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Electro-Mechanical Characteristics of Dual-Winding
Motor According to Winding Arrangement for Brake
Systems 1in Highly Automated Driving Vehicles

Baik-Kee Song ', Jae-Hyun Kim *“, Kyu-Yun Hwang

Abstract—Manufactures of automotive parts are struggling to
secure redundancy in various ways. An alternative is to configure
the system via a dual-winding motor and two electronic control
units (ECUs). The dual-winding motor contains different winding
arrangements according to poles/slots, and when only one of the
two circuits is used owing to a failure, the electrical and mechan-
ical characteristics differ depending on the winding arrangement.
In this study, the electrical and mechanical characteristics were
analyzed and compared according to the winding arrangement
when the failure occurs. In particular, the winding arrangement
of the motor is divided into line symmetry, point symmetry, and
alternating symmetry. For each winding arrangement, the back-
electromotive force, torque, and torque ripple were compared and
analyzed through simulation and test. Also, vibration caused by
electromagnetic force was analyzed. Here, to consider the tooth
modulation effect, concentrated force was investigated and tan-
gential force as well as radial force were considered. Additionally,
the thermal characteristics were analyzed during fault operation
using a lumped parameter thermal network with piecewise stator-
housing modules. Lastly, the mechanical design characteristics of
the motor hardware size that need to be changed according to
the winding arrangement of the brake motor are explained. This
study provides guidelines for the winding arrangement selection
of a dual-winding motor with a similar magnetic field distribution
suitable for the design purpose, by analyzing the electromechanical
characteristics and size according to the winding arrangement
during fault operation. The characteristics of other motor types or
pole and slot number combinations can also be inferred from the
results of this study, since the magnetic flux density distribution
will be determined with line, point and alternating symmetry.

Index Terms—Brake system, deformation, dual-winding motor,
electromagnetic force, fault-tolerant motor, highly autonomous
driving (HAD), integrated electronic brake (IEB), lumped
parameter thermal network (LPTN), thermal, torque ripple,
winding arrangement.

Manuscriptreceived 11 January 2022; revised 31 May 2022 and 28 September
2022; accepted 29 April 2023. Date of publication 3 May 2023; date of current
version 17 October 2023. This work was supported by the National Research
Foundation of Korea (NRF) grant funded by the Korea government (MSIT)
under Grant RS-2023-00207865. The review of this article was coordinated by
Dr. Wei Xu. (Correspondng author: Myung-Seop Lim.)

Baik-Kee Song, Jae-Hyun Kim, and Myung-Seop Lim are with
the Department of Automotive Engineering, Hanyang University, Seoul
04763, South Korea (e-mail: songbk82 @ gmail.com; zergl1258 @hanyang.ac kr;
myungseop @hanyang.ac.kr).

Kyu-Yun Hwang is with the School of Railway Operation and Con-
trol, Dongyang University, Yeongju-si 36040, South Korea (e-mail: kyh-
wang @dyu.ac.kr).

Digital Object Identifier 10.1109/TVT.2023.3272729

, Member, IEEE, and Myung-Seop Lim ", Member, IEEE

1. INTRODUCTION

HERE are two main keywords defining the future au-
T tomotive industry: eco-friendly and autonomous driving
vehicles. The paradigm of the automotive industry is rapidly
changing from internal combustion engines (ICEs)-self driving
to electric powered—autonomous driving because of the influ-
ence of automation, connectivity and artificial intelligence (Al),
leading to the convergence of advanced technology. From the
perspective of eco-friendly automobiles, as social interest in
environmental conservation and energy sustainability increases,
many countries are increasingly reinforcing environmental reg-
ulations related to automobile exhaust gases. From the perspec-
tive of highly autonomous driving (HAD) vehicles, HAD frees
drivers physically and mentally; thus, it offers a paradigm that
transforms simple means of transportation into a smart private
office with abundant infotainment. In addition to improving the
quality of life, the reaction time of an improved autonomous
driving system is faster than that of humans, so the number of
traffic collisions can be greatly reduced.

It is important to develop traction motors, self-driving algo-
rithms, software, and databases to facilitate for the eco-friendly
and autonomous driving. However, brake systems responsible
for safety, such as decelerating, stopping and maintaining in
moving vehicles, are more important. Accordingly, it is neces-
sary to study a brake motor that plays a critical role in converting
amechanical-hydraulic pressure brake to an electrical-hydraulic
pressure brake according to a change in the drivetrain. In particu-
lar, in HAD, the fallback system, which is performed by humans
in the conventional system, must be implemented by the motor.
Therefore, it is necessary to study the motor design and motor
characteristics that reflect fault-tolerant (redundancy) character-
istics necessary for the brake system in HAD. Numerous studies
have been conducted on fault-tolerant motors, which are the
main power source of each component for fault-tolerant systems
in autonomous vehicles. The research on fault-tolerant motors
is primarily divided into topology and fault characteristics.

Regarding the study on the magnetic coupling and topol-
ogy of dual-winding motor, which is a type of fault tolerant
motor, C. Jeong suggested a winding function theory to cal-
culate the inductance for torque calculation of a dual three-
phase synchronous reluctance motor, and the torque calcu-
lated using the suggested method was verified by comparing
the test results [1]. However, the motor characteristics under
the fault condition were not analyzed. In [2], X. Cui studied
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the electrical characteristics of the magnetic polarity change
according to the winding method of a dual-channel switched
reluctance machine. H. Chen studied the magnetic-coupling
characteristics of a five-phase dual-rotor PMSM with one stator
as an alternative to a fault-tolerant PMSM based on magnetic
circuit and finite-element methods [3]. For both studies, the
electrical characteristics such as torque of the machine were
investigated under the channel fault condition, but multi-physics
characteristics, such as thermal, noise and vibration performance
were not analyzed. E. Mese compared the motor characteristics
of the distributed and concentrated winding topologies of a
dual winding permanent magnet synchronous machine (PMSM)
[4]. T. Shigeta generalized the fundamental principle of the
dual-winding method to solve the problem of high terminal
voltage value and torque ripple in a compound magneto-motive
force motor with two magnet properties [5]. However, the motor
performance under fault conditions is not addressed in these
studies. In [6], C. Babetto explained the characteristics related
to torque, torque ripple, radial force, and magnetic coupling
based on the winding arrangement of a synchronous reluctance
motor with dual three-phase winding which comprised an 8-pole
72-slot distributed winding. The torque ripple and radial force
were analyzed under faulty condition, but considerations in
thermal characteristics were not investigated. A. M. EL-Refaie
and W. Zhao reviewed the topology and design of modern
permanent magnet (PM)-based fault-tolerant machines [7], [8].
Moreover, Y. Demir proposed a novel asymmetric stator winding
in a six-phase PM synchronous motor [9].

Furthermore, studies on the characteristics of the motor failure
mode have been conducted in fault-tolerant motors. Nicola
[10] found a correlation between the braking torque and motor
parameters under a short-circuit fault in two motors on the same
shaft for a redundant solution, and optimized the motor via this
relationship. However, this study focuses on the introduction
of the two-motor topology for fault tolerant system rather than
the analysis of the motor characteristics in the fault operation.
In [11], average torque, torque ripple and unbalanced radial
force in faulty operating conditions were analyzed according
to the winding arrangement. However, only unbalanced radial
forces were dealt, and other low-order spatial harmonic elec-
tromagnetic forces were not discussed. M. Barcaro investigated
the thermal characteristics of dual three-phase 12-slot 10-pole
machine under inverter faulty condition [12]. However, thermal
analysis was not analyzed according to the winding arrange-
ment. Since the electromagnetic losses and thermal conduction
and convection characteristics vary greatly depending on the
winding arrangement, the temperature of the motor must be
considered according to the winding arrangement.

M. Chowdhury analyzed the torque and torque ripple for
double-wound single and double repetition windings under
winding fault scenarios [13]. P.S. Sangha analyzed the perfor-
mance of a dual-winding PM motor under faults at machine
terminals using FEA, and the results were compared with test
measurements [14]. Similarly, J. Xu investigated the effect of
fault modes on post-fault performance, such as open or short
circuits, in a permanent magnet (PM) synchronous motor. How-
ever, these studies have limitations in that there is no analysis
according to the winding arrangement, and only the torque were
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investigated. Yao investigated the fault-tolerant performance of a
doubly-salient brushless DC generator [15], [16]. P. Giangrande
suggested a post-fault control strategy for balancing the braking
torque by considering short-circuit faults and confirmed its fea-
sibility via thermal analysis [17]. S.J. Nall studied the electrical
and thermal behavior of four separate three-phase PM machines
for normal and fault scenarios [18]. All the above studies were
conducted without considering 2-3 of the various characteristics
that must be considered when designing a motor. Also, although
the winding arrangement greatly affects the performance of the
motor in the event of a fault, this has not been taken into account.

As reviewed above, electromagnetic studies on motor topol-
ogy and motor performance under fault conditions are actively
being conducted. However, there are more factors to consider
when designing a motor product, not only electromagnetic
design; factors include electromagnetic-, noise and vibration-,
thermal- and mechanical- design characteristics. These design
factors come together to make a motor product. However, there
are few comprehensive comparative studies on fault-tolerant
motors, such as electromagnetic, noise and vibration, thermal
and size characteristics based on the winding arrangement, that
can serve as guidelines for engineers. In addition, although
the multi-physics characteristics in fault conditions are greatly
affected according to the winding arrangement, such studies
have not been conducted much. This paper has the advantage of
suggesting a direction for a motor product design by analyzing
the advantages and disadvantages of each design factor and
their reasons; for example, it has advantage in selecting winding
arrangements by prioritizing electrical-, noise and vibration-,
thermal-, and mechanical design characteristics when design-
ing products for dual winding motors. This comparative study
allows engineers to select appropriate winding arrangements
when designing or selecting a fault-tolerant motor suitable for
application depending on the critical design purpose.

This paper is organized as follows. In Section II, the operating
principle and system configuration of the conventional brake
system (CBS) and integrated electronic brake (IEB) are ex-
plained, and importance of dual-winding motor of IEB in HAD
are introduced. In Section III, three winding arrangements of the
dual-winding motor are presented for characteristic comparison
during fault operation. According to the winding arrangements,
electric characteristics such as back electromotive force (EMF)
and torque, noise and vibration characteristics such as radial,
tangential force and deformation considering tooth modulation
effect, thermal, and price and size characteristics are analyzed
in detail. Finally, in Section IV, the comparison results are
summarized, and conclusion is drawn.

II. BRAKE SYSTEM FOR HAD VEHICLES

Since the control system drives instead of a person in au-
tonomous vehicles, the brakes must cope with emergency situa-
tions as an active type rather than a conventional passive type. In
this role, the IEB is effective because it activates the brake as an
electrical signal. In HAD, because humans are not involved in
driving, a redundant brake system is required that can perform
the same function in the case of brake failure.
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Occasionally, brake manufacturers include two brake systems
within vehicles, and as an alternative, they configure a redundant
system using two ECUs and a dual-winding motor for the
redundant system. In a redundant system that utilizes a dual-
winding motor, the motor should be designed considering both
normal and fault operating condition. Even if one circuit fails
and only operates with other circuit in a fallback situation, the
pressure in the caliper required to stop the vehicle is the same in
normal operation. This means that the same torque is required
in the fault operation. Therefore, it is necessary to consider
fault operating characteristics when designing the dual-winding
motor of the brake redundant system. Since the electrical, me-
chanical, thermal, and price and size characteristics are changed
according to the winding arrangement in the dual-winding motor
during fault operation, it is important to understand the charac-
teristics that should be selected for the design. Therefore, this
paper investigates the characteristics according to the winding
arrangement in the dual-winding motor that is used for IEBs.

A. System Configuration

As shown in Fig. 1, in CBS, the brake system is primarily
composed of five subsystems. The subsystems include a vacuum
booster, master cylinder, anti-lock brake system (ABS) /elec-
tronic stability control (ESC) module, brake pipes and calipers.
The operation sequence of CBS is as follows: In CBS, the energy
source comprises muscular pedal efforts applied by the driver,
combined with a vacuum booster. The vacuum booster amplifies
the foot pressure generated when the brake pedal is depressed.
Consequently, it reduces the manual effort required for the
actuation. In the event of a boost fault, the driver can still apply
the brakes using muscular effort alone [19]. When the brake
pedal is depressed, the driver’s effort is instantly transmitted to
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Fig. 2. Integrated electronic brake system.

the brake fluid in the master cylinder through the piston of the
master cylinder. According to Pascal’s principle, the pressure is
transmitted to each wheel cylinder via the brake pipe and caliper
piston. The pressure transferred to the caliper piston is converted
into a compressive force acting on the brake pads.

The IEB replaces the vacuum booster in the CBS by directly
actuating the pump piston using the motor to generate the
braking pressure, which includes all functions of the ESC/ABS
in one module. Fig. 2 illustrates the IEB layout and internal
structure. The IEB comprises an electronic control unit (ECU),
hydraulic control unit (HCU), motor, brake pipe, and caliper. As
shown in Fig. 2, the HCU comprises a master cylinder, motor
and ball screw, pump, piston, pedal simulator, and many valves.
The master cylinder operates the brake with human force in case
of a system fault. It has the same role as the master cylinder in a
conventional brake. During normal operation without fault, the
motor generates torque to apply force to the piston. Accordingly,
the ball screw converts the rotational torque of the motor to a lin-
ear force. Subsequently, the piston receives force from the motor
and gear and pushes the brake fluid in the pump to generate the
braking pressure. During normal operation, the motor generates
the braking pressure; therefore, the driver’s pedal force is not
required. As depicted in Fig. 2, the IEB is lighter because it
has fewer parts compared to the CBS, and it generates braking
pressure using the motor instead of the vacuum booster, which
requires vacuum from the intake manifold or vacuum pump;
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thus, it is not only eco-friendly but also effective in improving
fuel efficiency.

B. Motor Characteristics in IEB Operation

During the IEB operation, the motor operation is dependent
on increasing the pressure of the brake caliper. For example,
Fig. 3 illustrates the motor current, speed, and torque according
to the time and pressure during autonomous emergency braking
(AEB), and shows pedal input at that time. The slope of the
caliper pressure according to motor differs depending on the ve-
hicle’s caliper characteristics and pressure range, but in general,
the slope of the wheel pressure is related to the motor speed.
In addition, the magnitude of the pressure is proportional to the
motor torque, which is related to electrical characteristics. In an
AEB, the maximum output of the motor is required to increase
the response performance of the brake, and thus, the maximum
current of the motor is applied. Even when the pressure is kept
constant, the current is kept constant because the torque of the
motor is constant. Therefore, the motor is always operating when
the brake is operating, and the current is continuously applied
during operation, so the thermal characteristics of the motor that
determine the operation time of the motor is one of the significant
design factors. Fig. 4 illustrates a graph of the caliper pressure
and sound amplitude obtained in a vehicle experiment. When
the motor operates from #; to #5 (Fig. 3), an operating sound
is generated. The sound is generated from the electromagnetic
force and torque ripple of the motor, and gear noise by motor
rotation and speed changes when the pressure increases. In a
CBS, the motor is not used during brake operation, and the
operating sound is very small. However, the operating sound in
an IEB is larger than that in the CBS, and is inevitable. Therefore,
because this noise is unfamiliar to the driver, it may cause a
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sense of heterogeneity. In this aspect, the noise and vibration
characteristics owing to the electromagnetic force and torque
ripple of the motor are critical.

C. Dual-Winding Motor of IEB for HAD

In this section, a fault tolerant IEB system using a dual-
winding motor in consideration of HAD is described. As men-
tioned earlier, the IEB is suitable for HAD because braking
pressure is unrelated to human pedal inputs. The pump piston,
which generates the braking pressure, is connected to the motor
that operates only by signals transmitted to the ECU. Therefore,
only an electrical signal is required during HAD to generate the
required braking pressure.

In safety-conscious chassis products such as steering and
braking systems, fault-tolerant systems are configured to allow
the driver to manually use minimum performance during a fault.
However, if a system failure occurs in an emergency situation
during HAD, the driver is not driving and may not be able
to respond quickly to the situation. Therefore, an additional
fault-tolerant system that does not require the driver’s input
is required to cope with the aforementioned situation, even in
the case of a system fault during HAD. Similarly, in the brake
system for HAD, a fault-tolerant motor and ECU are required as
countermeasures against faults. Therefore, in the fault-tolerant
brake system covered in this study, the circuit of the motor is
divided into two circuits, and the ECU is separated into two for
controlling the motor, as shown in Fig. 5. Only the electrical
components, the motor and controller consist of two systems
because the mechanical parts are assumed to be sufficiently
robust and reliable. The primary and secondary controllers of
the IEB ECU receive traffic conditions from various sensors
of the vehicle and calculate the braking pressure appropriate
for the driving situation. Primary and secondary controllers of
the IEB’s ECU input the corresponding motor current into the
primary and secondary circuits of the motor to make the motor
torque suitable for the required braking pressure. The primary
and secondary motor circuits are controlled in phases, with each
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Fig. 6.  Winding arrangement of 8-pole 12-slot dual-winding motor.

phase generating half of the required torque. The combined
torque of each circuit moves the pump piston and produces
braking pressure. However, the IEB operates during faults in
the HAD as follows: We assume that the primary controller of
the IEB ECU fails. Only the secondary controller of the IEB
drives the secondary circuit of the motor. Even when only one
circuit is operated owing to failure, the motor is required to
ensure system performance. During fault operation, twice as
much current is applied to the secondary circuit of the motor to
generate the same braking as in normal operation, in contrast
to the case during normal operation. Consequently, in the IEB,
the motor should be designed according to specific criteria that
prevent problems, even if it continuously operates in the mainly
used operating points during fault operation.

III. DUAL-WINDING MOTOR CHARACTERISTICS

There are three methods of winding arrangement, as shown
in Figs. 6 and 7; the winding connection correspond to the
winding arrangement. Table I lists the specifications of the
dual-winding motor. Under the normal operation (without fault),
the performance of three winding arrangements is exactly the
same. However, the winding arrangement of a dual-winding
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(a) Line symmetry. (b) Point symmetry. (c) Alternating symmetry.

TABLE I
DUAL-WINDING MOTOR SPECIFICATIONS FOR FAULT-TOLERANT IEB

ITEMS VALUE REMARK
Motor type SPMSM
Winding type Concentrated
Winding connection Delta
Pole / slot 8/12
Max. torque (Nm) 3.3 @ 50 Ay, each terminal

motor affects thermal, noise, vibration, and electrical charac-
teristics. The overall price and size are also affected by winding
arrangements.

A. Electric Characteristics

For the electrical characteristics, the measured torque and
torque ripple with the fabricated motor were compared with the
simulation results.

1) No-Load Characteristics: Before the load test, the back
EMEF at no-load was compared with the simulation and test
results. Since there is no current input, the no-load back EMF is
the same regardless of the winding arrangement. Fig. 8 illustrates
the back EMF waveform and the amplitude of the fundamental
and harmonic components of the back EMF through fast Fourier
transform (FFT). The amplitude of the fundamental component
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of the back EMF was 2.89 V., and 2.97 V., in the test
and simulation, respectively, with an error of approximately
2.84%. This error was primarily caused by the tolerance of the
permanent magnet, stator, and rotor core, and the smaller the
motor, the more sensitive it is. The total harmonic distortion
(THD) of the back EMF is 0.68% and 0.4% of the test value
and simulation value, respectively, which is close to the design
value.

2) Load Characteristics: After measuring the motor torque
based on 100 Ay (primary: 50 Ay, secondary: 50 Apx) in the
normal operation, the amplitude of the current was changed to
generate the same torque even in the fault operation to measure
the torque ripple under the same load. The torque error of the
simulation and test was approximately 4.5%, and the increase in
current to generate the same torque in the case of fault operation
was 2% for the simulation and approximately 2~3% for the test
as shown in Fig. 9. The current increment is large in the order of
line > point > alternating in symmetry, which originates from
the difference in reluctance of the magnetic circuit at the load,
showing the same trend in the tests and simulations. However,
the current increment is very small and within an error level.
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Besides, the magnitude of the torque according to the winding
arrangement is similar. However, it is necessary to analyze the
harmonic order component of torque due to noise caused by
torque ripple. Table II lists the torque harmonics generated
during one rotation of the rotor, which was calculated through
FFT analysis. In the simulation results, the torque harmonics of
multiples of the 8 order in addition to the 24" order appeared
in line symmetry and point symmetry. However, it did not occur
in alternating symmetry. In the simulation, the 24 component
is the largest. However, there are orders larger than the 24
component in the test value, which is primarily due to assembly
tolerance and dimensional tolerance caused by manufacturing,
and is inevitable. As shown in Fig. 10, the torque multiples of the
8" order which is generated in simulation with ideal condition
were compared to confirm the similarity between the test result
and the simulation result. Although there is a difference in the
values, the simulation and test results were similar tendency.
From the results, alternating symmetry is judged to be advan-
tageous in all orders of torque ripple [20], and line and point
symmetries have different advantages depending on the order.
The results demonstrate that alternating symmetry is conducive
for noise and vibration.

B. Noise and Vibration Characteristics

The factors affecting noise and vibration include deformation
by electromagnetic force and torque ripple by the motor shaft.
Instead of measuring noise and vibration, deformation analysis
of the dual-winding motor based on the winding arrangement
during fault operation was performed via finite element analysis
(FEA). Here, in order to consider the tooth modulation effect,
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Fig. 10.  8X harmonics of torque ripple. (a) 8 order. (b) 16" order. (¢) 24" p =4, and m = 3, z = 1 and n = 2. As n is an even number,

order. (d) 32" order. (e) 40" order. (f) 48" order.

when analyzing the electromagnetic force, concentrated force
was calculated and compared instead of distributed force.

1) Basic Theory of Spatial Harmonics and Vibration Order:
The spatial harmonic orders of the magneto-motive force (MMF)
of the armature’s and field’s based on the pole and slot combi-
nations are discussed. The vibration order is calculated via the
combination of the spatial harmonic order of the armature’s and
field’s MMF. The deflection Ad of the stator core is an inverse
function of the fourth power of the force order » when only
the pure circumferential vibration orders of the stator core are
considered [21].

Ad %4 1)

Therefore, the smaller the vibration order, the greater the
amount of deformation, which is unfavorable for vibration and
noise. The vibration order is determined from the combination of
the spatial harmonics orders of the armature’s and field’s MMF.

The spatial harmonic orders of the armature’s MMF are
obtained using (3) and (4) depending on whether the value of n
obtained by using the number of slots per pole phase in (2) is
odd or even. The number of slots per pole is

_51 _Z
= mp ~ n

(n and z are relatively prime ) )
where, ¢g; denotes the number of slot per pole per phase, p
denotes the number of pole pairs, 51 denotes the number of stator
slots and m represents the number of phases. If n is even, the

v = 1 is satisfied, when it has a positive sign in (3). The order
of the spatial harmonics of the field depends on the vibration
order frequency of being analyzed. In the case of a PM machine,
vibration occurs primarily when it is twice the frequency of the
rotating magnetic field, and the corresponding spatial harmonic
order occurs by the field [20]. The vibration order according to
the MMF sources constituting the spatial harmonics are listed
in Table III. In Table III, 1z denotes the spatial harmonic order
of the MMF caused by field, v denotes the spatial harmonic
order of the MMF caused by armature reaction, » denotes the
vibration order, f denotes the fundamental frequency, f;- denotes
the vibration order frequency to be analyzed. For all the sources,
the absolute lowest value of the vibration order calculated by p
and v can be regarded as the vibration order of the corresponding
pole slots combination. The vibration order of the 8-pole 12-slot
motor for each MMF source is 4.

2) Electromagnetic Force Calculation Considering Tooth
Modulation Effect: The distributed electromagnetic pressure is
obtained from the relationship between the air gap flux density
in the radial and tangential directions. According to the Maxwell
stress tensor, the radial and tangential electromagnetic force per
unit area or electromagnetic pressure waveform at any point in
the air gap is expressed in [22]:

1

o b7 (a, t) = b7 (o, 1)] (5)

pr (a,t) =

1
b (047 t) = 7b7‘bt (6)
Ho

where, p, and p, denotes the radial and tangential electromag-
netic pressure, b, denotes the radial flux density of the air gap,
b, corresponds to the tangential flux density of the air gap, po
denotes the magnetic permeability of vacuum, « represents the
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Fig. 11. Radial and tangential magnetic flux density under maximum load
condition during normal operation.
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Fig. 12.  Process of tooth modulation effect of 4™ and 8 vibration order radial
force due to the 12 tooth-slot structure.

angular distance from the origin of the coordinate system, and #
denotes the time. Generally, radial magnetic flux density is much
larger than tangential component. Fig. 11 shows the radial and
tangential airgap magnetic flux density under maximum load
condition during normal operating condition. It can be seen
that the radial magnetic flux density is much larger than that of
tangential component. This implies that radial electromagnetic
force is also much larger than that of the tangential electromag-
netic force. The magnetic flux lines are substantially perpendic-
ular to the stator and rotor cores because the permeability of the
ferromagnetic core is much higher than that of the air gap [20].

Recently, studies have been conducted that high vibration
order electromagnetic force behaves like low vibration order
electromagnetic force and causes large vibration, and this effect
is called the tooth modulation effect [24]. Fig. 12 shows the
tooth modulation process by 12-teeth-slot structure of the 4™
and 8™ vibration order radial force. As can be seen, 8™ vibration
order radial force is modulated into 4™ vibration order radial
force due to 12-teeth-slot structure. Therefore, in this study,
concentrated force was calculated instead of distributed force
and compared according to the winding arrangement in faulty
condition. The concentrated radial and tangential force were
calculated as follows [25]:

0.+7/s—a/2

o / Rin Lot {pr c08(8. — 0)+pr sin(6, —0) }df
0.—m/s+a/2

)

0.4m/s—a/2
Ft,z:/ Riantk{pt COS(GZ—G)‘FZ)T sm(@z—ﬁ)}dﬂ
0,—7/sta/2
(®)

12531

TABLE IV
ELECTRO-MAGNETIC MODULATED FORCES

SYMMETRY TANGENTIAL

8
I

Normal
Operation
Radial force (N)

Tangential force (N)

Line
Radial force (N)
Tangential force (N)

0

Fault Operation
Point
Radial force (N)

Tangential force (N)

angential force (N)

Alternating
Radial force (N)

here, F is the concentrated force, p is the distributed electro-
magnetic pressure as in (5), (6), Ly is the stack length, 6 is the
mechanical angle, 6, is the mechanical angle of the zth tooth
center, « is the slot opening angle, subscripts r and ¢ denote
radial and tangential directions, respectively, and z is the tooth
number.

To calculate the accurate electromagnetic force, a 2D electro-
magnetic FEA called JIMAG was utilized. First, the distributed
electromagnetic pressure was calculated according to (5), (6)
under the phase current 100 Ay, considering the maximum
load condition, and from the calculated pressure, concentrated
radial and tangential force were calculated using (7), (8). The
calculated radial and tangential concentrated force are shown
in Table IV. In Table IV, the red lines in the graphs are a line
which is connected the amplitude of the forces at the center
point of each tooth. In the case of the maximum load of the target
motor, the radial force is approximately four times larger than the
tangential force listed in Table IV, based on the electromagnetic
force of the maximum value applied to the teeth. As mentioned
earlier, this occurs because the radial magnetic flux density is
larger than tangential component.

For normal operation, the electromagnetic forces in the four
directions were symmetrical, which leads the vibration order of
4. It is primarily because the magnetic flux has a symmetrical
shape at intervals of 90°, as shown in Fig. 13(a). For line
symmetry, the magnetic flux form is asymmetric as shown in
Fig. 13(b), which leads to the vibration order 1 of the elec-
tromagnetic forces. For point and alternating symmetry, even
though the phase of magnetic flux is different, the magnetic
flux has symmetrical shape at intervals of 180°, which leads to
the vibration order of 2, as shown in Fig. 13(c) and (d). Using
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Fig. 13.  Flux distribution during normal and fault operation. (a) Normal.
(b) Line symmetry during fault. (c) Point symmetry during fault. (d) Alternating
symmetry during fault.
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Fig. 14.  Amplitude of radial and tangential force. (a) Normal operation.
(b) Line symmetry. (c) Point symmetry. (d) Alternating symmetry.

FFT, the amplitude of radial and tangential force is calculated
as shown in Fig. 14. Since deformation is an inverse function
of fourth power of the vibration order as in (1), as the vibration
order decreases, the deformation increases. Therefore, it can be
predicted that the deformation of line symmetry is the largest,
followed by point and alternating symmetry, and smallest for
normal operation.

3) Deformation: The simulation result through JMAG anal-
ysis is the same as that in Table V. The figures in Table V
were observed by magnifying the deformation size at the same
scale. The shape of the force distribution in Table IV and the
deformation in Table V are similar. In line symmetry, because
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TABLE V
DEFORMATION ANALYSIS RESULT

SYMMETRY ToP VIEW LEFT VIEW

Line

Point

Alternating

0.4+
0.2
0.0
-0.21
0.4

-0.2

Deformation (pm)

0.0+
0.2+

0.4-

m— [ine = Point e— Altemating‘

Fig. 15.  Amount of deformation around motor housing.

the force in one direction is asymmetrically large, the defor-
mation form is also significantly deformed in one direction. In
point and alternating symmetry, the force is symmetrical in two
directions, and the deformation also occurs symmetrically in two
directions. The amount of deformation according to the winding
arrangement around the housing at the point where the maximum
deformation occurred is illustrated in Fig. 15. The deformation
increases in the order of line > point > alternating symmetry,
and it is expected that the noise and vibration are also large in
the same order.

The difference in the amount of deformation between the point
and the alternating symmetry is considerably large compared to
the difference in the amplitude of its force, which is shown in
Fig. 14. It caused by the phase difference of forces, which af-
fects deformation [22] between the radial and tangential forces.
Fig. 16 shows the radial deformation contributing phase of radial
and tangential force, and phase difference of radial and tangential
force contributing to radial deformation. Here, since the radial
deformation is mostly caused by the lowest vibration order, only
the force phase corresponding to the lowest vibration order that
can occur according to each winding arrangement is expressed.
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For point symmetry and alternating symmetry, although the
amplitude of radial and tangential force is similar, the phase
difference is greatly different. For point symmetry, the phase
difference is almost 30°, which means that radial deformation
caused by radial force and tangential force enhance each other.
On the other hand, for alternating symmetry, the phase difference
is almost 180°, which means that radial deformation caused by
radial force and tangential force cancel each other out. Therefore,
the radial deformation of alternating symmetry is smaller than
point symmetry, although amplitude of force is similar. For nor-
mal operation, the phase difference is almost zero, and for line
symmetry, the phase difference is about 60°. In both operating
condition, radial deformation could be enhanced by radial and
tangential force.

C. Thermal Characteristics

The differences in thermal characteristics according to wind-
ing arrangement during fault operation in transient and steady
state is analyzed through simulation results of a lumped pa-
rameter thermal network with piecewise stator-housing modules
(LPTN with PSMs) and test results.

1) Basic Theory of LPTN With PSM: Based on the winding
arrangement, the temperature of the coil hot spot may different
during fault operation. LPTN with PSMs which is capable of
accurate temperature estimation during fault operation is used to
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(a) (b)

Fig. 17. Heat-transfer path according to operation. (a) Fault operation.
(b) Normal operation.

0,
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-

Fig. 18.  Diagram of 1/n model of the cylindrical component in the PSM.

predict the temperature during fault operation in a dual-winding
motor [23]. Fig. 17 illustrates the heat transfer path according to
the operating mode. Fig. 17(a) depicts the heat transfer path dur-
ing the fault operation. When one of the two circuits of the motor
fails, the current flows in only one circuit, which increases the
coil temperature of one circuit due to copper loss. Meanwhile,
since current does not flow in the other coil, copper loss does
not occur in it; thus, its coil temperature is low. Therefore, heat
is transferred in the radial and tangential directions together,
as indicated by the yellow arrow in Fig. 17(a), when heat is
transmitted from high to low temperature. Fig. 17(b) illustrates
the heat transfer path during normal operation. Ideally, the same
current flows through all coils, resulting in equal copper loss;
thus, all coils have the same temperature. Therefore, heat is
transferred only in the radial direction.

Fig. 18 depicts the partial model of the entire cylinder divided
by n slots which is the fundamental model of a PSM. The red
resistors in Fig. 18 are the thermal resistances for heat transfer
to the left and right in the case of a temperature difference for
each of the n models. The thermal network of PSM is presented
in Fig. 19. The geometric mean distance was used to calculate
the left and right thermal resistances. The general resistance
equation of the 1/n cylindrical component model is as follows:

360L
Ria=o——5 ©)
27kq (7‘1 — 7"2)
360L
Rpg= ——— 10
2 2k (r} —nr3) (10
—360L
Rsq (11)

" 6k (12 —12) ¢
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As shown in Fig. 20, the temperature of the dual-winding
motor according to the winding arrangement is calculated using
LPTN with PSMs.

2) Result of Temperature According to Winding Arrange-
ment: To measure the temperature according to the winding
arrangement using one sample, as shown in the expanded view
of the test motor in Fig. 21, female terminals were connected
to each coil of the 12 slots so that the coils of each slot could
be connected. The electrical circuits were connected according
to the winding arrangement shown in Fig. 7 to classify working
and non-working slots. Working slots are colored in bright red
and non-working slots are colored in bright blue. Six cases were
compared according to the winding arrangement (three cases:
line, point, alternating symmetry) in the dual-winding motor and
the current value (two cases: 20 and 100 Apy) during fault op-
eration in which heat transfer occurs in the tangential direction.
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Simulation and test results at 20 Ay and 100 Apy currents were
compared to confirm the transient and steady-state conditions.
Based on the winding arrangement of the dual-winding motor,
the coils that should have the same temperature under ideal con-
ditions were grouped together. During the simulation, the coils
in each group had the same temperature. For coils in working
slots, for example, in the line symmetry case, the temperatures
of the coils (3, 4), (2, 5), (1, 6) in Fig. 7(a) are grouped. In the
point symmetry case, the temperatures of coils (3, 9) and (2, 4,
8, 10) in Fig. 7(b) are grouped. In the alternating symmetry case,
the temperatures of the coils (1, 3, 5, 7, 9, 11) in Fig. 7(c) are
grouped.

Fig. 22 illustrates the simulation and test results of the coil
temperature based on the winding arrangement at 20 and 100
AL currents during fault operation. Because the measured coil
temperature exhibits a difference within 5-10°C within each
group, the average temperature of each group was used to
compare with the simulation results. The test and simulation
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Fig. 22.  Simulation and test result of temperature during fault operation. (b) Point symmetry. (c) Alternating symmetry.
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TABLE VI
TEMPERATURE DATA DURING FAULT OPERATION

@

CoIL NO ITEM CURRENT: 20 A, | CURRENT: 100 A
Simulation (°C) 48.1 150.2
D,® Test (°C) 57.6 134.3
Error (°C) 9.5 -15.9
Simulation (°C) 48.6 156.1
2,® Test (°C) 58.8 151.5
Error (°C) 10 -4.6
Simulation (°C) 49.6 168.2
©X) Test (°C) 59.7 168.6
Error (°C) 10 0.4
Simulation (°C) 42.6 27.1
@,©® Test (°C) 49.5 33.2
Error (°C) 6.9 6.1
Simulation (°C) 42.1 22.8
®,0 Test (°C) 475 25.2
Error (°C) 54 2.35
Simulation (°C) 42 22.6
©,00 Test (°C) 478 24.5
Error (°C) 5.8 1.9
(b)
CoiL No. ITEM CURRENT: 20 A CURRENT: 100 A,
Simulation (°C) 493 164.1
3,9 Test (°C) 59.4 157.3
Error (°C) 10.1 -6.8
2., Simulatir:’n (°C) 48.1 149.1
®.0 Test (°C) 57.3 133.6
= Error (°C) 9.2 -15.5
- Simulation (°C) 42.6 27.5
%% Test (°C) 513 31.7
” Error (°C) 8.7 4.2
Simulation (°C) 422 23.1
®,® Test (°C) 50 25.5
Error (°C) 7.8 24
©
CoIL No. ITEM CURRENT: 20 A CURRENT: 100 A
0,0,6, Simulatioon (°C) 48.4 155.6
0o Test (°C) 572 139.5
Error (°C) 8.8 -16.1
2.0.6. Simulati(?)n (°C) 43.1 32.7
e 0® Test (°C) 52.6 38.8
T Error (°C) 9.5 6.1

results are compared according to the winding arrangement,
coil position and current. In the graphs, the red solid line with
white dots represents the test result, and the black solid line
represents the simulation result. The final temperature and error
of the simulation and test for the same period are recorded in
Table VI. It can be seen that the simulation and test temperatures
were almost identical. When a steady state 20 Ay current was
applied, the highest temperature among the test and simulation
results was in the order of line > point > alternating symmetry,
and the lowest temperature was in the order of line < point
< alternating symmetry. However, depending on the winding
arrangement and position of the coil, the temperatures were at
the same level. In the case of a transient state in which 100
Apx current was applied, the temperature difference between
the coils was large depending on the position of the coils within
the same operating time; however, the order of the highest and
lowest temperatures according to the winding arrangement was
the same as when a 20 A current was applied.

Heat transfer primarily occurs through conduction inside the
motor, and a time delay occurs owing to the heat capacity of each
component constituting the PSM until the heat generated from
the working PSM is transferred to the non-working PSM. As
shown in Fig. 22, in the line symmetry result when a current of 20
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Api was applied, the temperature of each coil position is similar
regardless of the winding arrangement. This is because there
was sufficient time for the heat to transfer to each adjacent PSM
before the coil temperature reached its usage limit. However, in
the transient state in which the 100 A current was applied, the
gap between the maximum and the minimum temperatures was
considerably larger because the coil temperature of the working
PSM reached the limit of use within a short time period, so there
was not insufficient time for the heat generated in the working
PSM to be transferred to the non-working PSM.

The above test results only discussed the steady state of low
current and the transient state of high current when a constant
current was applied. However, if the input and non-input of
the motor current are repeated during brake operation and non-
operation, the coil temperature difference accumulates, resulting
in a larger temperature difference for each winding arrangement
as shown in Fig. 23. Therefore, heat transfer of alternating
symmetry occurs relatively actively compared to point or line
symmetry. Hence, it is most advantageous in terms of thermal
characteristics, whereas line symmetry is disadvantageous in
terms of thermal characteristics because the heat transfer of the
coil hot spot is sluggish.

D. Mechanical Characteristics

In this analysis, only parts of the stator assembly and housing
were considered, although the length of the shaft also changes
according to the winding arrangement. The parts of the stator
assembly were bus-bars and insulators. As the number of bus-
bars increases according to the winding arrangement, the height
of the molding part including the bus-bars increases, and the
number of insulator guides increases. Consequently, it leads to
an increase in the size of the insulator, which also increases
the size of the housing including the insulator and bus-bars.
As shown in Fig. 7, the bus-bar in the motor connects to each
phase. Fig. 7 illustrates the bus-bar connection according to the
winding arrangement of the 8-pole 12-slot concentrated winding
model. The primary and secondary circuits are separated from
each other, and each phase consists of two series circuits for
each circuit. A connected core method is applied to the stator of
the target motor; thus, the same phases are connected without a
bus-bar, and the different phases are connected to a bus-bar,
as shown in Fig. 7. When designing a bus-bar, it is crucial
to consider the insulation distance to satisfy the international
standard IEC 60664-1. Securing the insulation distance is a
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Bus-bars

Housing

Insulators

Fig. 24.  Design changed parts.

requirement to satisfy the test standards for withstanding voltage
and insulation resistance. In addition, the design should also
consider manufacturing methods. To maintain the separation
distance between the bus-bars due to vibration and shock during
operation, the bus-bars are molded together by plastic molding.
In this paper, the distance between the bus-bars is designed to
be more than 1.0 mm when designing the bus-bars, primarily in
consideration of the thermal flowability of the injection-molded
material, deformation and change in the position of the bus-bars
due to the injection pressure.

When the coils between the slots are connected in a series
circuit, a guide is necessary to prevent any interference between
the wires of different phases. If there is no guide, it is difficult
to make the resistance of the three-phase uniform during manu-
facturing, and the insulation may be broken by the interference
between the wires of different phases due to the vibration during
motor operation, which may cause a short circuit between the
coils. The box marked with the dotted line in Fig. 7 indicates that
awire guide isrequired. Thisrole is primarily implemented in the
shape of the insulator, and the number of guides of the insulator
is determined according to the number of overlapping wires.
In case of line symmetry, a maximum of three wires overlap
between coils 3 and 4 and between coils 9 and 10; in the case of
point symmetry, a maximum of six wires overlap between coils
7 and 8. Lastly, in the case of alternating symmetry, a maximum
of six wires overlap between coils 6 and 7. In line symmetry,
bus-bars are designed with one layer; in point and alternating
symmetry, the bus-bars are composed of two layers designed to
satisfy the design criteria mentioned above.

The bus-bars which are changed from one layer to two layers
and insulators which is changed from three wire guides to six
wire guides make the size increment of the motor housing.
Fig. 24 illustrates the parts that should be designed and Table VII
lists the changed design features. Compared to line symmetry,
the size increased by 10.4 mm in point and alternating symmetry.
The increased size inflicts a price increase of $0.21 and $0.24,
respectively in point symmetry and alternating symmetry when
compared with the line symmetry.

E. Overall Performance Comparison

In Tables VIII and IX, the characteristics of dual-winding mo-
tor during the fault operation are summarized quantitatively and
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TABLE VII
MECHANICAL DESIGN FEATURE
LINE POINT ALTERNATING
Bus-bars
Lo ) | ‘w ‘m’
Insulators
!
o]
Housing ¢-
Section t *
TABLE VIII

MOTOR PERFORMANCE ACCORDING TO WINDING ARRANGEMENT

CHARACTERISTIC LINE POINT ALTERNATING
Size (mm) 0 (base) +10.4 +10.4
Cost ($) 0 (base) +0.21 +0.24
Maximum Transient 59.7 59.4 57.2
teml(’fgmre Steady 168.6 157.3 139.5
Maximum deformation 037 033 024
(um)
Torque ripple (%) 5.77 5.11 3.63
Phase current for same
output torque (Ag) 103.0 102.5 102.2

qualitatively, respectively. Evidently, line symmetry is the best in
terms of size and price, and the point and alternating symmetry
are similar. However, in alternating and point symmetry, the
thermal, noise, and vibration properties are superior to the line
symmetry. In the steady state, the temperature characteristics are
the same for the three winding arrangements at the same current.
In the transient state, the thermal characteristics are superior
in the order of alternating symmetry and line symmetry. Line
symmetry is most vulnerable to noise and vibration because
the vibration order is 1, and alternating symmetry is the best.
The alternating symmetry based on the same torque has the
smallest input current and is the best in terms of torque; however,
the difference is not significant. The order of the torque ripple
amplitude of the point and line symmetry is reversed depending
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TABLE IX
OVERALL ASSESSMENT ACCORDING TO WINDING ARRANGEMENT

CHARACTERISTIC LINE POINT ALTERNATING

Size ©) A A

Cost © A A

Thermal Transient A O O

Steady O O O

Noise & Vibration A O ©)

Torque O O O

on the order; however, alternating symmetry is the best in the
entire range of torque ripple.

IV. CONCLUSION

In this study, the multi-physics characteristics of a dual-
winding motor for IEB redundancy according to the winding
arrangement were compared during fault operation. First, torque
and torque ripple that can represent electrical characteristics
were compared. Second, electromagnetic force and vibration
characteristics were analyzed and compared considering tooth
modulation effect. Third, the thermal characteristics were com-
pared through tests and simulations. Fourth, a dual-winding
motor was described from a mechanical design and price per-
spectives. All of these characteristics were investigated and
compared according to the winding arrangement, and it was
confirmed that multi-physics performance is greatly affected
by winding arrangement in a faulty condition. This study is
a useful reference when determining the winding arrangement
in a system using dual-winding motors to prepare for fault
operation, because the overall performance of the motor is all
compared through this study. Although this study is limited
to an 8-pole 12-slot motor, characteristics for other poles/slot
numbers can be inferred based on the magnetic field distribution
and coil arrangement. Even for other motors with different pole
and slot combinations, flux distribution under fault operation is
determined within line, point, and alternating symmetry. The
symmetric type (line, point, and alternating) can be known
through the flux distribution, and the symmetric type follows
the three types as mentioned.

It is essential to select a winding arrangement that is advanta-
geous for the system. In summary, it is appropriate to select line
symmetry for mass-production systems that are greatly affected
by price, which can be repaired as soon as possible in case of
failure. Meanwhile, alternating symmetry is more suitable for
systems that require durability to enable continuous system op-
eration even in the event of a failure. Lastly, point symmetry has
no major advantages; therefore, it should be carefully considered
when selecting the winding arrangement.
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