ZC2
+ ZC2

ZC3
+ ZC3

ZC1
)/ZC3

. (32)

The relationship between CY1, CY2, and CY3 can be obtained
according to (32). {

CY2 = mCY1

CY3 = nCY1
. (33)

Therefore, Zon
LY1 and Zon

LY2 can be obtained in Fig. 27.

{
Zon
LY1 = (ZCD

+ ZLs1
)//ZCY1

= s2Ls1CD+1
s(s2Ls1CDCY1+CD+CY1)

Zon
LY2 = ZLs2

//ZCY2
= sLs2

s2Ls2CY2+1

.

(34)
The relationship between the output capacitance CD of the

power devices and the parasitic capacitances CY1 and CY3 can
be defined as follows:{

kon
1 = CD

CD+CY1

kon
2 = CDY1

CDY1+CY3
= CD+CY1

CD+(1+n)CY1

. (35)
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Fig. 29. Simplified process of the schematic diagram during turn-OFF

oscillation.

Generally, CD is greater than CY1, so (34) can be simplified
as (36) below resonant frequency

√
Ls1CY1.{

Zon
LY1 ≈ sLs1k

on
1 + 1

s(CD+CY1)

Zon
LY2 ≈ sLs2

. (36)

According to (36), Fig. 27(a) can be simplified to Fig. 27(b).
Similarly, Zon

LY3 can be obtained as shown in Fig. 27(b) and is
given as follows:

Zon
LY3 ≈ skon

2 (Ls1k
on
1 + Ls2) +

1

s(CD + CY13)
. (37)

According to (37), Fig. 27(b) can be simplified to Fig. 27(c).
Similar to the turn-ON oscillation, the oscillation schematic dia-
gram can be obtained during the turn-OFF oscillation, as shown
in Fig. 29.⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

koff
1 = Coss

Coss+CY2
= Coss

Coss+mCY1

koff
2 = Coss+CY2

Coss+CY23
= Coss+mCY1

Coss+(m+n)CY1

Zoff
LY1 ≈ sLs1

Zoff
LY2 ≈ sLs2k

off
1 + 1

s(Coss+CY2)

Zoff
LY3 ≈ skoff

2 (Ls2k
off
1 + Ls1) +

1
s(Coss+CY23)

. (38)

Figs. 27(c) and 29(c) show the oscillation circuit formed by
equivalent parasitic parameters during turn-ON oscillation and
turn-OFF oscillation, respectively.

The resonant angular frequency can be obtained during turn-
ON oscillation and turn-OFF oscillation, respectively, which may
be a little different due to the parasitic parameters of the power
module. ⎧⎨

⎩
ωres_on =

√
1

(L12+kon
1 kon

2 Ls1+kon
2 Ls2)CDY13

ωres_off =
√

1
(L12+koff

2 Ls1+koff
1 koff

2 Ls1)CossY23

. (39)
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