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ABSTRACT A novel frequency-domain EMC modeling technique is proposed to predict the conducted
electromagnetic interference (EMI) in a three-phase inverter system. On the basis of the frequency-domain
model, a three-terminal behavior model for analyzing mixed-model (MM) noise is derived. Different from
the traditional model, the CM and DM noise sources are independent of each other, thus help to understand
the MM phenomenon directly. It is shown that three stray capacitors in the IGBT module determine the
amplitude of the MM noise, and the influence of the load current on the traditional CM and DM noise
sources can be used for the MM noise observation. The simulation and experimental results are illustrated
to verify the prediction technique and the MM noise analysis is confirmed.

INDEX TERMS Conducted electromagnetic interference (EMI), EMI modeling, mixed-mode (MM) noise,

three-phase inverter.

I. INTRODUCTION

Pulse width modulated (PWM) converters are being widely
used in both industrial and military applications for their high
efficiency and reliability. However, they are also known to
cause a number of major electromagnetic interference (EMI)
problems due to the fast switching actions. In parallel
soft-switched drive systems, the conducted EMI noise travels
along the input and output power lines and causes inter-
ference with other electronic systems. In addition, the high
value of dv/dt may cause high frequency ground leakage
current, motor shaft voltage and the ensuing bearing cur-
rent leading to bearing failure. As for radiated emission,
the electromagnetic interference signals can be transmitted
from the EMI noise source to the susceptible unit and bring
problems such as communication errors, degraded equip-
ment performance and malfunction or non-operation [1]-[3].
To avoid interference between different systems, the EMI
noise emissions generated from such converters needed to
be limited and complied with certain EMC regulations [4].
Usually, these standards are published by organizations
such as European Norm (EN), International Electrotechni-
cal Commission (IEC), International Special Committee on
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Radio Interference (CISPR) and Australian and New Zealand
(AS/NZS) [5], [6].

More details about the standards can be found in [7]-[9].
Thus the EMI filters are inevitably part for the EMI noise
attenuation. As we all know, EMI modeling is the basis for
developing EMI mitigation solutions. High frequency mod-
eling of power converters is needed to analyze EMI and also
optimize the EMI filter design.

Earlier works on EMI modelling of power converters usu-
ally use lumped circuits to model high frequency behavior of
the circuits [10]-[12]. This technique is called time-domain
modelling and requires detailed information of all the internal
and parasitic impedances in the circuits and the physics-based
models of the semiconductor devices, which may not be
available. Moreover, a small time-step must be taken in the
time-domain simulation for its accuracy, thus making it very
slow. In [11] and [12], the semiconductor devices are replaced
by trapezoidal sources, but such simplifications will limit the
accuracy of the models.

Frequency-domain modelling techniques have been devel-
oped in [13]-[20]. In [13]-[15], an elementary commutation
cell, which is referred to the EMI source, is replaced by two
sources shown in Fig. 1. The differential model (DM) emis-
sion seen from the dc side is modelled by a current source ige.
The common model (CM) emission is modelled by a voltage
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FIGURE 2. Behavioral modeling equivalent circuit.

source V;. Thus the DM and CM noise equivalent circuits
can be got respectively and separately. In [16], it is shown
that such models have a limitation when mixed-mode noise
becomes significant, especially in the case with converters
that are asymmetric with respect to ground. In [17]-[20],
the frequency-domain behavioral modelling techniques are
developed. These techniques treat some parts of the system
as a “black box™ and use a generic noise, usually a Thevenin
or Norton equivalent circuit to replace it, as shown in Fig. 2.
Such models have a limitation when the “‘black box” is to be
understood.

In real application, there exists an additional noise-
coupling mode, called the mixed-mode (MM), which should
be taken into consideration in the EMI modeling process.
The non-intrinsic DM noise in a fly-back converter system
is firstly identified as the MM noise by S. Qu and D. Chen
in [21]. Further studies focus on the mitigation of the MM
noise in the fly-back system can be found in [21]-[25]. There
are also some papers discussing the MM noise in the three-
phase inverter system. In [26], the MM noise on the AC side
is analyzed while the MM noise on dc side is ignored. In [27],
the EMI behavioral model of a three-phase power inverter
system has been got to analyze the MM noise, but the model
can only be got by experiment and is hard to be understood.

In this paper, a novel frequency-domain EMC modeling
technique is proposed [28]. Based on the proposed model,
CM and DM noise sources and propagations are analyzed
respectively. Then a three-terminal behavior model for ana-
lyzing the MM noise is derived from the proposed model.
It is found that three stray capacitors of the IGBT module
dominate the MM noise. Moreover, the influence of the load
current on CM and DM noise sources can be used for the MM
noise observation.

This paper is organized as follows. A frequency-domain
model of the three-phase inverter system is proposed
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FIGURE 3. Modeling procedures of the inverter system.

in Section II. Section IIl analyzes the MM noise in the
three-phase inverter system based on the proposed model.
In Section IV, simulation and experiment results are presented
to validate the analysis. Finally, a conclusion is drawn in
Section V.

Il. FREQUENCY-DOMAIN MODELING PROCEDURE
The frequency-domain model of the inverter system can be
got on the base of superposition theorem. The modeling
procedures consist of three steps:

Step 1: Derive the circuit model of the inverter system.

Step 2: Calculate the EMI noise source in the inverter
system.

Step 3: Identify the noise propagation and calculate the
EMI noise of the total system.

More details can be found in Fig. 3.

A. CIRCUIT MODEL DERIVATION

Fig. 4 shows the detailed circuit model of the three-phase
inverter system. In the circuit, the main parasitic parameters
are taken into account. Cp and Cy represent the total com-
mon mode dc bus stray capacitors if the bus stray inductors
between each bridge (L) are neglected. Cp represents the
total stray capacitor of the midpoint of each bridge. C¢, rep-
resents the total common mode stray capacitor of the output
filter with respect to the ground.

The principle of the modeling is to replace the switches
with equivalent sources. According to the substitution theo-
rem, if the IGBTs VTx and VTx (xe{a, b, c}) are substituted
by the voltage sources having the same voltage waveforms,
the circuit behavior keeps the same. Thus, the six switch
branches can be replaced by six voltage sources. Furthermore,
if ignoring the bus inductors, the six voltage sources can be
reduced to four ones further. Fig. 5 shows the resultant circuit,
which is the circuit model for the conducted EMI prediction.
Traditional studies treat the DM noise source as a current
source and ignore the bus stray capacitors Cp and Cy, thus
the mixed-mode noise is out of consideration [14]. On the
other hand, the circuit model shows in Fig. 5 takes the
bus stray capacitors into consideration and can be used for
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FIGURE 4. Detailed circuit model of a three-phase inverter system.
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FIGURE 5. EMC prediction circuit model of a three-phase inverter system.

mixed-mode noise analysis. In Fig. 5, Vpy represents the
equivalent DM noise source Vpys. Vv, Vpy and Vey repre-
sent the three equivalent CM noise sources. Moreover, due
to the symmetry of the three bridge branches, three CM noise
sources can be replaced by the equivalent voltage V¢ys shown
in (1).

Vem = (Van + Vv + Ven)/3 (D
B. NOISE SOURCE CALCULATION
In the three-phase inverter system shown in Fig. 4, the output
voltage of each bridge varies from 0 V to V.. As a result,
Vem is the most dominating noise source. Noise source
Vpy also contributes to the total noise source. The noise
source in frequency-domain can be obtained from measure-
ment or simulation. The measurement can just be taken
after the prototype is setup. Thus, the simulation method is
selected and the procedures are presented in detail in this
paper.

In order to calculate the noise source, the equivalent circuit
is simplified as Fig. 6. In Fig. 6, V. represents the voltage
through the dc-link capacitor, L, represents the inductance
of the cable between the dc-link capacitor and the phase-A
bridge, and Z; represents the total impedance of the output

filter and the load. Based on the theory of Kirchoff’s voltage
law (KVL) and Kirchoff’s current law (KCL), the noise
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FIGURE 6. Simplify circuit for noise source calculation.

source can be solved by the following circuit equations

Van (1) =Vpn (1) X Sau (1) +0x Saq (1) = Vey () X Say (1)
Vin (1) =Vpn (1) X Spy (1) +0x Spq (1) = Vpy () X Spy, (1)
Ven 8)=Vpn (t) X Scy (1) +0x Seq (1) =Vpy (1) X Scu (1)
ige (1) =1iq (t) X Sau (1) +ip (£) X Spy () +ic (1) X Scy (1)

(2)
Van ()= (Van (8)+Vin () +Ven (5)) /3=1q (5) X Z; (5)
Vin (5) —(Van (5)+Ven () +Ven (5)) /3=1ip () X Z; (5)
Ven ()= (Van (9)+Vin (5)+Ven (5)) /3= (s) X Z; (s)
Ve (8)—Vpn (8) =25Ljine X ige (5)

3
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FIGURE 7. Experiment result of the output voltage waveform.

Vae (5)=V,
e (5) = 2D )

From (2) and (3) Vpy, Van, Ven and Vi can be solved both
in time-domain and frequency-domain if the three switching
functions S, Spy and S, are known. Thus, the noise source
can be got. It should be noted that V. keeps a constant voltage
level for the existence of the dc-link decoupling capacitor,
thus the DM current iy can be simply got from Vpy as shown
in (4).

Due to the electromagnetic couplings among the para-
sitic parameters of the IGBTs and the dc bus, there exists
high frequency ringing on the output voltage waveform in
a real voltage source inverter system. These high frequency
ringing waveforms are caused by switching actions in both
self-phase and other phases. To precisely predict multiple
ringing frequencies, all the parasitic parameters in the inverter
system must be considered. More details to explain the high
frequency ringing waveforms can be found in [29]. To make
the noise source calculation procedure fast but not inaccurate,
only the main harmonics in the ringing waveforms are con-
sidered. Fig. 7 shows the measured waveform of V.

To model this ringing and make the calculation accurate.
The high frequency ringing function can be expressed as

SAdd = Z MRingx % e~/ Tampx 5 gin (27TfRingxt) %)
x=1,2,

where Mpngy is the magnitude of the ringing, Tpumpy is
the damping period, and fringx is the ringing frequency,
xe{l,2,...}. Then the switching functions can be expressed
as

Syu = Sy + Sada Q)

where S, denotes the traditional switching function,
ve{a, b, c}. It should be noted that x means different frequen-
cies of harmonic appear in one resonance. The magnitude
and the frequencies of the harmonics can be got easily by
the experiment result of the output voltage waveform shown
in Fig. 7.

C. NOISE PROPAGATION DEFINITION AND EMI
NOISE CALCULATION

The accuracy of the parasitic parameters is the key to success-
ful EMI prediction through simulation. Thus, the capacitors
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in Fig. 5 are especially important for the common mode
noise generation. For the extraction of the parasitic capaci-
tances, the simulation software used in this study is Simplorer
16.2 from ANSYS. The main parasitic capacitors are the stray
capacitors of the IGBTs in the model.

The simulation model is made for IGBT component
2MBI200S-120, which is used in the experiment prototype.
The 3D structure of the model is illustrated in Fig. 8. The
collector of the IGBT chip and the cathode of the diode
chip are mounted on the direct-bond-copper (DBC). Bonding
wires are used to solder the IGBT and the diode chips to a
conductor pad so that the emitter-to-anode connection can be
made. The terminal leads are soldered on the required pad and
introduced to the outside screw mounting holes and the gate
and source connectors.

It should be noted that the 3D structure model represents
the switches in one phase, which include both the upper
switch and the lower switch. The right four silicon chips
in deep blue represent the upper IGBT and diode. The left
four silicon chips in deep blue represent the lower IGBT and
diode. The junction capacitance of the upper IGBT and diode
is the capacitance between the two surfaces of the right four
silicon chips. The junction capacitance of the lower IGBT and
diode can be got similarly.

Fig. 8 (b) shows a simplified 3D structure model of the
IGBT module. The bonding wires and the terminal leads are
ignored in this model. This simplification has no effect on
the calculation of the capacitance. However, this simplified
model cannot be used for parasitic capacitors extraction of
the IGBT module for its neglect of junction capacitors. The
simulation results of the capacitances are got from the 3D
structure model shown in Fig. 8 (a). It should be noted that
this simulation is independent from the EMI simulation of
the total system, and the 3D structure model is just used
for the extraction of the parasitic capacitors of the IGBT
module.
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TABLE 1. Comparison of the capacitances got from calculation,
simulation and experiment.

C] Ez CZ El

eo(F/m) 8

. 8.86x10™"2

d(m) 6x10*

A(m?) 2.9591x10° 7.9836x10* 3.7412x10°
Cal.(pF) 42823 115.53 541.41
Sim. (pF) 446.85 125.30 571.8
Exp.(pF) 464 124 610

The bonding wires in the 3D structure model are the key
for the measurement of the parasitic capacitors of the IGBT
module. The bonding wires are used to link the upper surfaces
of the silicon chips to the terminal leads. When the bonding
wires on the right side are removed, the link between the
C»E7 terminal lead and the upper switches are disconnected.
When the bonding wires on the left side are removed, the link
between the E, terminal lead and the lower switches are
disconnected. The measurement of the parasitic capacitors
are down with all the bonding wires are removed. Thus the
influence of junction capacitance can be eliminated. And
the capacitance can be measured directly by the impedance
analyzer.

The capacitances can be calculated using the commonly
known formula:

A 7
€= e0tr (N
where g is the air dielectric constant, &, is the relative dielec-
tric constant of the substrate material, A is the equivalent area,
and d is the distance between the DBC bottom copper layer
and the baseplate.

From (7) and the IGBT structure shown in Fig. 8(a),
the stray capacitance of IGBT is dominated by the DBC.
Thus, the capacitive model of the IGBTs can be simplified
to Fig. 8(b). The simulation results of the capacitive model,
the calculated capacitances, and the experiment results are
compared in Table 1. Thus, the capacitances of Cp, Cy and
Co can be got. Cp is 1392 pF, Cy is 372 pF and Cp is 610 pF.
It should be noted that Cp and Cy represent the total common
mode dc bus stray capacitors. Thus, Cp is three times the
value of the capacitance of C and Cl is three times the value
of the capacitance of E>. While Cp is in same value as the
capacitance of C2E|.

The high frequency models of the other passive devices
can be simply got by the use of impedance analyzer. The
measurement results are shown in Fig. 9. It should be noted
that these results are got by eliminate the influence of the
testing wires, which can be considered as ideal inductors. The
results are used in the simulation later.

Lyire and C,g can be simply got by the measurement of
the impedance analyzer. L. is 12 uH, Ccg is 20 pF. After
the procedures above, all the parameters in Fig. 5 can be got.
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FIGURE 9. High frequency models of the passive devices.
The total EMI noise on LISNSs can be predicted through (8)

R(s)= Y Z()xS(s), s=jof ®)
f=hfi.

where R(s) is the total EMI noise to be predicted, Z(s) is
the voltage signal on LISNs produced by the unit magnitude
noise source at each frequency, and S(s) is the noise source
in frequency-domain. It should be noted that the two noise
sources Vpys and Vs are included in S(s). Moreover, Z(s)
and S(s) are dominated by the propagation and the noise
source respectively, thus can be studied in detail through the
proposed model. The complete frequency-domain modeling
procedure can be implemented by using Matlab and Saber
cooperative simulation.

IIl. ANALYSIS OF THE MIXED-MODE EMI NOISE
According to the conventional theory, the DM noise is defined
as the voltage difference between the two LISN resistors, and
the CM noise is defined as the average voltage of the two
LISN resistors. The CM and DM noises defined on LISNs
are shown as

VN = V=V
V& = (Vu+Va) /2 )

where V, and V,; are the voltage noise signals measured
across the upward and downward LISNs respectively. The
mixed-mode noise in this paper is defined as the noise caused
by different type of noise source. For example, the CM noise
caused by the DM noise source and the DM noise caused by
the CM noise source are both mixed-mode noises.

A. BEHAVIORAL MODEL DERIVATION FOR THE
MIXED-MODE NOISE ANALYSIS

From the analysis in Section II, the complete circuit model
of the three-phase inverter system for the EMI modeling can
be obtained from Fig. 5. Based on the superposition theorem
and the symmetry of the three bridge branches, the equivalent
circuit can be simplified to Fig. 10. In Fig. 10, all high
frequency parasitic parameters, including IGBTs, inductors
and capacitors, are taken into consideration. L,,;, represents
the total inductance of the wire when dc side EMI filter is out
of consideration.

In this Section, a terminal circuit model derived from
Fig. 10 is proposed and used for the MM noise analysis.
There are three terminals, terminal positive (P), terminal neg-
ative (N) and ground (G), in the three-phase inverter system
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FIGURE 11. Simplest three-terminal circuit model.

when seeing from the dc side. Thus, a three-terminal model
is needed to model the total inverter system from the dc
side. As stated in [30], the simplest network that fully and
uniquely defines a three-terminal system is composed of three
impedances and two sources. It should be noted that the two
sources are not fixed; furthermore, each source can be either
voltage source or current source. Take two current sources for
example, a simplest three-terminal circuit model can be got
as shown in Fig. 11, in which the three impedances and the
two current sources are independent of each other.

To model the entire inverter system, the first work is to
model the inverter part shown in Fig. 10, then other parts of
the system including the LISNs and the dc-link capacitor can
be added to the three-terminal model directly. The inverter
part can be equivalent to Fig. 12 through the circuit theorem,
where the relations between the impedances and the sources
of the two circuits can be expressed as

Z) = ZLline
Zr = Zcp
Z3 = Zey W Zow = Zey 11 Z3xco (10)
Vi = Vpu
Vy = Vey—C0__
3Co +Cy

Next work is to get the simplest three-terminal model
of the inverter part and solve the five model parameters.
The procedure of obtaining each component of the simplest
three-terminal circuit model from those of the given one can
be found in [29]. The details will be shown as follows.

The first step is to get the inner state equations. The original
circuit shown in Fig. 12 has 5 branches and 5 nodes. The
voltages and the currents of all the branches can specify a
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FIGURE 12. Equivalent circuit of the inverter part.

state of the circuit. Thus, there exist 10 state variables in the
circuit. Among these 10 variables, there hold 4 equations by
KCL and 1 equation by KVL. Furthermore, 5 more equations
can be found in each branch by Ohm’s law or given directly
when the element is a source. To sum up, the 10 circuit state
equations can be got as shown in (11).

01-1100 0 0 0 o0 7[V,
00000 1 0 0 0 0 ||Ww
00000 1 —1 -1 0 o0 ||
00000 0 0 1 1 —1|]|vw
000000 0 0 0 1 v,
10000-2 0 0 0 0 I,
01 000 0 -2 0 0 0 I,
001000 0 0 0 0 L.
00010 0 0 0 -2z 0 |]|1
00001 0 0 0 0 -z || £ |
0 0 0 0] 0]
0 0 -1 0 0
00 0 0 0
00 0 o|[v 0
00 o 1]||w 0
=lo o o ol|lnm|T]o an
00 0o o0l 0
00 0 0 Vi
00 0 0 Vs
00 0 o0 0 |

The second step is to get the terminal state equations. The
circuit shown in Fig. 12 has 3 terminals, P, N and G. Here
take terminal G as the reference ground, then 2 terminal state
equations can be got as shown in (12).

v
Vb
V.
Va
1 1 0 0 0 0O 0 0 0 O Ve
[ 0—1—100000}15,
Iy
I
Iq
_Ie_
Vp
1 0 0 O Vi 0
Z[o 10 0] Ip +[0] (12)
Iy
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The last step is to get the terminal equations which include
terminal variables Vp, Vy, Ip and Iy only. The 10 state
variables can be solved by (11). Substituting the values of
the 10 state variables into (12), we get the terminal equation
as shown in (13). (13) can be further rewritten to (14), which
shows the relations between the terminal variables.

V4.Y4 7
10 oz BB D7
L+ 73 I+ 73
727 V4Y4
0 —1 R g, BB
Zr+ 73 Zr+ 73
Vp
VN
<| 1
Iy
Z Z
%1 2 -V 2
_ 0 Zr+ 273 Zr+ 73 (13)
0 Z3 Zn
Vi -V,
Zr+ 73 Zr+ 73
7 7
Zi + 243 243
Vp i Hh+7Z3 2+ 7 Ip
VN 73 7 73 Iy
I+ 273 I+ 273
Z Z
Vi 2 -V 2
— Z2 +ZS Z2+Z3 (14)
Z3 Zn

1 -
Zr + 73 2+ 7

As for the simplest three-terminal circuit model shown
in Fig. 11, the relations between the terminal variables
can be got by loop current analysis method. The result is
shown in (15). By comparing (14) and (15), each compo-
nent in Fig. 11 can be solved. The result is shown in (16).
As stated above, Z; represents the total inductance of the
wire between the dc-link capacitor and the phase-A bridge.
Generally speaking, to make peak values of the voltages
through the switches as small as possible, Z; is supposed to
be small enough. In the inverter system stated in the paper, the
inductance of Z; is smaller than 200 nH. Here take 200 nH
as an extreme situation. From (16), Z; can be ignored only if
7, is far less than 2*(Z, || Z3). The spectrums of Z1, 2*(Z>||Z3)
and Z; +2%(Z,||Z3) are shown in Fig. 13. It shows that Z; can
be ignored in the frequency range less than 5 MHz.

ZpGZNG

Vp
]+
ZpG + ZnG + ZpN
Ip
<[]
—ZpG
ZpG + ZnG +ZpN

—ZNG
ZpG + ZnG+Zpn

ZpG(ZnG + Zpn)
ZpG + ZnG + Zpn

ZpGZNG
ZpG + ZnG + Zpn
ZnG(ZpG + Zpn)
ZpG + ZnG + ZpN

(UncZnG — IpcZNnG — IpGZpN)

(UncZpG + IngZpn — IpGZpG)
(15)
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ZpG = Zng = Z1 +

27,73
~ 2(4l123)
Zr+ 273

Zr+ 73 2\ (Zr + Z3)
Zpn =21\ Z 2| =Zpg——— ~ 27
PN 1 < 1 77 + ) PG 77 1
1 ) 273
IPG=_< V1=V + =—F——7-Vi
ZpG \Z> + 273 2\ (Zr + 7Z3)
1 (ViZ3+ V22, 2,73
Ing = —— v
ZNG Zy+ 73 7y (Zr + Z3)

(16)

From the analysis above, the two current sources Ipg
and Iyg have different values from each other, thus can be
the sources of the MM noise. On the other hand, the two
impedances between PG and NG are the same. If we make
the two current sources Ip; and Iyg have the same value
with the opposite directions, then the sources between PG
and NG will contribute to common noise only. The sources
for the CM and DM noise separation can be got by (17).
By this equivalence, the CM and DM noises can be gen-
erated by CM and DM noise sources separately. Substitut-
ing (16) into (17), the CM current noise source and the DM
current noise source can be got as shown in (18). Thus,
the final three-terminal circuit model of the total inverter
system which including LISNs and the dc-link capacitor is
derived as shown in Fig. 13. It should be noted that Zcc,p
and Zcg. can be added to the three-terminal circuit model
directly.

Iscu = (v — IpG) /2

Ispy = IpG + InG (17
Iscm = (V123 — ViZy + 2V 2) [2Z2pG (22 + Z3)
Ispm = V1 (Z1 4 22,511Z3) /221 Zpc (18)

B. MIXED-MODE NOISE ANALYSIS

Usually, each phase of the LISNs can be represented by 50 Q2
impedance. The total inductance of the wire L, can be
ignored for its series connection with LISNs. Therefore, from
the three-terminal circuit model shown in Fig. 14, the CM and
DM noises can be got as

Vv 1  Z||Z
N DM<_+ 21173

= 7o 2Z 1 Ze |12 Zsw | Z
M Zpg \2 7 >( 111Zcy 112 (Zuisn | Zpe))
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L wire

ip | VZ,-V,Z,+20,7Z,
Z 2(2,+7)
A | Zuisv ® |22 Zeew

=~

14

(12, Z,
n(1, 20z
T zm[z z /4

D | |22 Zcewr
| V,Z,~V,Z,+2V,Z, ]

Zw  2(2,+7,)

N

2Z0\|Zcae

)

ZLisn

+ S

Lyire

FIGURE 14. Final three-terminal circuit model for MM noise analysis.

N
Vem

1 (VDM Cp—Cy —3Co
ZpG 2 Cp+Cy+3Co

+V, 3Co )
ML+ Cy +3Co
X (Zusn 1Zpcl| QZ1|1Zcac + Zrisn1Zpc))

Z, Z,
8 (1 n LIsN || ZpG ) (19)
Zusn 1 Zpg + 2Z1 || Zcac

It should be noted that Zce, is in parallel with Zp sy
thus can be ignored in the derivation process. As we can see
in (19), the DM noise VN DM is just dependent on the DM
voltage noise source Vpys, which means that there is no MM
noise. However, the CM noise VN CM is dependent on both
DM voltage noise source Vpys and CM voltage noise source
Vem - The CM noise which caused by the DM voltage noise
source Vpys is the MM noise. In other words, the MM noise
exists only in CM noise in the three-phase inverter system,
if the circuit asymmetry of the propagation path is left out
of consideration. Thus, the simulation and experiment results
about the DM noise will not be shown later.

Another point is the influence of the MM noise on the total
CM noise. From (19), it is clear that the three stray capacitors,
Cp, Cy and Cp, dominate the weighting factors of the two
voltage noise sources Vpys and V. When the capacitances
of the three capacitors are comparable, the weighting factors
of both voltage noise sources are comparable to each other.
If Cp and Cy are much larger than Cp, the weighting factor
of Vpys will be much larger than that of V. By this means,
the MM noise can dominate the total CM noise.

In real situations, it is difficult to distinguish Vpys or Vey
from the total noise source. Thus it is difficult to measure the
MM noise separately from the total CM noise. Fortunately,
there exists a significant difference between the influence of
the load current on Vpys and Vyy. This can be used for the
MM noise observation later.

For the CM noise source Vs, the load current does
not affect the switching action and the resonance in the
noise source, thus V¢ varies little with the load current.
On the other hand, for the DM noise source Vpys, these
exists a relation between the load current and the voltage
of the dc bus Vpy, which is Vpyy, as shown in (2) and (3).
The load current iy, ip and i, can influence the dc bus
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FIGURE 15. Test bench of the 12 kVA three-phase inverter system.

current iz, through the switching functions, thus further affect
the DM noise source Vpys. For the noise propagation, the
frequency-domain characteristic waveform of the CM noise
propagation will not change with the load situation for the
symmetry of the three bridge branches, neither will that of
the DM noise propagation change for the existence of the
dc-link decoupling capacitor. To sum up, the load current
can influence the total EMI noise on LISNs by affecting the
DM noise source. This will be verified by simulation and
experiment in next section.

IV. SIMULATION AND EXPERIMENT RESULTS

The simulation softwares used in this study are Saber and
Matlab. Saber is a circuit simulation tool which here is used to
simulate the EMI noise propagation mentioned above. Matlab
is used as a calculation tool for EMI noise source generation
as well as a data processing tool for EMI noise prediction.

It should be noted that both time-domain and frequency-
domain images can be used for the analysis of EMI. But infor-
mation about the frequency of the noise is just included in
frequency-domain images, which is very important for EMI
analysis. The changes about the amplitude of the EMI noise
can also be directly presented in frequency-domain images.
Moreover, EMC regulations provided by EMC standards are
also in form of spectrum. Thus, spectrum is chosen as the only
data processing tool in the simulation and experiment later.

A. TOTAL NOISE PREDICTION

Fig. 15 shows the 12 kVA three-phase inverter system test
bench. The power converter is connected to the dc power
supply through LISNs and dc cable. The power converter con-
tains dc-link capacitor, bus-bar, three-phase H-bridge. Loads
are connected with the power converter through output LC
filter and ac cable. The inverter is designed to have the rated
output voltages and currents of 380 V and 18 A at 400 V dc
input. For simplicity, three-phase resistive load is used and
connected to the inverter system in star formation. The output
frequency is 50 Hz, and the switching frequency is 8 kHz.
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TABLE 2. System parameters for simulation and experiment.

Parameter Value Parameter Value
Switching Frequency 8 kHz Lyie 12 uH
Use 400 V Cp 1392 pF
Cie 1030 pF Cy 372 pF
Lic 350 uH Co 610 pF
G 60 uF Cee 20 pF
Rload 15Q
160 Noise Source Comparison
—VCM
140 L _VDM 4
120°
100 -
2
A 80
o
60
40
20 ¢
10* 10° 10° 10

f(Hz)

FIGURE 16. DM and CM noise sources got from simulation.

Some key system parameters are listed in Table 2. The circuit
used in Saber is the same as that shown in Fig. 5 except that
Ceqp is taken into consideration. C,qp is 30 pF.

From the circuit equations given by (2), (3) and (4) in
Section-1II, Vpy is got by the difference between V. and the
voltage through Ljin.. V. is the voltage through the dc-link
capacitor. It can be considered as a constant in low frequen-
cies. Ljiy, represents he inductance of the cable between the
dc-link capacitor and the phase-A bridge. L, is supposed to
be very small in practical system. i . is the product of three
switching functions and three corresponding output currents.
The peak value of iy is equal to that of the load current. Thus
Vpy varies little in low frequencies. It is known that in SVM
modulation, the summation of the three switch functions,
Saus Spy and S, varies from O to 3. Thus, Vs varies from
0 V to Vg, which is far large than the variation of Vpy.
Thus, the CM noise source is much larger than DM noise
source in low frequencies. Fig. 16 shows the CM noise source
Vem and the DM noise source Vpys got from simulation.
It can be found that V¢y; dominate the noise source in low
frequency range while both are comparable in high frequency
range. The reason is that the low frequency range of the noise
source is dominated by the modulation method while the high
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FIGURE 17. CM and DM noise sources for no load and full load, (a) CM
noise source V¢, (b) DM noise source Vpy,.

107

frequency part is caused by the device switching behavior and
the resonance of the parasitic parameters.

As analyzed in Section III, there exists a remarkable dif-
ference in load characteristic between the CM and DM noise
sources. The simulation results of the CM and DM noise
sources got from (2), (3) and (4) for no load and full load
are compared in Fig. 17. It can be found that the CM noise
source varies little with the load situation in low frequency
range while the DM noise source varies significantly. The
DM noise is in significant higher level with full load than
that with no load. From the results, it can be concluded
that DM noise is load dependent while CM noise is load
independent.

The predicted result of the total EMI noise got from sim-
ulation and the result got from experiment are compared
in Fig. 18. The comparison is made in 10 kHz to 30 MHz
range. The measurement is done using the voltage sampled
on LISNs by an oscilloscope, and then calculated by FFT
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FIGURE 18. Comparison of the results from simulation and experiment.

to get the experiment result. It should be noted that an
adequately large sampling frequency is needed for the accu-
racy of FFT calculation. The sampling frequency is chosen
to be 250 MHz for both simulation and experiment in this
study. Fig. 18 shows that the prediction result of the total EMI
noise matches well with the measured result up to 30 MHz.
A significant difference is found around 10 MHz, which is
caused by the oscillation of the parasitic parameters of the
inverter system. But in total, the error is within 10 dB up to
30 MHz.

From the above simulation and experiment results, we can
conclude that the proposed model can predict the conducted
emissions up to 30 MHz accurately. Moreover, DM noise is
load dependent while CM noise is load independent. Thus,
load situation can be used as the indicator for the MM noise
observation.

B. SIMULATION AND EXPERIMENT RESULTS OF THE
MIXED-MODE NOISE

The simulation results of the DM and CM noise are got by
calculation with the help of Matlab. The DM and CM noise
are defined as the algebraic operation of the voltage signals
on LISNs, which can be got from (9). It should be noted that
the 1 uF capacitors added to terminal P and terminal N are
non- inductance polypropylene capacitors in the experiment.
While in simulation, an ideal 1 uF capacitor model is added.
The differences between the ideal capacitor and the practical
polypropylene capacitor can cause differences between the
simulation and the experiment results. However, the differ-
ence does not affect the analysis result of the mixed-mode
noise.

The simulation results of the DM and CM noise in normal
case, which means without any additional capacitors, are
shown in Fig. 19 and Fig. 20 respectively. The red curves
represent the total noise. The blue curves represent the noise
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FIGURE 19. Simulation result of the DM noise in normal case.
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FIGURE 20. Simulation result of the CM noise in normal case.

caused by the DM noise source. The orange curves represent
the noise caused by the CM noise source. It can be concluded
that the DM noise source determine the DM noise and the
CM noise source determine the CM noise in normal case.
The MM noise in the CM noise can also be ignored. This can
be explained by (19). The weighting factors of the DM noise
source and CM noise source are compared to each other in
normal case, while the CM noise dominate the total noise
source in the whole frequency range as shown in Fig. 20.
Thus, the CM noise source dominates the CM noise and the
MM noise can be ignored.

Fig. 21 and Fig. 22 show the simulation results of the CM
noise with a 1 uF capacitor added to terminal P and terminal
N respectively. The CM noise is main determined by the DM
noise source in these two cases. From the analysis above,
the weighting factor of the DM noise source is far larger
than that of the CM noise source in these two cases, thus
making DM noise source the major determinant. The MM
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FIGURE 21. Simulation result of the CM noise with a 1 xF capacitor
added to terminal P.
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FIGURE 22. Simulation result of the CM noise with a 1 xF capacitor
added to terminal N.

noise becomes obvious and dominates the CM noise in these
two cases.

In real situation, it’s very difficult to get the MM noise
directly. Thus load current is used for the MM noise obser-
vation. Here no load and full load are taken as two extreme
situations in the experiment. A remarkable difference can be
observed on the DM noise source in these two situations.
The experiment results of the CM noise with no load and
full load in normal case are shown in Fig. 23. It shows that
the CM noise changes little with load current in normal case,
which means the CM noise source dominate the CM noise.
Fig. 24 and Fig. 25 show the experiment results of CM noise
with no load and full load when a 1 uF capacitor is added
to terminal P and terminal N respectively. The CM noise
changes obvious with load current in these two cases, which
means the MM noise dominates the CM noise.
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FIGURE 23. Experiment results of the CM noise with no load and full load
in normal case.
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FIGURE 24. Experiment results of the CM noise with no load and full load
when a 1 xF capacitor added to terminal P.
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FIGURE 25. Experiment results of the CM noise with no load and full load
when a 1 uF capacitor added to terminal N.

The above simulation and experiment results show that
the three stray capacitors of the IGBT module dominate the
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MM noise. If a significant difference is made between
the capacitances of terminal P and N, the mixed-mode noise
will become obvious and dominates the CM noise. The exper-
iment results show good agreement with the simulation
results, they both verify the analysis in Section III.

V. CONCLUSION

This paper proposed a novel frequency-domain EMC mod-
eling technique for the conducted EMI prediction in a
three-phase inverter system. The proposed model can predict
the conducted emissions up to 30 MHz accurately. Then a
three-terminal behavior model for analyzing MM noise is
derived. It is shown that three stray capacitors of the IGBT
module dominate the MM noise and the influence of the load
current on the traditional CM and DM noise sources can be
used for the MM noise observation. The accuracy of the posed
model and the analysis of the MM noise are validated by the
simulation and experiment results. The modeling technique
and the method for analyzing MM noise can be extended to
any other topology.
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