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Abstract

These days, the pulse width modulation (PWM) inverter-fed drive is commonly used for the motor
drive systems. As the switching speed increases, the fast rising and falling transients generate significant
electromagnetic (EM) emission in the system, which can affect to other integrated devices. Since there
are hundreds of turns in the winding structure, the ac motor operates as one of the main EM noise path
in the system. Therefore, the study of the high-frequency characteristic for the ac motor, and design
method of the ac motor to be robust against the electromagnetic interference (EMI) issues are getting
important.

In this thesis, an electromagnetic compatibility (EMC) aware design method of an ac motor is
presented by the network parameter analysis of the input impedance including the high-frequency
coupling elements.

To estimate the high-frequency characteristics of the ac motor, an equivalent circuit modeling method
is presented. From the wide-frequency response of the windings, the frequency-dependent per-unit-
length (PUL) transmission line (RLGC) parameters are extracted, and a PUL equivalent circuit model
is constructed by investigating the frequency characteristics of the RLGC parameters. Moreover, the
shunt admittance model describing the stepwise decrease of capacitance is developed by applying
Debye and Lorentz model. To verify the availability of the constructed equivalent circuit model, the
input impedance and the transfer impedance for the entire length of the phase line are compared with
the measurement. The input impedances matched with high accuracy over the wide-frequency region.

After establishing the equivalent circuit model for the phase winding structure of the ac motor, an
extraction method of the six-port multi-network parameters for all the three-phase windings is presented
because the phase-to-phase coupling may conduct EM noise by the excitation from the other phases.
Under the assumption of a symmetric structure, the multi-port network parameters are obtained by the
conversion of two-port mixed-mode network parameters, which include the relations between common-
mode (CM) and differential-mode (DM). The method simplifies the calculation to extract the impedance
parameters of the three-phase winding structure without the full six-port measurement. Furthermore,
the phase-to-phase coupling can be estimated by the converted network matrices. In addition, the
method is extended to the shaft structure to capture the winding-to-shaft coupling characteristics in the
ac motor. The extracted impedance parameters include the coupling effects between CM noise, DM
noise, and the end-sides of the shaft. For verification, the calculated impedances are compared with the
measured input impedance for the phase line. The suggested multi-port network parameter extraction
method can be used to estimate the EM coupling parameters between any structure part of the ac motor,
CM noise, and DM noise by simple two-port mixed-mode network conversion.

Using the equivalent circuit model and multi-port network analysis method, a design method of the



EMC-aware ac motor is proposed by investigating the CM input impedance of the phase windings. The
most effective coupling elements of the input impedance are defined with comparing the presented PUL
equivalent circuit. Moreover, the electromagnetic (EM) field simulation including all the conductors of
the ac motor is performed for the models of the separated parts of the ac motor structure. The multi-port
networks are constructed from the EM simulation data, and the input impedance of the full-winding
structure is extracted by the calculation of the network parameter matrices. The change of the input
impedances due to the variation of the design parameters is studied through parametric analysis of the
automated design code. By comparing the extracted input impedances for the different ac motor models,
the EMC design method for the ac motor is established with considering the core loss and torque ripple
together. To verify the design method, the CM current is measured for the redesigned ac motors when
the motors are operating in the drive system. The result shows that the CM current is reduced up to
10dB by adjusting the motor design parameter. Consequently, the proposed method can predict the input
impedance of the motor with high accuracy in the motor design stage before manufacturing. In addition,

the proposed method can be applied to any type of ac motors and various design parameters.
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Chapter 1

Introduction

1.1. The General Description of Electromagnetic Compatibility

These days, the electromagnetic compatibility (EMC) for the electromagnetic (EM) devices have
been studying to minimize the undesired electromagnetic interference (EMI) issues caused by the high-
frequency and the high-speed switching semiconductors, communication circuit or drive systems. The
simple description of the EMI problem is shown in Fig. 1-1. The source is the device or system, which
generates the EM emissions, and the victim is the equipment which affected the EM emissions. The
EM emission is transferred from the source to the victim in two forms, conducted emission (CE) and
radiated emission (RE). The classification of the CE and the RE are shown in Fig. 1-2. The CE is the
internal EM emissions which is transferred in forms of voltage or current through the capacitive or
inductive EM couplings in the system. The RE is the EM noise propagated as the EM field wave through
the space. The EM devices are required to be designed so that the EM emission can satisfy the
regulations specified in Comité International Spécial des Perturbations Radioélectriques (CISPR) or
International Electrotechnical Commission (IEC). Recently, the compliance with these EMI regulations
has been recognized as an essential requirement for the electrical devices, therefore the analysis of EM
fields for the electrical devices or products in the design stage is becoming important.

Radiated Emission

EM Noise —é) J\'\'“" Victim

Source

4

=

Conducted Emission

A

— = |

Fig. 1-1. The description of electromagnetic interference.
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Fig. 1-2. The Classification of the electromagnetic interference.

1.2. EMI Issues in the Motor Drive System

Automotive EMI issues are one of the most urgent technical challenges among the EMC applications.
As the automobile electric system evolves into a smart system with the information and the
communication technology, various integrated circuits and sensors are mounted, which increases the
sensitivity to the EM noise. Moreover, the EMI problems in the electric vehicles are associated with the
high-power systems, such as the smart grids or the motor drive system. Therefore, the high-power EM
noise generated in the motor drive system can be transmitted to the other electrical circuit devices in
the electric vehicle.

Rising time

A\

—— y_\_ Cable Motor

AC /DC Usw
Source PWM

IGBT

__e—| Inverter A Cuy

Cig Ceg Cmg v

Ground plane -

A
i

Fig. 1-3. The electromagnetic interference issues in the motor drive system.
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The schematic description of the EMI problem in the adjustable speed drive (ASD) system is shown
in Fig. 1-3. To obtain the variable frequencies for the speed control, pulse width modulation (PWM)
drive is commonly used. As the switching frequency of the inverters increases, the rising and the falling
transients become shorter, and the rapid changes generate high dv/dt, which causes serious EMI issues
in the motor drive system. The produced high-frequency harmonics flow to the ac motor through the
terminal cables. The generated common-mode (CM) current forms a loop through the parasitic
couplings, and it may interfere with the operation of the other electrical devices while cycling the motor
drive system through the reference ground.

The measured line-to-line voltage of a 200HP ac motor which is driven by the PWM ASD is shown
in Fig. 1-4 (a) [1]. The green-dot line is the traditional line-frequency of the sinusoidal 60Hz. Comparing
the two waveforms, the modulated signal by the ASD has many elements of the high dt/dv that generates
the high-frequency harmonics. The produced CM current by the high-frequency harmonics in the motor
drive system is shown in Fig. 1-4 (b). The generated CM current can be transmitted to the other
equipment through the CM ground. Since the CM current is generated by the high-power system, it can
have high peaks (10~20A in the Fig. 1-4), therefore it can damage not only the inverter or the ac motors
but also the other sensitive circuit devices which is integrated with the motor drive system.

(O WRVRYWENENN W B3 VR 11 VRN WO

Fig. 1-4. The measured line-to-line voltage and CM current in the 200HP ac motor drive system
(2ms/Div.) [1]. (a) The pulse-width-modulated line-to-line voltage in the ac motor. (500V/Div.) (b) The
CM current in the system. (10A/Div.)



The measured CM current at each part of a 0.75kW induction motor drive system is shown in Fig. 1-
5 [2]. The peak of the inverter-to-ground CM current is about 0.5A, while the motor-to-ground CM
current is almost 0.7 A which is larger than the inverter-to-ground CM current. Therefore, the measured
total CM current is almost 1.2 A. From the measured results of the parts of the CM currents, we can
know that although the EM noise is generated in the inverter drive by PWM switching, the overall CM
current in the system is highly dependent on the ac motor structure and the CM input impedance

characteristics.

Inverter
Loop 3 i —/ o
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Fig. 1-5. The measured CM current at each part of a 0.75kW induction motor drive system [2]. (a) Total

CM current in the system. (b) Inverter-to-ground CM current. (c) Motor-to-ground CM current.

The breakdown and the insulation failure in the motor drive system due to the high-frequency
harmonics are shown in Fig. 1-6. In the high-frequency region, there is an antiresonance that the input
impedance of the ac motor becomes very low as shown in Fig. 1-6 (a). If the high order harmonic
frequencies which is generated from the PWM inverter switching close to the lowest impedance at
antiresonant frequency, the insulation failure of the stator winding structure of the ac motor is occurred.
The interwinding insulation failure and the winding-to-stator insulation failure in the stator winding
structure of the ac motor due to the surge voltages are shown in Fig. 1-6 (b). To prevent from these
insulation failures, the ac motor should be designed to be endurable for the high peaks of the generated

harmonics. Therefore, the high-frequency parameters of the ac motor should be defined firstly to design
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the ac motor having high input impedance. For that, establishing an accurate equivalent model which
include the high-frequency parameters is important to investigate the characteristics of the input

impedance of the ac motor.

10
Cable Phase to Ground Impedance
i Motor Phase to Ground Impedance
107F
2
<
(@)
a) §
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(=%
E
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Cable first anti-node point anti-resonance
10° . Teesl gy 4o ‘point
107 107 10° 10! 10°
Frequency (MHz)

Fig. 1-6. The input impedance of an ac motor and the insulation failures. (a) The input impedance
including high-frequency antiresonance in the ac motor, and the interwinding insulation failure [3]. (b)
The interwinding insulation failure and the winding-to-stator insulation failure in the stator winding

structure of the ac motor due to the surge voltages [4].

1.3. Coupling Mechanism of the Stator Winding Structure

In order to construct the equivalent circuit model and extract the characteristics of the input
impedance of the ac motor, an analysis of the EM coupling mechanism inside the ac motor structure is
necessary. The structures of the disassembled ac motor are shown in Fig. 1-7 to investigate the EM
coupling mechanism. Fig. 1-7 (a) shows the fully assembled ac motor, and Fig. 1-7 (b) shows the stator
winding structure inside of the enclosure frame. The slot-winding structure which is the cross-section

of the stator winding structure is shown in Fig. 1-7 (c), and the simplified end-winding structure is



shown in Fig. 1-7 (d).

In the slot-winding structure, there are a number of coils and windings which have tens or hundreds
of turns. Therefore, the interwinding coupling can be one of the important EM coupling characteristics
of the stator winding structure. Another coupling element is called the winding-to-frame coupling,
which forms a path through the back yoke to the motor frame as a ground. This element is the main
component of the path of the CM current, therefore it must be considered carefully in the equivalent
circuit model. The last one is the phase-to-phase coupling if the motor is designed as a double-layer
winding structure.

In the end-winding structure, the winding-to-frame coupling is smaller than that in the slot winding
because the space between the winding and the frame is much larger. However, the phase-to-phase
coupling is not negligible because the phase windings are crossed each other in the end winding. The
interwinding coupling also can be the important element in the end-winding structure by the continuing

turns from the slot-winding.

Frame Stator Winding

Cross-section

— Slot-winding structure | End-winding str.ucture |

Interwinding coupling (Slot-winding) Phase-to-phase coupling (End-winding)i

‘v

(©) (d)

Phase-to-phase coupling (Slot-winding) Interwinding coupling (End-winding)
Winding-to-frame coupling (Slot-winding) Winding-to-frame coupling (End-winding)

Fig. 1-7. (a) The fully assembled ac motor. (b) The stator winding structure. (c) The EM coupling
mechanism in the slot-winding structure. (d) The EM coupling mechanism in the end-winding structure.
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1.4. Previous Researches

The study of the EM emission which is generated in the motor drive system has been recognized as
an important research topic from 1990s, as the switching speed of the drive circuit increases. The effects
of the high-frequency oscillation at the ac motor terminals by the high-speed PWM switching have been
studied [5-7]. A technique to calculate the interturn voltages in the winding structure during the transient
condition is described in 1995 [5]. Moreover, a concept of the network modeling for the transient over-
voltage associated with the PWM-fed ac machine is presented in 1998 [6]. In addition, the effect of the
PWM voltage waveform on the voltage distribution among the stator windings in an induction motor is
studied in 1999 [7].

In the 2000s, several studies have been proposed to reduce the EM noise in the ac motor drive system.
The design methods to reduce the CE noise in the inverter were introduced in [8-10]. In addition, the
studies on the development of the CM filters were conducted [11-12]. However, even if these researches
investigate the high-frequency characteristics by observing time-domain responses and ringing for the
inverter drive, the EM emission for the ac machine was not their focus. To solve the EMI issues
effectively in the entire ac motor drive system, not only the circuit device but also the EM characteristics
of the motor should be considered as discussed in Fig. 1-5 and Fig. 1-6. Furthermore, due to the
structural changes in the inverter or the additional filters, the size and cost of overall circuit device may
increase. Therefore, the EMC design method for the ac motor should be established. However, the EMC
design for the ac motor is not easy because there is not enough degree of freedom of design in the
complete mechanical structure of the ac motor. Therefore, for an efficient EMC motor design, the EMI
characteristics of the ac motor should be analyzed firstly, which requires an equivalent circuit model
including the high-frequency effects.

To understand the high-frequency behavior of the ac motors, the traditional low-frequency equivalent
circuit model should be modified by including various parasitic EM coupling elements of the winding
structure. For that, the high-frequency ac machine models have been proposed over the years. A number
of the equivalent circuit models of previous studies were constructed by including the turn-to-turn
mutual couplings [13-17]. However, these proposed distributed-parameter models are too complicated
because of a lot of mutual elements as shown in Fig. 1-8, and some of them are not easy to calculate
without finite element (FE) calculation. Moreover, the proposed models are not enough to understand
the high-frequency characteristics because the frequency range of these models is limited to below the
high-frequency antiresonance [18-19]. In addition, several measurement-based equivalent models
shown in Fig. 1-9 provide a good correlation with the measured input impedances from low to high

frequency [20-24]. In these high-frequency equivalent circuit models, the high-frequency parameters
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are defined from the measured resonant frequencies and curve fitting of the CM input impedance.
However, the physical meaning of some elements is not clear, and the elements are difficult to calculate
and determine. Moreover, the measurement-based methods cannot be used to predict the high-frequency
characteristics during an initial motor design stage before prototyping. Therefore, a new equivalent
circuit modeling method of the ac motor is required, which can identify all the physical characteristics

of the winding structure clearly.
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Fig. 1-8. The distributed-parameter models including high-frequency elements for the winding structure
of the ac motor. (a) Turn, coil, and winding circuit [13]. (b) Distributed-parameter winding circuit
obtained from FE analysis [14]. (c) Equivalent circuit of one coil of stator windings [15]. (d) Coupled

three-phase equivalent circuit model of an electric machine [17].
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Fig. 1-9. The lumped-parameter models by curve fitting from measured data. (a) Per phase equivalent
circuit of the motor winding [21]. (b) Extended per phase circuit [20]. (c) Universal model of induction

motor per phase [23]. (d) High-frequency per-phase motor equivalent circuit [24].

After establishing an accurate equivalent circuit model including the high-frequency couplings in the
ac motor structure, the EM field calculation for the realistic ac motor structure as shown in Fig. 1-10 (a)
is essential to predict the high-frequency characteristics in the motor design stage. However, the EM
simulations for the motor structures have been generally used in the studies to analyze the operating
characteristics with only single bulk conductor for the winding structure as shown in Fig. 1-10 (b). The
typical EM simulation models for the motor structure are not suitable to predict the high-frequency
effects because the EM field should be calculated for all the conductors to estimate the interactive EM
coupling effects in the winding structure.

A number of studies considering the individual conductors in the winding structure have been
conducted to predict the CM input impedance of the ac motor [25-29]. The physical models are
constructed based on FE analysis to predict the high-frequency characteristic of ac motor in [25-27],
and the constructed models are studied for the transient response; however, the distributed-circuit
models are not easy to apply to a lot of winding turns. In [28], the RLC parameters for the detailed slot-
winding structure are calculated by transmission line model. The physical calculation of all the coupling

parameters is described well, but the complicated parameter matrix may be difficult to apply any type
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of slot-winding structure. A method to predict the CM impedance of the stator winding is presented in
[29]. The lumped parameters of the circuit model are defined well with considering geometrical
parameters of the stator winding structure, and the calculated CM impedance are matched reasonably
with the measurement. However, the extracted impedances are only compared in a limited area where
does not include the high-frequency antiresonance, which is important factor of the EMI characteristics
of the motor [3]. Therefore, establishing a method that accurately predicts the high-frequency
characteristics for the complicated winding structure in the wide-frequency is indispensable to design

the ac motor which is strong against EMI issues, before the ac motor is manufactured.

Single bulk conducto
»

I .
‘I
|

“.'" .":: J J -

Fig. 1-10. (a) The real motor winding structure with the interwinding couplings. (b) The typical model

of the motor winding structure for the EM field calculation.

1.5. Objective of This Work

In this thesis, a design method of an EMC-aware ac motor is proposed by characterizing the CM input
impedance of the winding structure. The summarized procedure of this study is shown in Fig. 1-11. To
determine the EM coupling factors which affect motor input impedance, an equivalent circuit modeling
method that evaluates all coupling elements generated in the ac motor structure is presented by applying
transmission line model. All the values of the elements in the equivalent circuit model can be defined
from the extracted transmission line parameters. The accuracy of the established equivalent circuit
model is verified by comparing with the measured input impedance of an induction motor.

To consider the EM coupling effect for the three-phase windings, a multi-port network parameter
extraction method is constructed. The multi-port network parameters of the three-phase winding
structure can be extracted by using a conversion method of two-port mixed-mode network. By using

10



the proposed extraction method, it is possible to investigate not only the input impedance and the
transfer impedance of each phase winding, but also all the interaction EM coupling characteristics of
the three-phase winding structure.

To predict the characteristics of the input impedance of the ac motor in the design stage, an EM field
analysis method considering all the realistic winding structure is presented. The RLGC raw matrix data
for all conductors of the winding is extracted by EM field simulation, and the impedance characteristic
for the phase winding is extracted through the multi-port network construction by the proposed method.
Moreover, the structural elements of the ac motor corresponding to the EM coupling parameter affecting
mostly the input impedance of the motor are determined from the proposed equivalent circuit model.
Finally, the method for the EMC-aware motor design is presented by investigating the variation of the
input impedance due to the change of the design parameter which is related to the main structural
elements for the EM couplings.

( Equivalent circuit modeling \

s

/I\/Iotor structure design
by parametric analysis

/EMC—aware ac mot%
Vi

» Define the effective coupling
\ parameter of the input impedance

f Network parameter analysis

s

e[z, |(Q)

Ni1 - Nin

Input impedanc:

10° 10* 10° 10° 107 10
Frequency [Hz]

an Nnn

» Variation of the CM

» Extraction of the interaction coupling K input impedance j
kparameters for three-phase and conductoy

Fig. 1-11. The procedure summary of this research.

In Chapter 11, the equivalent circuit modeling method generated from transmission line model is
proposed to facilitate the high-frequency parameter extraction for the winding structure of the ac motor.
From analysis of the propagation constant (y) and characteristic impedance (Z.) for the phase winding
of the ac motor, per-unit-length (PUL) RLGC transmission line parameters are extracted. The PUL
equivalent circuit models estimate the high-frequency characteristics of the motor stator winding
structure through investigation of the characteristics of the extracted RLGC parameters. Moreover, the

PUL equivalent circuit model is improved to consider the different characteristic of the admittance in
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the high-power motor. To construct the PUL admittance model precisely, Debye and Lorentz model is
applied. The resistance of the insulation sheet is also modeled in the improved admittance model by
analysis of the PUL conductance. In addition, the series PUL impedance model is enhanced by including
the skin effect of the winding conductors. The accuracy of the proposed PUL equivalent circuit model
is verified by comparison of the input impedances with the measurement results.

In Chapter I11, a method that extracts the multi-network parameter of the ac motor is proposed from
the characterization of the mixed-mode network parameters (conversion of common-mode network and
differential-mode network). Under the assumption of the symmetry of windings, the proposed method
enables the creation of the multi-port network parameter, including couplings, without a full six-port
measurement for the three-phase windings. In addition, a simple modeling method which can
distinguish the phase-to-phase coupling from the self-coupling in the phase winding is presented by
using the extracted multi-network parameters. Therefore, the influence of the phase-to-phase coupling
for the phase line can be investigated by comparing the input impedances of coupled and uncoupled
models.

In Chapter 1V, the EMC-aware design method of the ac motor is proposed by extraction of the input
impedances of the phase windings. To predict the EM characteristic of the winding structure, it is
modeled separately in several parts, slot-winding structure, end-winding structure and external line
structure in the EM simulation. The input impedance of the full-winding structure including all the
conductors is extracted by calculation of the cascaded multi-port network parameter matrices of the
simulated structure parts. The prediction method of the input impedance is verified by comparison with
measurement in the wide-frequency area. Moreover, the variation of the input impedance depending on
the motor design parameters are investigated through automated design code. The initial design
parameters for the parametric analysis are number of slots, poles, parallel conductors and parallel
circuits. Then, all the modeling and calculation procedures are conducted automatically by the design
code. The EMC design method of the ac motor is presented by the analysis of the input impedances of
the ac motor models extracted by the different design parameters. The general motor operation
characteristics, such as core loss and torque ripple are also considered together. To validate the EMI
characteristics of the modeled ac motors, an experiment is conducted by measuring the redesigned
prototype motors which has different number of the parallel circuits, one of critical design parameter
for the input impedance. The CM currents are measured when the produced ac motors are operating in
the motor drive system. From the characteristic of the CM current, the design method of the EMC-

aware motor is verified.
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Chapter 11
Equivalent Circuit Modeling Method Including the High-
Frequency Parasitic Couplings for the Stator Winding

Structure

2.1. Introduction

The image descriptions of the winding structure in the ac motor is shown in Fig. 2-1 [30]. As shown
in the figure, the phase windings of the ac motor are usually wound symmetrically on the stator. The
phase windings consist of several coils, and the coils also have tens of turns. Therefore, the phase winding
is generally made by a long conductor line which is tens or hundreds of meters in the length.
Consequently, the phase winding is a long transmission line, therefore the transmission line theory can
be an effective method to analyze the EM characteristics of the winding structures.

The basic concept of the transmission line theory is shown in Fig. 2-2 [31]. The infinitesimal length
of a transmission line in Fig. 2-2 (a) can be modeled as a lumped-element circuit in Fig. 2-2 (b). The R,
L, G, and C are the series resistance, series inductance, shunt conductance, and shunt capacitance
respectively, in meter. From the PUL RLGC elements, the propagation constant (y), and the characteristic

impedance (Z.) can be defined as follows:

y=y(R+ joL)(G+ jaC) (2.1)

Z. = /M (2.2)
G+ JoC

Since the propagation constant and characteristic impedance can also be represented by the network
parameters, such as scattering (S) or impedance (Z) parameters, they can be useful for EM analysis of

the three-phase terminals.
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Fig. 2-1. (a) The schematic of the three-phase windings of an ac motor. (b) An image of the unfolded

slot structure.
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Fig. 2-2. Voltage and current definitions and equivalent circuit for an incremental length of transmission
line. (a) The voltage and current of the transmission line. (b) Lumped-element of the PUL RLGC

equivalent circuit.
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2.2. Extraction of the Transmission Line Parameters for the Stator
Winding Structure

This section presents, how to apply the transmission line model to the phase winding structure. First,
some simple winding structures of an ac motor are simulated by EM field simulation to extract the S-
parameters as the raw data as shown in Fig. 2-3 (a). The simulation is implemented for three cases as
one conductor, three conductors, and ten conductors in a slot. Assigning the end sides of each conductor
as ports and the stator core as a ground, the S-parameter matrices of slot conductors can be obtained for
the wide-frequency region. By importing the simulated slot structure models and connecting them in a
circuit simulator as shown in Fig. 2-3 (b), the two-port S-parameters can be obtained for a coil winding
structure. The figure shows to construct the most complex ten turns winding structure among the
simulation models, and the other winding models, one turn and three turns, also can be constructed in

the same way.

Ten conductors in one slot Ten conductors in one slot
0—1 —|:|——oll 1 —|:|——oll
O—2 —|:|——012 O—2 —|:|——012
oS 113, oS 13,
G4t 14 I %
o215, o2 115,
oSl — 16, ol ————— 16,
(b) ol i, ot {11,
ol — 18, oS 118,
o119, o 119,
o —— 120, o ————— 120,
Port 1 Port2
(Z,=50Q) (Z,=50Q)

Fig. 2-3. (a) The simulated winding structures for one turn, three turns, and ten turns in a slot by 3D
EM field simulation. (b) The circuit connections to construct ten turns of a winding structure by a circuit

simulator.
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The propagation constant and the characteristic impedance can be calculated from the raw-data of the
S-parameters of the simulated winding structures by using the conversion method of the two-port
network parameters [31-32]. By the relation between the transmission parameters (ABCD) and S-

parameter matrices, the propagation constant and characteristic impedance are obtained as follow:

cosh(y1)  Z,sinh(y1)

LA:\ E}: Zisinh(yl) cosh (1)

c

(@+S,)A-S,,)+S,S, 7 Q+S,)A+S,,)—S,S, (2.3)
2S,, P 2S,,
1 (1-S,)A-S,,)-S,,S,, (1-S,)A+S,,)+S,,5,
Z, 2S,, 2S,,

where, | can be the total length of the phase line, and Z,, is the reference port impedance that is

normally set 50Q. The hyperbolic sine and the hyperbolic cosine functions can be calculated by the

exponential functions with considering the propagation constant and length as follows:

| -7 | -
¥ y N

cosh(1) =%, sinh(1) :QT 2.4)

Through the calculation of the relations between (3) and (4), The propagation constant and

characteristic impedance expressed by the S parameters can be extracted as follows:

y=7in(A+BC)

:l.ln (1_,.311)(1_322)4.312521+\/((1+Sll)(1+822)—812521)((1—811)(1—822)—812321)

I 2S,, (2321)2

(2.5)

(1_ Sn)(l_ Szz ) - S12821

Since the calculated propagation constant and characteristic impedance through (5) and (6) involve
multiple values, their solutions are not only one. Therefore, the physically reasonable values should be

chosen carefully. To find the reasonable value of the propagation constant, the positive attenuation
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constant (a) should be selected among the solutions because the other one is for the wave traveling in
the negative direction. The calculated solutions and the selected value of attenuation constant for the
ten turns winding structure are shown in Fig. 2-4. As the propagation constant is the value of logarithmic
function of a complex number, the phase constant (f) has the infinite number of solutions. To select the
proper values of the phase constant, the travelling phase values of S-parameters from -180° to 180° are
unwrapped to be continuous. By using the modified S-parameters, the available value of the phase
constant can be extracted. The calculated solutions and the corrected values of the phase constants for

the ten turns winding structure are shown in Fig. 2-5.
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Fig. 2-4. (a) The calculated solutions of the attenuation constant for ten turns winding structure. (b) The

corrected real solution of the attenuation constant for the ten turns winding structure.
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Fig. 2-5. (a) The calculated solutions of the phase constant for ten turns winding structure. (b) The

corrected and unwrapped solution of the phase constant for the ten turns winding structure.

For the characteristic impedance, the solution should be selected so that its real value is positive to

maintain the passive characteristic of the stator winding. The calculated solutions for the characteristic
impedance by (2.6) are shown in Fig. 2-6.
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Fig. 2-6. (a) The calculated solutions of the real part of characteristic impedance for ten turns winding

structure. (b) The calculated solutions of the imaginary part of characteristic impedance for ten turns
winding structure.

Once the values of the propagation constant and characteristic impedance are defined, finally the PUL
RLGC parameters can be obtained by following formulas:

5 7
3(r2,) y [Z J
RPUL:%(}/ZP)’ I‘PULZ—p’ GPUL:m[Z_J’ CPULsz (2.7)

The calculated PUL RLGC parameters for the three cases of the simulated winding structures are shown

in Fig. 2-7. Since Lpy. has a positive or a negative real number, its polarity is also shown in the figure.
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2.3. Construction of the PUL Equivalent Circuit Model

In this section, a modeling method of the PUL equivalent circuit which includes the high-frequency
characteristics of the ac motor is proposed by using the calculated PUL RLGC parameters in the
previous section. Fig. 2-8 shows the constructed PUL equivalent circuit model, and the method of

defining the circuit elements in the model are discussed in the following subsections.
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Fig. 2-8. The proposed PUL equivalent circuit for the motor winding structure.

2.3.1.Stator Winding Resistance

R, represents the resistive component that includes skin effect and eddy current losses in the
conductor windings. Usually, it is difficult to define those resistances by analytical calculation. Instead,
the value of R, can be obtained simply by choosing the peak value of Rpur in Fig. 2-7. Since Ry is
involved in the parallel RLC circuit in the proposed equivalent circuit model as shown in Fig. 2-8, the

peak value of Rpyr observed at the resonance can represent the lumped component R, in the equivalent

circuit. In other frequency range, Rpy;, follows the real value of jw + (]w% Il Rey Il jwL, f).
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2.3.2.Winding-to-Frame Capacitance and Resistance

As shown in Fig. 2-6 (b), Cpu is almost constant over the tested frequency area in all the simulated
cases. Therefore, the value of Cu in the PUL equivalent circuit model can be chosen simply as the
constant value of CpuL.

Rwr represents the resistive loss over the winding-to-frame insulators and the frame itself. This
element can be observed when the first anti-resonance occurs in the high-frequency region. Therefore,

it can be determined as following equation by using the calculated PUL RLGC values.

1

: W=3yptiresonance
G PUL + J a)C PUL

R, =|R,, + joL

w (2.8)

PUL +

2.3.3.Interwinding Capacitance

Interwinding capacitance Ciy is one of the most important parameters for the high-frequency analysis
for the ac motor because it captures significant capacitive coupling between the conductors in both of
slot and end-winding structure. Ci, causes the effective PUL inductance to be negative at ~10 MHz,
where the magnitude of Lpu. decreases steeply and its phase is reversed, as shown in Fig. 2-7 (c) and
(d). In the higher frequencies, Lpu. becomes a small value, because Ciy shorts out the low-frequency
inductance Ly in the proposed equivalent model.

To investigate the effect of Ciw, the winding inductance Lwinding Can calculated analytically without
considering Ciw. For example, a three-turn winding without interwinding capacitances can be simplified

as shown in Fig. 2-9 (a). Then the value of Lwindging Can be computed analytically from following formula:

v [L M, " 1,

v, M, L M, 0 1,

Vil [ My My L I, 29)
V, L, M, M,|-I,

V, 0 e L Mg |-l

V.|| M, Mg, L |[-I,
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Fig. 2-9. (a) The circuit to calculate winding inductance (L3wms) for three-turn winding. (b) The

calculated winding inductances for three- and ten-turns.

From the symmetrical structure of the coil in Fig. 2-9 (a), the winding inductance can be calculated a

following condition:

V =V, -V, +V, -V, +V, -V,
I=l=l,=l,=—l,=—I, =—I, (2.10)

L=L. L=L, L=L,
M12:M45’ M23:M56' M13:M46

i (L+My,+Mp)l+(L,+ M, + M)l +(L3+M13+M23)I

_{%h+M%+M%X4)%%+M%+M%K4)%%+M%+M%X4ﬁﬁvQl”
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The analytically calculated inductance for the three turns of the winding structure without the effect of

Ciw can be extracted by following equation,
Lytyrns = 2(Ly + Ly + L3) + 4(My5 + Ma3 + My3) (2.12)
The inductance of the ten turns of the winding structure also can be calculated in same method as follow:
Lyoturns = 2(Ly + Ly + Ly + -+ L) + 4(Myy + Myg + Myy + -+ Myz + -+ 4+ Mgy + -+ Mgy) (2.13)

The results of the analytically calculated inductances for the three turns and ten turns winding structures
are shown in Fig. 2-9 (b). Comparing Fig. 2-7 (c) with Fig. 2-9 (b), the effect of Ci, can be explained
clearly. In the low frequency region, the value of Leu. is exactly same with analytically calculated
Lwinding. HOwever, it does not follow the trace of Lwinding @0y more in high-frequency region because of
the effect of Ciw.

The value of Ciy can be obtained by the relating the response of Lpyu. to the inductance of the series

branch in the equivalent circuit model of Fig. 2-8 as follows:

L, =L Rl (2.14)
"R, + jol, —@'R,L,C,

sw o If

where Ciy should be found in the frequency range, which Lpy. is negative as shown in the result of Fig.

2-7 (d) because Ciw component becomes close to open or short circuit in the other frequency regions.
2.3.4.Stator Winding Inductance

Lir and Lt in the PUL equivalent circuit model represent winding inductances for low-frequency and
high-frequency regions, respectively. Ly can be determined as the almost constant value of the PUL
inductance in the low-frequency region, where the effect of Ci, does not appear. The value of L is
defined as the converged value after Ci, is close to a short circuit component in the high-frequency

resign as shown in the response of Lpy..
2.3.5.The Input Impedance of the PUL Equivalent Circuit Model

Fig. 2-10 compares PUL input impedances Zi,puL Of the simulated winding structures by the PUL
RLGC model in Fig. 2-2 (b) and the proposed equivalent circuit model in Fig. 2-8 respectively. As
shown in the results, the proposed equivalent circuit models are in good agreements with the PUL RLGC

model. Therefore, we can confirm that the estimated high-frequency parameters in the proposed
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equivalent circuit can be applied for modeling the stator winding structure of the ac motors.

8
_Zin,PUL for 3 turns by PUL RLGC model
] _Zin,PUL for 3 turns by PUL equivalent circuit
.g' 10 Zin,PUL for 10 turns by PUL RLGC model
é _Zin,PUL for 10 turns by PUL equivalent circuit
i
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Fig. 2-10. The comparison of Zi, pur between simulated structures and constructed equivalent circuits.

2.3.6.Verification of the Modeling Method of the PUL Equivalent

Circuit by Measurement

To validate the equivalent circuit modeling method that described in the previous sections, the stator
winding of a 200 W induction motor was characterized. In the tested motor, the number of turns for a
winding is 92, and each phase winding has four coils. The total length of the phase winding is almost
95m. The measurement setup was established to characterize each phase line as two-port network using

a network analyzer (Agilent ES061B) as shown in Fig. 2-11.
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Fig. 2-11. The measurement setup to extract the S-parameters for the phase line of an 200W induction

motor by the network analyzer.

By applying the proposed extraction method of the transmission line parameter, the PUL parameters
of the measured induction motor is shown in Fig. 2-12. The captured values of R, Li; Lirand C,y, for
the PUL equivalent circuit model are indicated in the result graphs. The values of R,y and C;, can be
calculated by (2.8) and (2.14) respectively. As can be expected from (2.14), the magnitude of Lpy;
should decrease with the slope of 1/w? in the frequency region, where the effect of Cy, appears. In the
extracted result of Fig. 2-11 (c), the frequency range of the decreasing slope is clearly shown around
from 100 kHz to 10 MHz.
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Fig. 2-13. The concept to extract the characteristic of the input impedance for the total length of the
phase line by applying the constructed PUL equivalent circuit model.
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Fig. 2-14. Comparison between measured and calculated input impedance for the tested induction motor.
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After the PUL equivalent circuit is constructed by the defined components, the characteristic of the
input impedance Z;, for the total length of the phase line can be extracted. As shown in Fig. 2-13, we
can obtain the distributed-element model of the phase winding by inserting PUL series impedance (2)
and shunt admittance (Y) into the following formulas for the conversion of the ABCD parameters of

general transmission lines:

(Z s .
{A B} cosh(l zseriesvshum) ﬁsmh(l zseriesvshum)

r e (2.15)
/Y L

—Zshut smh(l zsenesvshum) cosh(l ZsenesYshum)

L series -

AD-BC

A
{211 le}: Cc C (2.16)
Z,, Z, 1 D

c cC

A Zseries
Zin = le = E = «/m coth (I ZseriesYshunt ) (217)

where the value | is the total length of the phase line. The input impedance Zi, for the phase line is the

impedance seen from one terminal of the transmission line with the other terminal opened. The results
of the measured and the calculated input impedances for the phase line with the total length are shown
in Fig. 2-14. As shown in the results, the calculated result by using the constructed PUL equivalent
circuit model shows a close match with the measured input impedance. By using the proposed method,
a simple PUL lumped-element circuit can be obtained instead of using many complex lumped
components for the equivalent circuit. In addition, it can be used to predict the high-frequency

parameters during an initial motor design process by simulation data.

2.3.7.Characteristic of the Winding-to-Frame Capacitance for the
High-Power AC Motor

In the proposed PUL equivalent circuit model of the previous section, the stator-to-frame capacitance
element is defined from the constant value of the extracted PUL capacitance. However, the previous
equivalent circuit model is difficult to apply for the high-power motor because the stator-to-frame

capacitance does not have a constant value [33]. In the high-power motor, the stator-to-frame
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capacitance decreases in several stages in the frequency range of interest. Therefore, the previous

equivalent circuit model should be modified to include this characteristic for the high-power motors.

Fig. 2-15. Measurement to extract the S-parameters for the stator winding structure of high-power ac

motorl by a network analyzer.
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Fig. 2-16. The extracted characteristics of the PUL capacitances for 200 W and 3.7 kW induction motors.
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To investigate the variation of stator-to-frame capacitance, measurement is implemented for low and
high-power motor as shown in Fig. 2-15. The results of the extracted PUL capacitances for 200 W and
3.7 KW induction motors are compared in Fig. 2-16. In the result, the extracted PUL capacitance of 200
W motor has almost constant value throughout the measured frequency. However, the PUL capacitance
has different stable states before and after the resonance frequencies in 3.7 kW motor. Therefore, the
shunt admittance model of the PUL equivalent model in Fig. 2-8 cannot capture this phenomenon
because it can consider only single stage stable value of PUL capacitance. Consequently, the stator-to-

frame elements of the PUL equivalent model should be modified to include this phenomenon.

2.3.8.Winding-to-Frame Admittance Model by Debye Modeling
Method

To consider the changes of the stator-to-frame capacitance in the high-power motor, the shunt
admittance can be modeled by applying the Debye model [34]. The general admittance model is defined

as follows:

Y =G+ joC (2.18)
Y _¢c_j& (2.19)
jo 1)

By modifying the Debye model to the admittance expression, the change of capacitance can be

expressed by following formula:

K, AC
Yoeave =C. + Z @ (2.20)

where, AC; represents the difference between the stable capacitances before and after the resonance
frequencies. w; is the angular frequency at the resonance. In the high frequencies, the real part of the
Ypesye approaches C.. The capacitance and conductance can be obtained by the relation between (2.19)

and (2.20) as follows:
C = R(Ypgayr) (2.21)
G = =3(Ypgpyp)w (2.22)

To improve the admittance model of the equivalent circuit, the extracted PUL capacitance of the
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tested 3.7 kW induction motor is analyzed as shown in Fig. 2-17. The admittance parameters can be

calculated by applying (2.20) with the indicated parameters in the figure as follows:

C,+—Ca o Co (2.23)
1+ jor, 1+ jot,

Poeoececceccccocc000000 0000
@eeeee0go00000000c0000 000l

10° 10’ 10
Frequency [Hz]

10* 10
Fig. 2-17. The analysis of the PUL capacitance to define equivalent circuit parameters.
where, the values of C4, Cs, 7, and 7, are defined as follows:

1 1
Ci=Ci=C;y Co=C,=Cy 7=, by (2.24)

a

An admittance model with the lumped elements can be constructed as shown in Fig. 2-18. Through the
conversion of the admittance and impedance expression, the elements of equivalent model can be
defined simply. For example, if we define that the second level of admittance model which consists of

Cy and Ry is Y5, then the impedance is,

B G\ (2.25)
1+ jor, joC, C,

b

Finally, from the observation of the impedance expression, the values of the lumped elements in the

admittance model of Fig. 2-18 can be obtained as follows:
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c,=C, C,=C,, C,=C,, Rb:é—a, Rc:éfb (2.26)
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Fig. 2-18. The admittance model of the stator winding structure of the ac motor by using the modified

Debye model.

The capacitance and conductance of the equivalent admittance model are compared with the
extracted PUL parameters in Fig. 2-19. Even though the modeled capacitance does not capture the peaks
at the resonances, it follows the trend of the change of PUL capacitance throughout the observed
frequency region. In addition, the modeled conductance follows the increasing PUL conductance

reasonably.
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Fig. 2-19. Comparison of the extracted PUL parameter and the constructed admittance model. (a) The

PUL capacitance. (b) The PUL conductance.

By including the shunt admittance model of Fig. 2-18, the improved PUL equivalent model is
proposed in Fig. 2-20. C,ziy represents the winding-to-frame PUL capacitance at the high-frequency
region. The second and third level admittances are defined as the elements C,z, and Ry, in the model,
where 7 is the order of the stable state of the PUL capacitance. If the extracted PUL capacitance has
more different stages in the other motors, additional shunt admittance elements can be applied in the

proposed model.
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Fig. 2-20. The PUL equivalent circuit model considering the change of PUL capacitance.
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By using the newly developed PUL equivalent model, the input and transfer impedances for the total

length of a phase line can be obtained as following equations:

Z, = /\Z(h—t coth (IYZ oY ) Zi = /\Z(h—t ¢5ch (1y/Z griee¥ st ) (2.27)

The comparison of the measured and modeled impedances for the entire phase line is shown in Fig. 2-
21. Differences between the model and the measurement around resonant frequencies occur because
the over-damped Debye model cannot capture resonant peaks. However, the proposed equivalent model
estimates reasonably the input and the transfer impedance characteristics of stator winding structure

over a wide frequency range.
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Fig. 2-21. Comparison of the impedances for the phase line between the measurement and the proposed

equivalent model. (a) The input impedance. (b) The transfer impedance.

The developed PUL equivalent model including the modified stator-to-fame admittance model can be

used for any power type of ac motor with improved accuracy to characterize the high-frequency

parameters.
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2.3.9.The Improved PUL Equivalent Circuit Model with Lorentz
Modeling Method

In this section, the final improved PUL equivalent circuit model is proposed. To construct the PUL
admittance model precisely, Lorentz model is applied [35-36], which develops previous Debye
admittance model. Moreover, the resistance of the insulation sheet is modeled in the improved
admittance model by analysis of the PUL conductance. In addition, the series PUL impedance model is
enhanced by including the skin effect of the winding conductors.

Through investigation of the PUL parameters which are extracted from the measured network
parameters of the ac motor in Fig. 2-15, the final improved PUL equivalent circuit model is constructed
as shown in Fig. 2-22. The comparison of the PUL parameters between the transmission line extraction,
the previous equivalent circuit model of Fig. 2-20 and the proposed equivalent circuit model of Fig. 2-
22 is shown in Fig. 2-24. In addition, Fig. 2-23 shows which elements of the proposed equivalent circuit
model are extracted from which PUL parameters respectively, and the found values of the elements in

the equivalent circuit model are given in Table 2-1.
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Fig. 2-22. The final Improved PUL equivalent circuit model for the ac motor.
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Fig. 2-23. Comparison of the PUL RLGC parameters between transmission line parameters, the
previous equivalent circuit model of 2-20, and the final proposed equivalent circuit model of Fig. 2-22.
(a) PUL resistance. (b) PUL inductance. (¢) PUL conductance. (d) PUL capacitance.
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Fig. 2-24. The modeling process to define the elements of the final proposed equivalent circuit model

Extracted PUL parameters
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The elements of the proposed equivalent circuit model

from the extracted PUL RLGC.

Table 2-1. Values of the elements in the improved PUL equivalent circuit model

The elements of PUL equivalent circuit model Values
Rsw: Stator-winding resistance 24 Q/m
Ri: Internal resistance 0.7 Q/m
Lire: Low-frequency external inductance 7 uH/m
Lii: Low-frequency internal inductance 2 uH/m
Ln: High-frequency inductance 4 uH/m
Ciw: Inter-winding capacitance 28 nF/m
Rusir: Low-frequency winding-to-frame resistance 10 MQ/m
Ruirr: First-resonance winding-to-frame resistance 18 kQ/m
Ruisr: Second-resonance winding-to-frame resistance 200 Q/m
Lwtr: First-resonance winding-to-frame inductance 50 mH/m
Lwrsr: Second-resonance winding-to-frame inductance 4 uH/m
Curi: Low-frequency winding-to-frame capacitance 20 pF/m
Cuwi-mi: Mid-frequency winding-to-frame capacitance 17.5 pF/m
Cuini: High-frauency winding-to-frame capacitance 0.75 pF/m

39



The detailed definitions of the elements in the final improved PUL equivalent circuit model are
described by analysis of the frequency-response of the PUL parameters as follows. In the series
impedance of the proposed equivalent circuit model, there are six elements. Since the stator-winding
resistance (Ryy) is in the parallel RLC resonant tank, its value can be captured simply from the peak
value of the extracted PUL resistance at the resonance in Fig. 2-23 (a).

The low-frequency internal inductance (L), low-frequency external inductance (Ly..) and internal
resistance (R;) describe the changing PUL inductance characteristic of the winding conductors by the
skin effect. In 1 kHz to 10 kHz frequency region of Fig. 2-23 (b), both of inductances, Lj; and Ly, are
effective. After 10 kHz, the skin effect occurs prominently in the winding conductors, and it is
considered as a parallel circuit of L;; and R; in the equivalent circuit model. Around 100 kHz, the effect
of Ly is almost disappears, then only L;.. represents as an effective inductance of the stator windings.

The inter-winding capacitance (C;,) can be defined by the steeply decreasing PUL inductance from
300 kHz to 10 MHz, where Cj, causes the PUL inductance to be negative. In the high-frequency region
from around 10 MHz, Ci, becomes almost short circuit, and only small value of the high-frequency
inductance (L), which can be defined from the converged value of the PUL inductance, represents as
the phase line inductance at the high-frequency region.

The parallel admittance of the proposed equivalent circuit model is constructed by applying Lorentz
model. The difference of the first and the second stable values of the PUL capacitance in Fig. 2-23 (d)
defines the low-frequency winding-to-frame capacitance (C,yj). Similarly, the mid-frequency winding-
to-frame capacitance (C.y.y) represents the difference between the second and the third stages. The
high-frequency winding-to-frame capacitance (Cyzi) is defined from the stable value of the PUL
capacitance of around 100 MHz.

By putting an inductance in each admittance brunch, the resonant peaks of the PUL capacitance,
which could not be considered in the previous model of Fig. 2-20, are captured clearly as shown in Fig.
2-23 (d). The first resonant peak of the PUL capacitance is modeled by the first-resonance winding-to-
frame inductance (L.ys) component. The investigated L.y has large value, therefore it can represent
the magnetizing inductance of the stator core. The second-resonance winding-to-frame inductance (L,
sv) captures the second resonant peak of the PUL capacitance, and it describes the eddy currents effects
of the laminated sheets in the stator core [37].

The winding-to-frame resistances (R4 and R, represent the impedances which can be observed
at the resonances, and their values are obtained simply from the peak values of the PUL conductance at
the resonances as shown in Fig. 2-23 (c).

The low-frequency winding-to-frame resistance (R.zj) in the equivalent circuit model is defined by

the almost constant value of the PUL conductance from 1 kHz to 10 kHz, and its large value represents
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the resistance of the insulation sheet material from dc to low-frequency region.

The summarized definition to obtain the values of the elements in the constructed PUL equivalent
circuit model is shown in Table 2-2. Consequentially, the real and imaginary parts of the series
impedance and the shunt admittance in the proposed equivalent circuit model shows close match with

the extracted PUL RLGC parameters as shown in the overall results of Fig. 2-23.

Table 2-2. Summary of the value definitions of the elements in the equivalent circuit model

Element Definition of the values

Rew The peak value of Reuc

Ri The damping factor of Leu in the low-frequency region

Lire The constant value of LruL in the low-frequency region

Li.i The value of Leu. before Ciw effect appears

Lt The converged value of Leruc in the high-frequency region

Ciw The series impedance equation after other element values are found

Rt The reciprocal number of the constant value of Geu in the low-frequency region
Rut-fr The reciprocal number of the peak value of Gru. at the low-frequency resonance
Ruwf-sr The reciprocal number of the peak value of Gru. at the high-frequency resonance
Lw-fr The shunt admittance equiation at the low-frequency resonance

Lwt-sr The shunt admittance equiation at the high-frequency resonance

Cutit The difference of Cru. between first and second constant values

Cut-mt The difference of CruL between second and third constant values

Cu-ht The converged value of Cru. in the high-frequency region
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2.3.10. Verification of the Final Improved PUL equivalent circuit

model for the AC Motor
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Fig. 2-25. (a) Comparison of the input impedances between the measurement and the equivalent circuit
models for the total length of the phase line. (b) Comparison of the transfer impedances between the

measurement and the equivalent circuit models for the total length of the phase line.

From the improved PUL equivalent circuit model, the input impedance and the transfer impedance
for the entire length of the phase winding can be found by (27). The comparison of the input impedance
and the transfer impedance between the measurement, the previous equivalent circuit model and the

proposed final equivalent circuit model is shown in Fig 2-25. In the results, the developed equivalent
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circuit model shows high accuracy with the measurement.
2.4. Summary

In this chapter, a PUL equivalent circuit modeling method for the ac motor was proposed to predict
the high-frequency CE. The high-frequency elements in the PUL equivalent circuit model was extracted
by using the transmission line model. Composed of the constant PUL elements, the proposed equivalent
circuit model is simpler than the previous equivalent circuit models that include complex lumped
components. Moreover, the PUL equivalent circuit model is improved to apply any type of the ac motor.
The admittance model is developed to capture the frequency-dependent PUL capacitance by Debye and
Lorentz model. Furthermore, the skin effect of the winding conductors, and the resistance of the
insulation sheet are considered to include the wideband frequency behaviors. Consequently, using the
proposed modeling method, the high-frequency characteristics of the ac motor winding structure can be
estimated simply without any complicated calculations. In addition, the final improved equivalent
circuit model shows high accuracy for the input and transfer impedances as compared with the previous
model. Therefore, the proposed equivalent circuit modeling method and can be used to predict the

wideband frequency characteristics for the universal ac motor in initial design stage.
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Chapter 111
Multi-Port Network Parameter Extraction of the Three-
Phase Windings in the AC Motor using Mixed-Mode

Network Matrix Conversion Method

3.1. Introduction

In this chapter, an extraction method of the multi-port network parameter for the three-phase
windings structure of the ac motor is proposed. To estimate the EM couplings in the three-phase
windings, the multi-port network parameter of the ac motor is extracted from the characterization of the
mixed-mode network parameters. Under the assumption of the symmetry of the three-phase windings,
the proposed method enables the creation of multi-port network parameter including the EM couplings,
without a full six-port measurement setup. For verification, the calculated impedance is compared with
the measured input impedance for the single-phase winding. In addition, the per-phase equivalent circuit
model including the phase-to-phase coupling under the balanced excitation is proposed by the simple
calculation with the extracted multi-port network parameters. The proposed equivalent model can
distinguish the phase-to-phase coupling from the self-coupling in the phase winding. Therefore, the
influence of the phase-to-phase coupling for the phase line can be investigated by comparing the input

impedances of coupled and uncoupled models.

3.2. Investigation of the EM Coupling Effect in the Three-Phase
Winding Structure

To observe the influence of all the EM parasitic couplings for the three-phase, the stator winding of
a 3.7kW induction machine is measured with the different terminal conditions. The measured ac motor
has a 2-pole, double layer winding in 24 slots, and each winding has 20 turns. The measurement setup
was established to characterize each phase winding as a two-port network using the vector network
analyzer. The measured S-parameters are converted to Z-parameters to obtain the input impedances,
and they are extracted by 1GHz to capture the antiresonances clearly at the high-frequency region.

Two measured input impedances through for the phase line are compared in Fig. 3-1, where one is
measured with the other terminals open and the other is measured with the other terminals connected to

the reference impedance (50 ohm). The measurement with terminated reference impedance for other
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terminals can extract the pure EM characteristic of the single phase line. On the other hand, the
measurement result of the opened other terminals must include the EM coupling effect from the other
phases even if it is small signal. As shown in Fig. 3-1, the input impedances of the single phase line are
different up to mid-frequency region since the phase-to-phase coupling effect is altered by the terminal
conditions. This result shows that the effect of phase-to-phase coupling should be considered for the

accurate estimation of the frequency dependent behavior of the multi-phase structure of the ac machine.
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Fig. 3-1. Comparison of input impedances of the single phase line measured with open and terminated

ports for other phase lines.
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3.3. Network Parameter Extraction for the Three-Phase Phase

Windings
3.3.1.Extraction of the Six-port Z-parameters for the Winding Structure

The relations of the voltages and currents for the six-port network of the three-phase windings are
defined as shown in Fig. 3-2. The relations of the voltages and currents for the two-port network of the
CM connection and DM connection of the three-phase windings are defined as shown in Fig. 3-3. The
full six by six matrix of the impedance parameters for the multi-network of the three-phase winding

structure can be defined as follow:

Vi Zy Z, Ly Ly Ly Zg || b
Vs, Zyy Zyp Lz Zy Iy Iy || L2
V3 — Zy Zyp  Zyy Ly Ly Iy || 3.1
Vv, 2y Zyy Ly Ly Zys Zgs || g
Vs sy Zsy; Iz Zsy  Igs  Zgs || ds
Vel L[Ze1 Ze2 Zes Zea Zes Zes ||l |

Zow =2 (3-2)

m lj, =0(k=m)

The ac machines having three-phase windings can be constructed by various methods according to the
number of layers in a slot and coil pitch. However, (3.1) can be simplified for any type of windings as

following equation because the three-phase winding structure is almost symmetric in the ac motor:

A X u u y w wlii
Vv, u xX u w y wili
V| _|u u x w w ylli (3.3)
v, Ty wow ox u u i .
A W y W u X Ul|fig
Ve | W w y u u x||ig
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Fig. 3-2. Multi-port network model of a three-phase winding.
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Fig. 3-3. (a) Two-port network for CM connection. (b) Two-port network for DM connection.

(3.3) can be redefined with several sub-matrices as follows:

MR

(3.4)
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where V, is a three by one matrix of v, v, and vs that are indicated in Fig. 3-2. Similarly, Vr includes
the terminal voltages which are at the right side in the figure. Zx and Zy are the three by three sub-

matrices of the impedance parameter matrix of (3.3) as follows:

Vi Vs L I

VL = VZ ’ VR = V5 4 IL = I2 ’ IR = |5 (3.5)
V3 Ve I3 lg

(3.6)

wow
y w
wy

In order to find the values of the unknown x, y, u and w, the relations of the voltages and the currents
of CM and DM, which are shown in Fig. 3-3, can be used. The definition of the impedance network of
CM and DM is as follows:

[\,CM cM cMm ][ em 7]
\A :| - {Zn Z; :|{|1
cM cM cM || sem
| V2 Zy Zy L
_VDM,U _ZDM,U ZDM,U"iDM,U' (3.7)
1 —| 12 1
DM,U DM,U DM,U || :DM,U
LV2 | Zn Zy Lk _
[\,DM .,V [ DM,V DM,V ][ :DM,V ]
v, i| - 2y 2y, L
DM,V DM,V DM,V || :DM,V
RA | Zn Zn Lk |

By relating the voltage and currents between CM, DM, and single phase, the following conversion

matrix formula can be obtained:

1 1 1
oM 3 3 3
vy L 1l (3.8)
Y=l 1 -2 =2y, | = VL =MV,
DM,V 2 2 '
Vl ' l 1 3
- 1 =
L 2 2 |
1 1 1
L 1 1 1 h (3.9
v l=| 2 2 2 = 0y, =M1
e 2 4 4.
' S 1 1k
|4 2 4]
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1 1 1
o 3 3 3
v 11V (3.10)
v,"Y =] 1 5 5% = Vug =MV,
VDM,V
2 _1 1 _1 6

L 2 2]

1 1 1
" l (3.11)
jowu || LI L =My '
ifDM,V 2 4 4 is M,R I"R
2 1 1 1|th

4 2 4

where My and M represent transfer matrices between modal and terminal (phase) variables. By using
the relation between the matrices My, M1, Zx and Zy, we can obtain the relation of voltages and currents

for CM and DM as follows:

\\;M [MV N? {V} (3.12)

[VL } (3.13)

VM,L —_ MV 0 ZX ZY I\/I_|:l O IM,L
VM,R 0 I\/IV ZY ZX O I\/I-|l IM,R (314)

= I\/Ivzx'vlil MVZYM;l IM,L :Z IM,L
M, Z M M,Z,M? || CM.DM

The calculated values of the off-diagonal terms of each sub-matrix of Zcwm,pm become zero and it can
be matched with balanced condition. By calculating the matrix Zcwm,pm With the unknown parameters,

we can extract the elements related to CM and DM from (3.14) as follows:
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I\/IVZY'\/IE:L MVZXM;I

|:VM,L:|:Z |:IM,Li| (..Z _|:MVZXM;1 MVZYMIlj|j
V CM,DM I * CM,DM —
M,R M,R

[ x+2u 0 0 y+2w 0 0 |
3 3

VM ] 0 2x-2u 0 0 2y —2w 0 i ]

VDM,U iDM,U
VlDM,V 0 0  2x-2u 0 0 2y-2w IlDM,V

= 1 — 1CM
CM

V5 y+row 0o X o ||k (3.15)
V?M’U 3 3 i2|:>M,u
"Y1l 0 2y-2w 0 0o  2x-2u o |B"]

0 0 2y —2w 0 0 2X—2u

vl 1l x+2u  y+2wl|it™
v | 3ly+2w  x+2u || i

(3.16)
VlDM,U _ 5 X —U y—w _ilDM,U
vy y-w x—u [[ip"
Finally, we can obtain the unknown parameters for the impedance matrix as follows:
CM_CM_l CM_CM_l
;" =1y —g(x+2u), 25" =1y —g(y+2w)
(3.17)
" =1y =20x-u), 23" =2" =2(y-w)
1
x=zM +§21D1M , y=zM +§zl'°2’\"
(3.18)

1 1
__cMm DM __cM DM
Uu=2; _6211 v W=1Zp5 _6212

Note that the parameter x is the self-impedance and y is the transfer-impedance for the single phase line.

Meanwhile, u© and w represent the near-end and far-end (phase-to-phase) transfer-impedances,
respectively.
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To verify the calculated results, the input impedance of the self-coupling term for the open-ended
single phase line is compared with the measurement result as shown in Fig. 3-4. As can be seen in the
results, even though there is a little difference caused by the assumption of symmetric structure, the

calculated input impedance shows a close match with the measured one.

Phase U

—Measurement
+==Calculation

(@)

Input impedance |Zin\ Q)

10° 10* 10° 10 107 108 10°
Frequency (Hz)

(Degrees)
(9,1
[w]

£ 0-
N
N
b)) - 50

g

% -100 &= - —Measurement

= +== Calculation

-150" ‘
10° 10* 10° 10° 10’ 108 10°

Frequency (Hz)

Fig. 3-4. Comparison between measured and calculated input impedance. (a) Magnitude of input

impedance. (b) Phase angle of input impedance.
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3.3.2.Equivalent Circuit Model under Balanced Excitation Condition

By using the parameters in (3.18), a T-equivalent circuit model including the phase-to-phase coupling
can be considered as shown in Fig. 3-5 (a). The sub-circuit in the middle of the equivalent circuit model,
which constructed by x and y parameters, represents the single phase line model without phase-to-phase
coupling factors. Then, the phase-to-phase coupling effects can be added to the left and the right sides
of the uncoupled T-equivalent circuit model by using the parameters u and w. The constructed T-
equivalent circuit can be applied to any winding connection and terminal excitation for the three-phase

structure.

Single phase line model with opened other terminals

0 T~ T <

u(i, +1i,) u(is +1ig )

\" .. y . . Vy
Pow (g + i) +w (i, +iy)
Phase-to-phase couplings by other terminal signals
i i,
— B-E B-E B-E B-E A—
(b) + Zy  —1p Z, Ty +
Vl E V4

B—
Zy
Fig. 3-5. The T-equivalent circuit models of the single-phase line with considering the phase-to-phase

coupling: (a) T-equivalent circuit model that separates phase-to-phase coupling from uncoupled model.

(b) Simplified T-equivalent circuit model under the balanced excitation condition.

Assuming the balanced three-phase excitation on the left-side terminals (1 to 3) and the right-side

terminals (4 to 6) as shown below,

11+lz+l3=0, l4+15+l6:0 (319)
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the expression of the dependence sources of the equivalent model can be simplified as shown in Fig. 3-

5 (b). By the definition of the Z-parameter, the elements of the T-equivalent circuit for the balanced

excitation can be calculated as follows:

(@)

(b)

25 © z&j_[x—u y—W} (3.20)

ZBaIanced—Excitation = |:Z B-E B-E y —W X—U

5
10 1
—_ =—Without phase-to-phase coupling
< 104 +=With phase-to-phase coupling
S
3 10°
=
S
2 107
£
2 10’ A
k= 5
100 LS 4 5 6 7 8 ; 9
10 10 10 10 10 10 10
Frequency [Hz]
5 -
10
@ =—Without phase-to-phase coupling
= 10* *=*With phase-to-phase coupling
N
3 10°
=
B 10°
£
‘02 10
=
= 10"
H
10° 10* 10° 10° 10 10° 10°

Frequency [Hz]

Fig. 3-6. Input impedances and transfer impedances for the single phase line with and without

considering phase-to-phase coupling effect.

Since the proposed T-equivalent circuit model includes the phase-to-phase coupling parameters, we

can observe how the phase-to-phase coupling affects the single-phase line by comparing with the input

and the transfer impedances of the uncoupled model. As shown in Fig. 3-6, the impedances including

the phase-to-phase coupling decrease throughout the observed frequency region.
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3.4. Network Parameter Extraction for the Winding-to-Shaft Coupling

Flements

3.4.1.The Generation of the Shaft Voltage

The proposed multi-port network parameter extraction method can be extended and applied to
investigate the shaft voltage effect in the motor structure. Since the PWM inverter has been used widely
in the motor drive system, the shaft voltage has become a momentous problem due to the high-frequency
switching noise. The phenomenon of the generation of the shaft voltage and bearing currents by the
high-speed switching of the ASD were studied in 1990s [38-39]. Moreover, the study of the shaft
voltage by end-winding structures was presented [40].

The summary of the previous studies on the generated shaft voltage in the ac motor is shown in Fig.
3-7, which describe the EM couplings in cross-section of a three-phase ac motor. Because of the
circulating EM noise current, and asymmetric structure, different voltages are induced at the end-sides
of the shaft, as Vsnar.1 and Vsnae2 in the figure. Therefore, the non-zero shaft voltage along its axis
becomes as a noise source, and EM noise current propagates to the other devices by the mechanical

connection.

High-frequency EM couplings

Phase windings (U, V, W) Circulating EM noise

Bearing
%:ﬂ

Vshaft—l Vshaft—Z

Stator

v
EM noise
propagation

Shaft-to-ground voltages
at the ends of the shaft structure

Fig. 3-7. The circulating CM current loop and the induced shaft voltage by EM coupling effects in the
ac motor structure.
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Fig. 3-8. The experimental test of the shaft voltage generation when CM and DM voltage are applied
to the ac motor [41-42].
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Fig. 3-8 show the induced voltages at the shaft end-sides when CM and DM noise voltages are
induced in the motor. As shown in the measured results, the shaft end-sides have different level of
voltages respectively, and it induces the shaft voltage along its axis. The induced voltages at the shaft
end-sides are almost disappeared when the CM and DM noise filters are used in the system. From this
study, we can know that one of the main reasons of the shaft voltages is the CM and DM EM noise
which are generated by the phase windings.

The general solution to reduce the shaft voltage is shown in Fig. 3-9 [43-44]. To divert the induced
shaft current away from bearings, shaft grounding brush is used typically. However, the problems, such
as mechanical wear, brush sparks, can be occurred because of mechanical contact. Moreover, it is not
the fundamental solution to reduce the EM noise and couplings. Therefore, the coupling mechanism
analysis for the generated shaft voltage is essential, and the method to extract the coupling parameters
between CM, DM noise and induced shaft voltage should be established.

Fig. 3-9. The typical solutions to reduce the shaft voltage in the ac motor. (Electrical short circuit
between shaft and frame by mechanical brush) [43-44]

To understand the transmission effects from the CM noise and the DM noise to the shaft, a method
to extract the network parameters considering their interaction is proposed in this section. The five-port
impedance parameter matrix including the ports as the terminals of three-phase windings and shaft end-
sides is constructed by two-port network analysis. The five-port network is converted to the mixed-
mode parameters by the transfer matrices. The extracted mixed-mode matrix includes the transfer

impedance parameters between CM, DM and shaft end-sides.
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3.4.2.Five-Port Network Parameter Extraction by Two-Port Network

Measurement

The five-port network parameters to extract the impedances between three-phase windings and shaft
end sides can be constructed by the data of several two-port measurements. The concept of the five-ports
including the shaft structure are set as shown in Fig. 3-10 (a). The terminals of the three-phase windings
have each port, and the five-port network is composed by including left and right sides of the shaft
structure. The experiment setup with the connected five-ports in the testing ac motor is shown in Fig. 3-
10 (b). The measurement is implemented by a two-port vector network analyzer as shown in Fig. 3-10
(c). During measurement, 50 ohms are terminated for the other ports except measuring two ports, and
the motor frame is set as the reference ground.

The Table 3-1 shows the two-port measurements to construct the full five-port network parameter
matrix which include the terminals of three phase windings and shaft end sides as the ports. Each
measurement data of Table 3-1 has two by two network parameter matrix. The five-port impedance
parameter matrix including the elements for U, V, W shaft-left and shaft-right can be constructed by
selecting the measured data in the two-port network matrices. The constructed five-port network

parameter matrix is as follow:

Shaft — left Shaft — right Phase U Phase V Phase W

Shaft — left le le Zl3 Zl4 ZlS

Shaft — right

21 22 23 24

z z z z Z,
(3.21)

Phase U 231 Z32 233 Z34 235
Phase V Z Z Z Z Z4
Z Z Z Z Z

[63)
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Fig. 3-11 shows the results of the constructed five-port network parameters of (3.21). The left-upper
2 by 2 data represents the characteristics of the shaft itself. The right-upper 2 by 3 data and left-bottom
3 by 2 data represent the coupling parameters between phase windings and shaft end-sides. The right-
bottom 3 by 3 data represent the characteristics of the three-phase windings. The constructed five-port

network parameters can be used as the raw-data to extract the mixed-mode network parameters.
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Fig. 3-10. (a) The concept of the five-port network to extract the impedance parameters. (b) Experiment

setup of the five-port network for an ac motor. (b) Measurement by two-port vector network analyzer.
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Table 3-1. The two-port measurement to construct the full five-port network parameters including

three-phase and shaft end sides

Measurement order Port 1 Port 2
Measurement 1 Shaft-left Shaft-right
Measurement 2 Shaft-left Phase U
Measurement 3 Shaft-left Phase V
Measurement 4 Shaft-left Phase W
Measurement 5 Shaft-right Phase U
Measurement 6 Shaft-right Phase V
Measurement 7 Shaft-right Phase W
Measurement 8§ Phase U Phase V
Measurement 9 Phase U Phase W

Measurement 10 Phase V Phase W
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Fig. 3-11. The constructed five-port impedance parameters for the three-phase terminals and shaft end sides.
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3.4.3 Measurement of the Common-Mode Current in the Motor Drive

System

In this section, the conversion method from the constructed five-port network parameters to the mixed-
mode network parameters is described. The definition of the constructed five-port network parameter
matrix in the previous section is shown. The matrices are named as port voltages V, port currents I and

port impedance parameters Z respectively as follows:

Vshaft—right Zy Ly Ly Ly Zyg I shaft—right
Vonattteft Zy Zy Zy Zy Ly R
\A =12y Zy Zy Zy Zyg Iy (3'22)
\v Zy Zip Zi Ziu Zss Iy
Viv Lo Zsg Zsgy Zsy Zg I
= V=Z

To extract the EM coupling effect from CM and DM noise to the shaft end sides, the proposed
extraction method of network parameters in the previous section can be used. The port voltages matrix
V can be converted to the mixed-mode voltages matrix, Vm which has the components as shaft left
voltage, shaft right voltage, common-mode voltage, differential-mode voltage for the phase U, and
differential-mode voltage for the phase V, through the defined voltage conversion matrix, My. The
voltage conversion matrix is defined from the relations between CM, DM and port voltages under the
consideration of the mixed-mode connections. Similarly, the mixed-mode currents matrix, Im, can be

converted from the port currents matrix through the constructed current conversion matrix, Mj, as follows:

1 0 0 0 0
Vshafl—right 0 1 0 0 0 Vshaﬂ—right
Vshaﬂ—lefl 1 1 1 Vshaﬂ—left (3 23)
Vew |=| 0 0 = = Vo
3 3 3
VDM U l 1 VV
Vou v 0 0 1 =2 S Vu
o o -+ ¢ -1
2 2]

= V, =M,V
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1 0 0 0 O
I shaft—right 0 1 0 0 0 I shaft—right
lghatt-ret L shatt tet (3 .24)
Ilw |=| 0 0 1 1 1 Iy
lom v Iy
. o o L _1_i]
oM.V 2 4 4 w
o o -t 1 1
L 4 2 4]
= I,=M|l

By using these three matrix relations of (3.22), (3.23), and (3.24), finally, the mixed-mode impedance

parameter matrix, Zm, can be obtained through the below derivation.

V=MV,

=M, (3.25)
V=ZI > MYV, =2ZM},

Z, =M,ZM}

The mixed-mode impedance, Zw, includes the EM coupling effect between CM, DM, and shaft end

sides as follow:

Shaft — left Shaft — right CM DMU DMV
Shaft — left Zshaﬂ—leﬂ,shaﬂ—leﬂ Zshaﬂ—left,shaﬂ—right Zshaﬂ—leﬂ,CM Zshaﬂ—leﬂ,DMLI Zshaﬂ—leﬂ,DMv
_ 5 5 (3.26)
Shaft — right shaft—right,shaft—left shaft—right,shaft—right shaft—right,CM shaft—right, DM, shaft—right,DM,,
cM Zey shaft—left Zey shaft—right Zey M Zey DM, Zey DMy,
bMy ZDMU shaft—left ZDMU shaft—right ZDMU M ZDMU DMy, ZDMU DMy,
DM
v L ZDMV ,shaft—left ZDMV ,shaft—right ZDMV ,CM ZDM\,,DMU ZDMV ,DM,, i

The elements of the two-by-two sub-matrix in left-upper side of Zwm represent the impedances of shaft
structure itself. The elements of the three-by-three sub-matrix in right-bottom side of Zn represent the
relations between CM and DM. The elements of the two-by-three sub-matrix in right-upper side of Zn,
the elements of the three-by-two sub-matrix in left-bottom side of Zm represent the. The converted results
of Zn is shown in Fig. 3-12. As shown in the result, the EM coupling effect that CM and DM noise affect

the shaft end sides can be estimated by using the proposed extraction method.
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Fig. 3-12. The extracted results of the converted impedance matrix Zw.
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3.4.4. EM Coupling Parameters in the Symmetrical Motor Structure

To investigate the change of the final extracted mixed-mode impedance parameters Zm when the motor
has completely symmetrical winding structure, the measured five-port raw-data Z is reconstituted as
shown in Fig. 3-13. The parameters between the phase winding to the shaft-left are set by same parameter,
Z13 as shown in the purple box, and the parameters between the phase winding to the shaft-right are set
by same parameter, Z»3 as shown in the yellow box. Similarly, the parameters of the phase windings are
set as Zs3, and the parameters between the phase windings are set as Zss. Then, the reconstituted
impedance parameter matrix is used to extract the mixed-mode network parameters Zm for the

completely symmetric winding structure.

Shaft-left Shaft-right U \% W
Shaft-left 'le Z12 Z13 Zl4— Z15_
shaftright | Zpq  Zpp  Zpz Zya  Zps
U Z31 Zzy Z33 Z3s Z3s
Vo Za1 Zaz Zuz Zysa Zys
W

Comparison

Parameters between the phase windings and the shaft-left (Z;3)

The shaft impedance parameters

Shaft-left \Shaft-right U \ w
Shaft-left —le Z12 Zl3 Zl3 ZlS_
snatright | Zoq  Zga  Zz3 Zzz L33

—213 ZZ3 Z34— ZS4 Z33—

Parameters of the phase windings (Z33)

Parameters between the phase windings (Z34)

Parameters between the phase windings and the shaft-right (Z,3)

Fig. 3-13. The reconstructed impedance parameter matrix Z for complete symmetric structure of the ac

motor.
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Blue line: original result  Red line: symmetric structure
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Fig. 3-14. The comparison of the converted mixed-mode impedance parameters between the original result and assumed symmetric structure
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The converted result of Zy when the ac motor has symmetrical structure is compared with the original
result of Fig. 3-12 as shown in Fig. 3-14. From the results, we can know that the DM noise does not
propagate to the shaft end sides if the ac motor has completely symmetrical winding structure. In addition,

the CM noise and DM noise do not have any interaction in the symmetric structure
3.5. Summary

In this chapter, the method to extract the multi-network parameters for the three-phase windings in
the ac motor was proposed. The full six-port network parameters of the three-phase winding structure
could be extracted by the two-port mixed-mode (CM and DM) network systems. The proposed method
can extract all the self- and mutual-impedances of the three-phase windings by simple matrix conversion.
Moreover, using the extracted parameters, an equivalent circuit model containing the phase-to-phase
coupling can be constructed. While the proposed equivalent circuit model simplifies the complicated
high-frequency response of the stator winding obtained from measurement or electromagnetic-field
simulation data, it can capture the high-frequency behavior accurately and enables the prediction of the
phase-to-phase coupling effects. The wide-band model of ac machines with the improved accuracy is
expected to be used for the EMC-aware design and the optimization of ac motors. The simplified model
can be used for the motor drive system simulation, including inverter and cables.

In addition, extraction method for the EM coupling parameters between mixed-mode and shaft end-
sides was proposed. To investigate the shaft voltages, five-port network which is consist of phase U,
phase V, phase W, shaft-left and shaft-right is constructed by two-port measurements. The five-port
network is converted to the mixed-mode network which includes the EM coupling parameters between
CM, DM and shaft end-sides. In addition, we confirmed that the differential-mode noise does not
propagate to the shaft structure if the motor has symmetrical winding structure. By the proposed method,
the amount of CM and DM noise, which is transferred to shaft end sides, can be extracted as the form of
impedance parameter. Therefore, we can eliminate the shaft voltage through impedance matching using

the extracted parameter information by the proposed method.

66



Chapter IV
EMC-Aware Design of an AC Motor

4.1. Introduction

In this chapter, a design method for the EMC-aware ac motor is proposed by characterizing the input
impedances. To defined the design parameter that is effective to change the characteristic of input
impedance, the analysis for the elements of the PUL equivalent circuit model which is proposed in
Chapter II is performed.

Moreover, a method to calculate the EM field for the realistic full winding structure is proposed. The
calculation method for the multi-port network including all the conductors is presented to extract the
characteristic of the phase line from the simulated RLGC matrix data. To verify the proposed prediction
method of the EM characteristic for the ac motor, the input impedances of the calculated motor model
are compared with the measurement.

In addition, various motor models are designed to investigate the variation of the input impedance by
an automated design code. The main design parameters to be changed are determined by the structural
parameters corresponding to the elements that have a large effect on the PUL equivalent circuit model.
Through the investigation of the changing input impedance by the design parameters, an EMC-aware
design method of the ac motor is defined. To validate the EMI characteristics of the modeled ac motors
by the proposed method, several prototype ac motors are redesigned for the experiment. The CM currents
are measured when the redesigned motors are operating by the inverter drive, and the reduction of the

CM current by the design parameter is observed.
4.2. Input Impedance Analysis of the AC Motor over Wide Frequency
Range

Characterizing the CM input impedance is important to understand the frequency-dependent behavior
of the EM noise for electrical devices. In systems driven by voltage sources, high input impedance can
reduce the CM current and be durable for the EM noise or the surge voltage. To investigate the
characteristics of the input impedance for the ac motor, several induction motors are measured by a vector
network analyzer as shown in Fig. 4-1. In the ac motors, both induction and synchronous machines have
the same stator winding method, therefore we tested the induction motors which is relatively easy to
approach. Both of the fully assembled motors and the stator winding structures without rotors are

measured to examine the CM input impedance of the windings.
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Fig. 4-1. The measurement setup to extract the characteristics of the input impedance for the ac motors

by vector network analyzer.

Table 4-1. Specifications of the measured induction motors

3. 7KW 5.5KW 7.5KW
(KMH-05HK1) (KMH-08HK1) (KMH-10HK1)
Poles 4 4 4
Slots 48 48 48
Turns per winding 22 35 26
Parallel conductors 3 2 2
Parallel circuits 1 2 2
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Fig. 4-2. (a) The measured magnitudes of the input impedances for 3.7KW, 5.5KW and 7.5KW
induction motors. (a) The measured phases of the input impedances for 3.7KW, 5.5KW and 7.5KW

induction motors. (¢) The equivalent circuit model for the stator winding structure in Chapter II.
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The measurement results of the input impedances are shown in Fig. 4-2, and the specification of each
tested motor is shown in Table 4-1. The characteristic of the input impedance can be investigated through
the per-unit-length (PUL) equivalent model, which is shown in Fig. 4-2 (c). The input impedance can be
divided into three frequency ranges with consideration of the indicated resonances in Fig. 4-2. The
frequency regions and resonances are defined for the measurement result of 5.5kW motor. Corresponding
to the equivalent circuit model, the most dominant element of the input impedance in the frequency
region 1 is the winding-to-frame capacitances (Cyyz, Cizmrand Cyyrpy). After resonance 2, the interwinding
capacitance (Ci) and the mid-frequency winding-to-frame capacitance (Cuyny) become the effective
parameters of the input impedance. In the region C after resonance 3, only the influence of the high-
frequency inductance (L) is observed at the input impedance.

At the high-frequency resonance 3 having the lowest value of the input impedance, the CM current
can be maximized. Resonance 3 is determined by the capacitively decreasing impedance of the region B
and the inductively increasing impedance of the region C, and it means that Ciy, Cywrmp, and Ly are the
most effective elements for the resonance 3. To investigate L element, an experiment is performed as
shown in Fig. 4-3. A winding structure with sufficient number of turns is constructed and measured by
two ports network as shown in the Fig. 4-3 (a), where the external line is the conductor wire that does
not affect to consist of the winding turns. From the experimental results shown in Fig. 4-3 (b), the longer
the external line shows more the inductance effect at the high-frequencies. Therefore, L, for the input
impedance of the ac motor can be defined by the influence of the external line. The external line in the
ac motor is defined not only as a cable connecting the motor and other devices, but also as the additional
winding line above the end-winding for the neutral point connection and phase line terminals, which are
not involved to compose the winding turns, as shown in Fig. 4-3 (c).

The comparison of the results with and without the rotor is shown in Fig. 4-4. The impedance
characteristics are almost same regardless of the presence or absence of the rotor in the entire frequency
range. Only the magnitude of the impedance at the resonances is slightly different around 100 KHz. From
these results, we can know that most dominant factor affecting the input impedance of the ac motor is
the winding structures in the stator. In addition, the high-frequency characteristic of the input impedance
is not affected by the operating state. In the high-frequency, the eddy currents are induced in the stator
and rotor structure. Since the eddy currents confine the rotor flux to the air gap, the flux cannot be
transferred to the stator winding structure [23, 45]. Therefore, to change the input impedance of the ac

motor, the winding structure should be designed effectively.
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Fig. 4-4. The measured result of the input impedances with and without the rotor in the ac motor.

In summary, the most important parameters of the winding structure to change the input impedance
are Cyy, Ci and L. The low value of C,scan increase the input impedance in the region A. Low C,rand
Civ can produce the high impedance for the region B. The resonance 3 can be moved to higher frequency
by lower values of Ci, and Ly In addition, to predict characteristics of these coupling parameters, the

EM field analysis for the winding structure is required.
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4.3. Prediction Method of the Input Impedance Characteristic

4.3.1.Electromagnetic Field Simulation for the Stator Winding

Structure

In this section, an extraction method of the input impedance of the winding structure is introduced
based on the network parameter analysis. To construct the network of the whole winding structure, an
EM field calculation including all the conductors should be performed. However, modeling of the full-
winding structure in the 3-dimension is difficult because the windings usually have tens or hundreds of
turns. Moreover, the EM simulation requires huge computational cost due to the complicated motor
winding structure and a lot of excitation conditions for the conductors.

To enable the EM field simulation for the complicated motor winding structure, the tested induction
motor structure in the previous section is divided into several parts in 2-dimensional model instead of
calculating 3-dimensional full structure model in Ansys 2D Extractor. The cross sections of single slot-
winding structure and single end-winding structure are modeled as shown in Fig. 4-5 (a) and (b). The
external line for the phase terminals and neutral point is modeled as shown in Fig. 4-5 (¢). The EM
field calculation for RL matrices and GC matrices are carried out separately for each model due to the
different EM ground conditions. For the CG calculation, the electrical ground is set including core and
frame structure to retain the electrical continuity for the conductivity. Whereas the EM ground is set for
only the frame structure to consider the high-permeability material of the core structure for the RL
calculation.

In addition, the EM field simulations are implemented by dividing into several frequency areas to
analyze the EM field correctly over the wide frequency (1KHz~100MHz), because different mesh
methods depending on the frequencies should be applied as shown in Fig. 4-6. Otherwise, if same mashes
are used for the entire frequency region, the EM field is not calculated sufficiently for certain frequency
ranges and the calculation shows incorrect results.

The matrices of RLGC for all the conductors of winding structure can be extracted as the result of the
EM field simulation. Then, the multi-port network parameter matrix for each model part can be obtained
by converting the extracted RLGC matrices with considering their lengths through transmission line

method.
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Fig. 4-5. The two-dimensional models for EM field calculation. (a) Single slot-winding structure. (b)
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4.3.2 Extraction of the Multi-Port Network Parameters for the Entire

Phase Winding Structure

The network parameters of the slot-winding structure for 3.7KW motor is composed of 132 ports as
shown in Fig. 4-7. The converted transmission (ABCD) matrix (As) of the slot-winding network

parameter (NET;) can be extracted as follow:

NET, = A,
I Ai,l Ai,n Ai,n+1 Ai,Zn ]
: : : : (4.1)
_ Ah,l Aw,n Aw,n+1 Aw,zn =|:M11 I\/|12:|
A\1+1,1 Awl,n A1+1,1+1 A1+1,2n M21 Mzz s
L AZn,l A2n,n A2n,n+l A2n,2n B

where n is the number of conductors in the slot, and s means slot-winding structure. My, Mi2, M3 and
M3; are sub-matrices of As. Similarly, the transmission matrix of the end-winding structure (A), which
has same number of ports with the slot-winding structure, is obtained. The network of the single-winding
can be constructed as shown in Fig. 4-8. The single-winding network parameters without return paths
for the turn connection (NETsy), which is marked part in the red dot box of Fig. 4-8, is extracted by

product of the single-winding and end-winding network matrices as follow:

NET .:|:M11 M12j| .|:M11 M12:| .|:M22 Mu} .|:M22 M21:| 4.2)

o M21 M22 M 21 M22 M12 Mll MlZ Mll
For return paths of the turns, the ports (P) are connected as follow:

N peg +1

- (4.3)

n+l

P2 n+N . .
ped _fow sw

where N, is the number of parallel conductors of the motor. The ports that are not involved in the turn

configuration can be defined the terminal ports of the single-winding as follow:
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I Pn +1 |
P
1 Py, 4.4)
PN B F)Zn—ltlpcd +1
PZ n .

In the case of 3.7KW motor, the calculated network parameter of the single-winding structure has six-
ports because the winding consists of three parallel conductors.

Finally, the input impedance characteristics of the entire phase line can be obtained by the connection
of the networks as shown in Fig. 4-9. The transmission matrix of the winding-line can be calculated by

product of the single-winding and external-line networks as follow:
Awinding—line:Ael X Agw X =+ X Agy X Agl 4.5)

where the number of the products of A,y is determined from the value dividing the winding number of
the motor by the number of parallel circuits. The network parameters for the entire phase line can be

extracted as following calculation of the admittance parameter matrices:

NETphase - thase = Ywinding-line +-t+ Ywint:ling—line (4.6)

where the number of adding Ywinding-tine is defined by the number of parallel circuits in the motor.

The calculated input impedances of the phase line for the tested ac motors are shown in Fig. 4-10 as
compared with the measured ones. As shown in the results, the calculated input impedances of all three
motors show close matches with the measurement results over the wide-frequency. Moreover, the
calculated results follow the trends of the variation behaviors in 100KHz~1MHz region reasonably. The
high-frequency antiresonance is also captured properly. Therefore, the comparison result verifies that the
proposed method can be used to predict the wideband motor characteristics from user’s design

parameters during motor design stage.
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motors. (a) 3.7KW ac motor. (b) 5.5KW ac motor. (c) 7.5KW ac motor.

4.4. EMC-Aware Motor Design Method by Parametric Analysis

4.4.1.Input Impedance Extraction for the different Motor Models by

Automated Design Code

In this section, an EMC-aware motor design method is proposed. The ac motors are modeled for the

different design parameters, and the characteristics of the input impedances of all the designed motors

are investigated by applying the presented input impedance extraction method in the previous section.

To estimate the wideband characteristics for the various design cases, an automated design code is

developed. The flow chart of the automated design code is shown in Fig. 4-11.
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Fig. 4-11. The flowchart of the automated design code to design an EMC-aware ac motor by changes of

the design parameters.

The automated design conde has three parts. In the design parameter part, all the design parameters
are treated as variables to be calculated automatically with considering the geometric, structural, and
electromagnetic parameters. In the motor performance extraction part, the general motor output
performances are calculated automatically in the motor simulation. In the motor impedance extraction
part, the EM field calculation for the designed motor models is conducted to extract the input impedance
characteristics of phase windings. The design code performs the calculation with several return path to
compare the input impedance and output performance between the designed models.

In Stage 1, the initial input parameters that user should consider in the first stage of motor design are
decided. They are set as number of poles, number of slots, number of parallel circuits, and conductor
diameter for number of parallel conductors in this research. The fixed parameters are defined to compare
the characteristics of the input impedances when the designed motors have same output performances.

They are set as rated power, rated speed, rated voltage, efficiency, power factor.

82



End-winding arc length (l.,)

+

Radius to slot center (1)

End-winding arc angle (6.,)

(b)

Fig. 4-12. Calculation of the generalized end-winding length to apply any design parameter changes. (a)
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length.
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From the defined input initial parameters, the specific motor design parameters, such as the dimensions
of the core, number of turns, are calculated in Stage 2 [46]. All design parameters are treated as variables
to accommodate any motor design type. To calculate the network parameters as transmission line, the
length of the end-winding should be defined as a design parameter as shown in Fig. 4-12. The generalized

calculation for the average length of the end-winding is as follows:

lside = \/(_rscSin(Bea))z + (rsc(1 - COS(Gea)))Z + (hZ - hl)z (4-7)

lend—winding = z(lside + hl) (4.8)
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Fig. 4-13. The modeling of the slot-winding structure for automated calculation to apply any design

parameter changes.
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where the end-winding height /4, and /> should be decided by user with considering the size of motor.
All the unknown parameters should be estimated from the other design parameters in Stage 2 to be
possible the automated calculation.

In Stage 3, the general motor output performances of the designed motors are calculated by the motor
simulation tools (Ansys RMxprt and Ansys Maxwell) using the extracted the design parameters in the
previous stages. The general important characteristic of the motor output performance, such as core loss
and torque ripple, are calculated to consider together with the EMC motor design.

The EM field simulations for the modeled motor structures are conducted to extract the input
impedance in Stage 4. To be applicable to any motor design, the automation of the conductor arrangement
for each model is required. The arrangement method of the conductors for the slot-winding structure is
shown in Fig. 4-13. The circles represent the enameled conductors, and yime is the possible y-axis
coordinates of the center of the conductors to be stacked conductors. The locations of the conductors are

defined by the following relations of the line and circle functions:
Case 1: foc(Xsc) Ysor Toc) = fc(xo — &, Yiinek’ Tc) 4.9)

Case 2: fo(xs, ¥s1) = fc(xo — @, Yiinek rc) (4.10)

where the subscript sc, s/ and c¢ indicate slot-circle wall, slot-line wall and conductor, respectively.
Therefore, (4.9) is an equation of intersections for two circles, and (4.10) is an equation of intersections
for a circle and a straight line. a is defined to be much smaller value than the diameter of conductor. By
increasing the value of a, the conductor is moved gradually to the slot inner direction on the line Ve«
until the function (4.9) and (4.10) does not have solution. The number of conductors that can be on line
Vimex are calculated, where the distance between the leftmost and rightmost conductor centers should be
less than 2x;. The conductors of the end-winding structure is also automatically modeled by defining the
boundaries which is determined from the variables d, 4 and w in Fig. 4-5 (b).

In Stage 5, The calculated large RLGC data from the EM field simulation is converted to s-parameter
data. Then, the s-parameter data are used to extract the winding and the phase networks by the circuit
simulation in Stage 6. Since the extracted S-parameters have a lot of ports, connecting the ports to
construct the entire winding network is difficult. Therefore, all the ports are connected by netlist and

node naming without wiring by following function:

b = f(Nw: Npcc' Npcd) (4.11)

where, Py, Ny, Nyee and Nyes mean the netlist of port, number of windings, number of parallel circuits and

number of parallel conductors for the designed motor respectively. The calculation of the winding
85



network is implemented in the circuit simulation automatically based on H-spice code.

The extracted input impedances of the designed 5.5KW motors for the various design parameters is
shown in Fig. 4-14, and important design parameters for the designed motors are shown in Table 4-2.
The parameters in the gray box of Table 4-2 are the main design parameters to investigate the impedance
characteristic changes, and the other design parameters are used to obtain same output performance or
are extracted as the resultant parameters from calculation. The parameter, total slot wall area, is calculated
to estimate the effect of C,.

When the number of poles is increased, the terminal input impedance is decreased in the region A as
shown in Fig. 4-14 (a) because C,yis increased as the slot wall area increased. In the frequency region B
where the effect of Ci, is involved, the input impedance is almost same regardless of the change of
number of poles. As the number of poles increases, the number of conductors in a slot is decrease, so Ci,
can be expected to decrease. However, the lengths of entire phase line including end-winding length in
a series are increased to about 137, 180 and 222 in meter, respectively, therefore C;y, is not changed much.
As the number of slots increases, C,yis increased, therefore the input impedance decreases in the region
A as shown in Fig. 4-14 (b). On the other hand, the input impedance increases in the region B because
Ci» becomes smaller as the number of conductors becomes smaller. As shown in Fig. 4-14 (c), Ci,
increases as the number of conductors increases, therefore the input impedance decreases only in the
region B over the entire frequency range. The input impedance decreases significantly in the region B
when the parallel circuit increases as shown in the result of Fig. 4-14 (d). Interestingly, even though the
number of conductors and total slot wall area are exactly same by reducing the number of parallel
conductors 2 to 1 when the number of parallel circuits doubles from 2 to 4, the results of the input
impedance show a large difference. This means that even if the stator structure and the amount of used
conductor are the same in the motor design, the input impedance can vary due to the circuit connection
of the windings.

The calculated results of the core loss and torque ripple in the motor performance simulation of Stage
3 are shown in Fig. 4-15. The characteristic relations of input impedance, core loss and torque ripple by
the variations of the design parameter are summarized in shown in Table 4-3. As the number of slots is
increased, the output performance of the ac motor is improved, and the input impedance of region B is
also slightly increased, which may improve the EMC characteristic. However, it is difficult to assure that

the EMC characteristic can be improved because the input impedance in region A is significantly reduced.
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Fig. 4-14. Comparison of the results of the input impedances extracted by the variation of the design
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Table 4-2. Design parameters of the redesigned 5.5kw ac motors

Pole Slot Parallel Parallel  Conductor Conductor Total slot
(Num.) (Num.) conductor circuit per slot diameter  wall agea
(Num.) (Num.) (Num.) (mm) (mm?)

4 48 2 2 70 0.85 211164
6 72 2 2 56 0.85 311410
8 96 2 2 48 0.85 410639
4 24 2 2 138 0.85 110486
4 48 2 2 70 0.85 211164
4 72 2 2 46 0.85 322584
4 96 2 2 36 0.85 480680
4 48 2 2 70 0.85 211164
4 48 6 2 210 0.43 190327
4 48 10 2 350 0.32 190662
4 48 3 1 51 0.85 169739
4 48 2 2 70 0.85 211164
4 48 1 4 70 0.85 211164

The design parameters that can be considered clearly for the EMC motor design are number of parallel
conductors and number of parallel circuits. When the number of parallel conductors is changed, all other
results are almost stable, and only the input impedance in the region B is affected. Therefore, the smaller
number of parallel conductors is better for the EMC motor design without any changes of motor output
performance. The smaller number of parallel circuits shows the strongly higher input impedance in
region B, and less of core loss. Therefore, this design parameter can be an important parameter to design

an EMC-aware ac motor.
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Table 4-3. Change of the input impedance by the design parameters

Increasing Impedance Impedance Impedance Core Torque
parameter region A region B region C loss ripple
Almost Almost
Poles Decrease Decrease Increase
same same
Strongl Almost
Slots gy Increase Decrease Decrease
decrease same
Parallel Almost Almost Almost Almost
Decrease
conductors same same same same
Parallel Almost Strongly Almost Almost
.. Increase
circuits same decrease same same

4.4.2 Measurement of the Common-Mode Current in the Motor Drive

System

To verify the motor EMC design method according to the motor parameters, several motors with
different number of parallel circuits, which is one of dominant design parameter showing the change of
the input impedance characteristic, are made as shown in Fig 4-16. The motors are rewound to change
the number of parallel circuits, and they are made to have one, two and four parallel circuits for the
3.3KW and 5.5KW induction motors respectively. The measured results of the input impedances for the
rewound motors through the VNA is shown in Fig. 4-17. Although the rewound motors do not have
exactly same structure conditions with the designed motors in the previous section due to the used same
stator cores in the experiment, the decreasing trend of the input impedance characteristic is well matched

over the entire frequency range.
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Fig. 4-16. Manufacture of the induction motors to change the number of parallel circuits. (a) removal

of the original winding. (b) Rewinding by design parameter. (c) Enamelling and fixing.
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Fig. 4-18. Measurement setup to observe the CM current in the motor drive system.

In order to investigate the circulating CM current generated in the system during the motor operation,
the experiment is conducted as shown in Fig. 4-18. Three-phase voltages of 380V from the power source
is applied to the inverter (LSLV0075H100-4COFN) via the cables. The switching frequency of the
inverter is set as 3kHz. The modulated three phase voltages are supplied from the inverter to the input
terminals of the redesigned induction motor through the cables. Other motor is connected to the operating
motor for the mechanical load with an insulated connector. Large and flat metal plate is installed on the
floor for common earth ground. The frame of the motor and the enclosure of the inverter are grounded
through the earthing cables to the metal plate ground. The CM current which is circulating in the motor
drive system is measured by connecting a current probe (CP030) to the earthing cable of the motor frame

when the motor is driving. The waveform of the CM current is observed by an oscilloscope (HDO4054A).
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The measured results of the CM currents in the motor drive system are shown in Fig. 4-19. As the
number of the parallel circuits decreases, the average CM current peaks of time domain decrease to 7 ~
8A, 4 ~ 6A, and 3 ~ 4A, respectively, resulting in lower EMC performance. The results confirm that the
higher the input impedance of the motor, the higher the EMC performance, in relation to the measured
results of the impedance characteristics shown in Fig. 18. Moreover, the results of the CM current
spectrum describe well the impedance characteristics of the motor. In the frequency region A, regardless
of the number of the parallel circuits, the spectrum of the CM current appears largely at the odd harmonics
of 3kHz. However, in the frequency region B, as the input impedance increases by decrease of the number
of the parallel, the magnitude of the CM current spectrum becomes much smaller. The motor with 1
parallel circuit reduces the CM current up to about 10 dB in the region B, compared to the motor with 4
parallel circuits. Furthermore, the phenomenon, that the CM current becomes the largest at the resonance
3 where the input impedance is the smallest, also coincides. Comparing the results of Fig. 15 and Fig.
20, the frequencies at resonance 3 are slightly lower when the motor is driven, because the inductance
component increases as long cables are connected in the system. Therefore, the high-frequency
impedance slope in region C shifts to lower frequency. In summary, the results show that the lower
number of parallel circuits in the motor can be strong against EMI due to the lower level of the CM
current and the higher frequency of the resonance 3. In addition, the measurement results validate the

EMC-aware motor design method using the design parameters.
4.5. Summary

In this chapter, an EMC design method for an ac motor by estimation of the input impedance of the
phase winding was presented. The advantage of the proposed extraction method for the input impedance
is that the accuracy is high, and it can be applied to any type of the winding structure including all the
conductors. Moreover, without any complex modeling or computation, the input impedance
characteristics can be extracted easily by general commercial EM field and circuit simulation tools. In
addition, although the EMC design method for the ac motor was analyzed by the four design parameters
(number of slots, poles, parallel conductors and parallel circuits), the characteristics of the input
impedance for the other design parameters can be extracted through the generalized design procedure.
Consequentially, the proposed methods can be used to design an EMC-aware ac motor for the wide

frequency area with high accuracy.
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Chapter V

Conclusion

5.1. Conclusion

In this thesis, the design method of the EMC aware ac motor is proposed by characterizing the input
impedance of the winding structure. To predict the input impedance characteristic in the motor design
stage, the EM field calculation method of the phase winding structure is developed by applying the multi-
port network analysis. The wide frequency characteristics of the ac motor are investigated through the
constructed equivalent circuit model.

The PUL equivalent circuit model for the phase winding structure is constructed by applying the
transmission line theory. The characteristics of the lumped-elements in the PUL equivalent circuit model
can be defined clearly by analysis of the extracted RLGC parameters. The input impedance of the
equivalent circuit model shows close match with the measurement result. The proposed lumped-element
PUL equivalent circuit model can be constructed much easier than the previous complicated distributed-
parameter models. Moreover, the proposed equivalent circuit model describes accurately the physical
meanings of the elements which was unclear in the previous measurement-based models through the
analysis of RLGC parameters. Therefore, the proposed PUL equivalent circuit modeling method can
easily and accurately extract the wide frequency characteristics of the ac motor winding structure.

To investigate all the impedance characteristics in the three-phase windings structure for the high-
frequencies, the extraction method of the multi-port network parameters is developed by using the
relation of the mixed-mode (CM and DM). The six-by-six network parameters of three-phase are
extracted simply by using the two-port network data of mixed-mode under the symmetric structure
assumption. Moreover, the simple T-equivalent circuit model which can distinguish the effect of phase-
to-phase coupling is constructed by the extracted parameters from the mixed-mode conversion. In
addition, the multi-network parameter extraction method is applied to investigate the effect of CM and
DM on both end sides of the shaft structure. Since the structure of the ac motor is almost symmetric, the
proposed method can be used to extract the impedance parameters for any part of the ac motor.

By applying the proposed equivalent circuit modeling method and the multi-port network parameter
extraction method for the ac motor, the EMC-aware motor design method is studied. Through the analysis
of the equivalent circuit elements, the structural elements that affect the input impedance of the ac motor
are determined. Moreover, the EM field calculation method for the full winding structure including all

the conductors is presented to predict the input impedance characteristics of the designed motor models.
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By using the multi-port network parameters of the conductors of winding structure, the input impedance
of the phase winding of the modeled ac motor is extracted. To investigate the variation of the input
impedance by the changed design parameters, automated design and calculation code is developed. From
the extracted input impedances of the designed motor models, the EMC-aware ac motor design method
is presented with considering the output performance of the ac motor. Moreover, the prototype ac motors
are made, and the CM currents are measured when the motors are operating in the drive system. The
result shows the ac motor structure which have high input impedance can reduce the CM current about
10dB. Even though the considered design parameters are number of poles, number of slots, number of
parallel conductors, and number of parallel circuits in this study, many other design parameters can also

be considered to design EMC ac motor by using the proposed design method.
5.2. Future Work

The future work concerns the improvement and extension of the proposed methods which are proposed
in this thesis. It can be divided into three parts as methodology, simulation, and measurement.

The methodology part includes the improvement of the equivalent circuit model and multi-port
network parameter extraction method. As discussed in section 4.2, the windings are hardly affected by
the rotor structure in the high-frequencies whether the motor is stationary or operating. Therefore, the
elements of the proposed equivalent circuit model are independent of the rotor. However, to investigate
the EMI characteristic of full ac motor structure, the circuit model of the rotor structure need to be added.
For that, the modeling method for the rotor structure should be established and applied to the proposed
stator winding model. In addition, the impedance parameters between the three-phase winding and shaft
end sides need to be extracted when the motor is operating because the bearing impedance characteristic
can be different with the stationary state by the capacitance of the oil barrier. By using the five-port data
of the operating state, the multi-port network parameter extraction method, which is proposed in section
3.4, can be applied to study the shaft voltage for the next step.

The EM field calculation method for the realistic stator and winding structure was proposed to predict
the input impedance characteristic of the ac motor. The network parameters for the phase windings can
be extracted from the proposed method, and it can be used in the circuit simulation with the other circuit
component, such as source, inverter, or line impedance stabilization network (LISN) to predict the EMI
characteristic of the motor drive system. From the circuit simulation of the motor drive system, not only
the input impedance of the ac motor, but also the CM voltage or current in the system can be predicted.

The proposed EMC-aware motor design method was verified by measuring the CM current in the

motor drive system. In the future work, the other EMI characteristics, such as CM or DM voltages also
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need to be measured to assure the EMC design for the ac motor by using LISN. Moreover, the variation
of'the EMI characteristics should be observed through the change of the switching frequency with control
circuit of inverter drive. In addition, the core loss and torque for the designed motor models were verified
by simulation in this thesis. To enhance the proposed design method, the motor output performances of

the designed ac motors should be validated by measurement.
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