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Abstract—Electromagnetic interference (EMI) issue is one of the 
major constraints of power electronic converters, especially for 
variable-speed systems. In this work, the common mode noise in a 
three-phase motor system is analyzed and modeled. The three-
phase pulse-width modulation (PWM) inverter creates high 
magnitudes of dv/dt and di/dt, resulting in common mode noise 
and disturbance power. In this paper, the common mode noise and 
disturbance power modeling method are proposed for three-phase 
motor systems. The proposed equivalent circuit model comprises 
detailed models for insulated gate bipolar transistors (IGBTs), 
EMI filters, a three-phase motor and a printed circuit board 
(PCB). The proposed model of a three-phase system was verified 
by measurement with and without additional Y-capacitors. The 
measured and modeled common-mode noise shows a correlation 
in broadband common-mode noise reduction. 

Keywords— Three-phase motor system, IGBT, Y-capacitors, 
common mode noise, disturbance power 

I.  INTRODUCTION 
Electromagnetic interference (EMI) issues are one of the 

major constraints to the design of power electronic converters, 
especially for variable-speed systems. Three-phase motors are 
widely used in a variety of machines, as they have substantial 
starting torque and power in a small package. Due to the high 
dv/dt and di/dt magnitudes of the inverter circuit, the three-phase 
motor system generates common mode noise and disturbance 
power which may affect other devices.  

In literature, several papers show individual circuit 
component modeling, but system-level modeling for entire the 
three-phase motor system has never been proposed. The 
common mode noise in a three-phase motor drive system was 
modeled in [1] using an equivalent circuit impedance-based 
estimation. In [2], the asymmetry in parasitic capacitance of 
motor coils is identified as the root cause of common mode 
current in a three-phase motor drive system. The switching cells 
of an inverter in [3] were replaced by current and voltage source 
models, highlighting the negative effects of stray elements and 
the importance of motor and cable propagation paths. An EMI 
characterization of high-power IGBT modules was carried out 
in [4] by modeling the IGBTs including the internal stray 
elements. Previous modeling approaches only consider a portion 
of the complete three-phase motor system thereby limiting the 
common-mode noise and EMI analysis. In [5], a complete 
modeling framework was introduced to model the ac-dc power 
supply in a LED TV for analyzing the conducted emission below 

1 MHz. However, such an approach was not used in three-phase 
motor systems. A complete modeling framework that includes 
all the circuits of the three-phase motor system can help analyze 
and help lower the total disturbance power and common mode 
noise levels. 

In this paper, a modeling framework for the three-phase 
motor system is proposed and verified using measurement 
results. The parasitic parameters of an insulated gate bipolar 
transistor (IGBT), EMI filter, three-phase motor, PCB, and RLC 
components are extracted. The proposed equivalent circuit 
model of the system is applied to analyze and lower the common 
mode noise and disturbance power levels. 

II. THREE-PHASE MOTOR SYSTEM  SETUP 
An evaluation board (EVAL-M7-HVIGBT-INV) from 

Infineon, as shown in Fig. 1, is used in the proposed modeling 
and analysis.  The board requires a 220V input AC and it 
delivers three-phase 310V outputs. The maximum output power 
of the board is 200W, thus six 100-ohm power resistors were 
used to limit the power. The Brushless DC (BLDC) three-phase 
motor was connected to resistors in series. 

The CISPR 16-1-3 standard was adopted to measure the 
disturbance power from the line under test (LUT). The 
measurement was carried out as shown in Fig. 2 (a). A 5m long 
cable was used to power the board and a spectrum analyzer, and 
an absorbing clamp was used to measure the disturbance power. 
The disturbance power was measured at 30 sample positions 
from 10 cm to 510 cm. A quasi-peak detector with max-hold 
power was set in the spectrum analyzer to measure the This work was supported in part by the National Science Foundation 

(NSF) under Grant No. IIP-1916535.  

 

Fig. 1.  Three-phase motor system. 
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disturbance power from 30 MHz to 300 MHz. As shown in Fig. 
2 (b), the disturbance power from the evaluation board is high 
and needs to be lowered.  

III. PROPOSED MODELLING FRAMEWORK 
To analyze the noise generated by the three-phase motor 

system, IGBT, EMI filter, PCB, and motors are modeled 
separately. The modeling methods are discussed in this section. 

A. Modelling IGBT using Genetic Algorithm 
The IGBT on the evaluation board is modeled by an ideal 

switch with parasitics. Besides the capacitances, the resistances 
and inductances of the gate, collector, and emitter pins are 
considered [6]. To build the equivalent circuit model, the first 
step is a one-port measurement using a vector network analyzer 
(VNA) from 100 kHz to 1.5 GHz. As shown in Fig. 3 (a), the 
IGBT is soldered to an open-ended semi-rigid cable, and VNA 
is connected to the other side of the cable. The measured 
frequency is from 100 kHz to 1.5 GHz, with a log-scale sweep. 
The port extension was turned on to calibrate the delay of the 
cable. Three Z-parameters are tested: collector to emitter, gate 
to the emitter, and gate to the collector. While the measured pins 
of the IGBT are soldered to the signal and ground of the cable, 
respectively, the third unused pin is floating. 

Afterward, the genetic algorithm is utilized to create the 
circuit model of IGBT.  The equivalent circuit is shown in Fig. 
3 (b). There are 9 unknown variables: 𝑅𝑅𝑐𝑐 , 𝑅𝑅𝑔𝑔, 𝑅𝑅𝑒𝑒 , 𝐿𝐿𝑐𝑐 , 𝐿𝐿𝑔𝑔 , 𝐿𝐿𝑒𝑒 , 
𝐶𝐶𝑔𝑔𝑔𝑔 , 𝐶𝐶𝑔𝑔𝑔𝑔 , 𝐶𝐶𝑐𝑐𝑐𝑐 . Correlating to the Z-parameters measurement 

setups, 3 equations of the impedance is proposed, where all 9 
variables are included. The error function in the genetic 
algorithm is given by:  

��
𝑍𝑍𝑖𝑖,𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑍𝑍𝑖𝑖,𝑟𝑟𝑟𝑟𝑟𝑟

𝑍𝑍𝑖𝑖,𝑟𝑟𝑟𝑟𝑟𝑟
�

𝑛𝑛

𝑖𝑖

, (1) 

where 𝑍𝑍𝑖𝑖,𝑟𝑟𝑟𝑟𝑟𝑟  is the measured impedance at frequency point 𝑖𝑖, 
𝑍𝑍𝑖𝑖,𝑐𝑐𝑐𝑐𝑐𝑐  is impedance from the genetic algorithm. The total 
frequency points are 𝑛𝑛 . As the results given by the genetic 
algorithm could be different each time, to increase the accuracy, 
the algorithm runs 100 times and the mean values of the 9 
variables are calculated and recorded. The comparison of the z-
parameters between the measurement and fitting is shown in 
Fig. 3 (c), (d), &(e). The impedances calculated from the circuit 
model show a high level of correlation with the measurement 
results, verifying the proposed IGBT modeling using genetic 
algorithm. The obtained parasitic values are shown in the  

B. EMI Filter Modelling 
As shown in Fig. 4 (a), the EMI filter on the board includes 

a common-mode choke, two of X-capacitors and two of Y- 

 
(a) 

 
(b) 

Fig 2. (a) Disturbance power measurement setup. (b) Measurement 
results. 
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Fig. 3. (a) IGBT soldered to semi-rigid cable. (b) IGBT equivalent circuit. (c) 
Z𝑐𝑐𝑐𝑐 comparison. (d) Z𝑔𝑔𝑔𝑔 comparison. (e) Z𝑐𝑐𝑐𝑐 comparison. 
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capacitors. The modeling strategy of the EMI filter is similar to 
the [7]. The film capacitors and common mode choke are 
modeled in a full-wave simulation tool, including differential 
and common mode responses. For the X-capacitors, similar to 
common mode chokes, the mutual couplings need to be 
considered and are modeled using the full-wave 3D simulation 
tool, CST.  Some of the parasitics are fine-tuned based on the 
measurement results. The equivalent circuit of the EMI filter is 
shown in Fig.4 (b). 

C. Three-phase Motor Modelling 
The motor modeling is separated into two parts: low 

frequency and high frequency. An equivalent circuit for the 
low-frequency range of 1 Hz to 100 kHz is shown in Fig. 5 (a), 
based on the impedance measurement results. Fig. 5 (b) and (c) 
show the comparison between the simulation and measurement 
of the common mode impedance and differential mode 
impedance, respectively. The equivalent circuit shows a high 
level of correlation to the measurement. 

For the high-frequency range, from 100 kHz to 300 MHz, 
the S-parameter is measured, and the SPICE model is converted. 
Fig. 6 (a) and (b) show the high level of correlation between the 
measured S-parameter and SPICE model results.  

Afterward, the motor SPICE model of the whole frequency 
range is obtained through the vector fitting process, by combing 
the low-frequency and high-frequency responses. 

The low-frequency range equivalent circuit based on the 
impedance measurement can be further enhanced by a lower-
frequency VNA measurement in the future. 

D. PCB SPICE Modelling 
The PCB of the evaluation board is simulated using a 3D 

full-wave simulation tool, ANSYS HFSS. The circuit ports are 
set at the locations of the components and the s-parameters are 

simulated. Then, the simulated s-parameter is converted to a 
SPICE model. Regarding the common mode current, the 
capacitance from the PCB to the reference ground is extracted 
in ANSYS Q3D. The capacitor is added to the circuit model to 
represent the common mode current path in the three-phase 
motor system.  

IV. VALIDATION 
A complete circuit model of the three-phase motor system is 

represented in Fig. 7(a). The IGBT, EMI filter, motor and PCB 
models are combined to model the entire system. An ideal 

 
                                                         (a) 

 

                                                       (b) 

Fig. 4 (a) EMI filter on the PCB. (b) The equivalent circuit of the EMI filter. 

 

 

 

 
(a) 

 
                            (b)                                                      (c)  

Fig. 5. Low frequency model of the motor. (a) Equivalent circuit. (b) 
Comparison of the common mode impedance. (c) Comparison of the 
differential mode impedance. 

 
(a) (b)  

Fig. 6. Comparison between the measured s-parameter and spice model 
results. (a) common mode (b) differential mode. 

 

Fig. 7. PCB simulation model in HFSS. 
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voltage source is provided as an input. The common-mode 
current is monitored on the return path through the capacitors. 
To mitigate the common noise, shunt capacitors were added 
from the three-phase output to the PCB ground (Y-capacitors), 
as shown in Fig. 7 (b). The measurement results are shown in 
Fig. 8 (a). It shows that the Y-capacitors can reduce the common 
mode noise. To validate the circuit model, the Y-capacitors with 
parasitics are added to the circuit model, as shown in Fig. 7 (c), 
and the simulation comparison is shown in Fig. 8 (b). A 
broadband reduction is shown in the simulation. The peak 
around 4 MHz in simulation results may relate to the quality of 
the PCB SPICE model and will be further investigated in the 
future. Both measurement and simulation show a similar trend 
in the reduction of broadband common mode noise, which 
verifies that the proposed simulation model can be used to 
analyze and predict the trend of common mode noise.  

V. CONCLUSION 
In this work, a complete system modeling framework 

approach was utilized which includes IGBT equivalent circuit 
modeling using a genetic algorithm. The EMI filter is modeled 
using a 3D full-wave simulation tool. The equivalent circuit of 
the low-frequency three-phase motor is obtained from the 
impedance measurement and the high-frequency modeling was 
obtained from S-parameter measurements. The S-parameters 
from the circuit ports of the evaluation board and the capacitance 
between the PCB and reference ground are extracted from 3D 
simulation, as well. Addition of Y- capacitors in both the 
evaluation board and the proposed model shows similar 
broadband common mode noise reduction, thereby validating 
the capability of the model to predict and analyze common mode 
noise in three-phase motor systems. For future work, an accurate 
transfer function from common mode current to disturbance 

power will be used for a direct comparison between 
measurement and simulation. 
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                           (b)                                               (c)  

Fig. 7. (a) Proposed circuit model. (b) Add Y-capacitors to the board. (c) Add 
Y-capacitors in circuit model. 
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                                                            (b)                      

Fig. 8. (a) Measurement comparison (b) Simulation comparison. 
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