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Abstract— With the increased interest in intelligent transporta-
tion, the need for fault-tolerant systems has also increased. In this
paper, we propose a piecewise stator-housing module (PSM)
and construct a lumped-parameter thermal network (LPTN)
that can be used in a fault-tolerant system based on the PSM.
The proposed LPTN model considers not only radial and axial
heat transfer but also tangential heat transfer; therefore, even
if only one of the two circuits is running on a fault-tolerant
motor (dual winding motor), the coil temperature can be
estimated. To verify the proposed model, three winding-type
motors are tested with varying current values during normal and
fault operations, and the test and analysis results are in good
agreement. Additionally, the usefulness of the proposed model
is demonstrated by comparing the temperatures of both the
conventional and proposed LPTNs in the event of a brake system
fault during braking operation in a virtual traffic jam simulation.
This simulation demonstrates that temperature estimation of the
motor is important for motor design because the brake operation
time is dependent on the motor temperature. Furthermore,
the system performance or size can be determined by accurately
predicting the temperature, even in the event of a fault in the
brake system, where the fault-tolerant motor is used, thus keeping
the driver safe. The proposed LPTN can be used in brake systems
and in other systems that utilize fault-tolerant dual winding
motors.

Index Terms— Brake systems, dual winding motor, fault-
tolerant motor, highly automated driving (HAD), integrated
electronic brake (IEB), lumped parameter thermal network
(LPTN), piecewise stator-housing module (PSM), temperature,
thermal analysis, thermal resistance.

I. INTRODUCTION

RECENTLY, with the expansion of R&D in electric vehi-
cles (EVs), hybrid electric vehicles (HEVs) and plug-in
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HEVs (PHEVs) due to emission regulations, hydraulic and
mechanical vehicular systems are being converted into elec-
tronic systems to improve energy efficiency. The motor plays
an important role in this stage of development. Automotive
companies are attempting to improve the fuel efficiency of
conventional engines to meet the Euro 6 standard, while efforts
are being made to reduce the weight of each part in an
EV to increase the mileage under a full charge. Similarly,
the sizes of motors, which are the main power sources of
eco-friendly vehicles, are also being reduced. It is necessary
to consider the coil temperature of the motor to satisfy the
operation time for the required load while minimizing the
motor size. In addition, the development of electric power
based vehicle systems has resulted in the era of autonomous
driving, and fault-tolerant systems are required to ensure driver
safety. There is an increased demand for fault-tolerant motors
for highly automated driving (HAD) vehicles, which is being
studied in terms of motor hardware and control.

Zhao et al. [1], El-Refaie [2] studied the advancement
of the technologies of permanent magnet (PM)-based fault-
tolerant machines. Zhao et al. [3] investigated the fault-tolerant
performance of a doubly salient brushless DC generator.
Mao et al. [4], [5] proposed the use of adaptive control to
compensate for actuator failure by considering train motion
dynamics. Moradi and Fekih [6] designed a fault-tolerant
PID control scheme with a vehicle suspension system for
actuator faults. Wang et al. [7] proposed distributed fault-
tolerant control for a group of nonlinear systems consisting of
multiple interconnected subsystems. Yang et al. [8] studied the
implementation of hybrid fault-tolerant control for four-wheel
steering and four-wheel drive EVs to maintain the tracking
performance of the vehicles by considering the faults, input
constraints, and external resistance. Zhang et al. [9] proposed
a fault-tolerant direct torque control algorithm for a five-phase
PM motor based on three-phase space vector pulse-width
modulation. In addition, regarding electrical brake control,
studies have been conducted on optimized cooperative control
between the brake motor and the traction motor [10]–[12]
and brake control using an in-wheel motor according to road
conditions in pure EVs [13], [14].

In addition, the sensorless control of motors has been
investigated. Rotor position information is required for motor
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control, thus, a position sensor such as a resolver or an
encoder is needed. However, these electronic devices reduce
the reliability of HAD systems. Therefore, sensorless control
that can retain the rotor position information even when the
position sensor is eliminated has been studied. There are sev-
eral methods of sensorless control, each of which has strengths
and weaknesses [15]. In particular, the rotor position cannot
be accurately determined for the control method that uses
flux linkage. This is because the flux linkage is significantly
low or zero when the speed is low or stationary. Therefore,
studies have been conducted to solve this problem [16]–[18].
Research has also been conducted to reduce the error between
the estimated position and the actual position of the rotor due
to the difference in inductance by selecting the PWM injection
frequency [19]–[21]. A sensorless method using a sliding
mode observer (SMO) has also been developed, and studies
on methods that are robust to parameter changes and time
delay have been conducted [22]–[24]. A control method in
the form of a combination of SMO and modified fundamental
excitation PWM (FPE) [23], or a combination of SMO and
phase-locked loop filters [24], has been studied. Most of the
studies mentioned above focus on the topologies, performance,
and control method of the motor considering fault tolerance.
However, there are few conducted on the method of predicting
the temperature of the internal coil of the motor, which is
an important design factor, when the fault tolerant system
encounters a fault.

In this study, automotive braking systems were developed
that use dual winding motors in which the circuit is divided
into two, for use in fault-tolerant systems. During normal
operations, the motor current flows to both circuits to generate
torque. If any one of the circuits is not available due to a spe-
cific problem, current flows to an available circuit to generate
torque to enable the system’s minimum performance. How-
ever, while maintaining this minimum performance, the coil
may be damaged owing to current overflow to the circuit,
in contrast to the case during normal operation. Therefore,
when designing a motor, the coil temperature should be con-
sidered for the operating current in the event of a fault. When
designing a motor, various methods such as computational
fluid dynamics (CFD), finite-element analysis (FEA), and
lumped parameter thermal networks (LPTNs) are used to pre-
dict the temperature of the motor coil. CFD reflects convective
heat transfer inside and outside the motor well. An advantage
of FEA is that it can analyze heat transfer by conduction
well; however, it involves long modeling and analysis times.
To avoid errors in numerical analyses, accurate modeling and
boundary conditions are applied. Therefore, LPTNs, which
include reasonable errors, but are quick and easy to analyze,
have attracted the attention of motor designers [25], [26].
An LPTN can consider convection, conduction, and radiation
heat transfers, and its analysis time is short. However, the
accuracy of the analysis can be improved by setting empirical
values such as the coil conductivity including coating and fill
factor and convective heat-transfer coefficient.

Therefore, studies have been conducted to determine the
thermal conductivity of the coils by considering the fill
factor and the coefficients of convective and radiative heat

Fig. 1. Conventional brake system having an antilock brake system(ABS)
with electronic stability control (ESC).

transfer [27]–[41]. However, the existing lumped circuits focus
mainly on predicting the temperature in the case of normal
driving; this implies that the current flows through all coils of
the stator.

Based on previous studies, this paper proposes an LPTN
that can predict the temperature of a fault mode in which the
current flows only in a part of the entire coil of the stator
in a dual winding motor. The authors propose a model of
a thermal network module, called a piecewise stator-housing
module (PSM), that can predict the temperature of the coils in
each slot of the stator. The model is then used to construct an
LPTN. To verify the validity of the LPTN, coil temperature
measurements are performed on three dual winding types
of motors, and the results are compared with the analysis
results. Finally, by assuming a case in which the brake
motor is changed from normal operation to fault operation
in a traffic jam, the coil-temperature analysis results of the
proposed and conventional models are compared. In addition,
the applications of the constructed LPTN are presented.

II. BRAKE SYSTEM FOR HAD VEHICLES

In vehicle systems for HAD, fault-tolerance technology is
required to ensure driver safety. Some of these technologies are
already being applied to electric power steering, and brake sys-
tems should enable brake performance in the event of failure.
As there is minimal driver intervention in HAD, fault-tolerant
systems should be able to operate without driver intervention.
To address this issue, manufacturers of automobile parts are
developing electronic brake systems using two controllers and
two motors. An alternative to using the two motors is a dual
winding motor.

A. System Configuration

Conventional brake systems amplify the force through a vac-
uum booster when the driver applies force to the brake pedal,
as shown in Fig. 1. The amplified force generates hydraulic
pressure in the master cylinder, and brake fluid is transmitted
to each wheel through hydraulic lines. As shown in Fig. 2,
the recently developed integrated electronic brake (IEB) is a
system that replaces the vacuum booster with a motor, and
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Fig. 2. Integrated electronic brake system.

Fig. 3. Fault-tolerant winding motor.

integrates the electronic stability control (ESC) and antilock
brake system (ABS) modules into one module. The system
receives the pedal signal by the driver and sends it to the
electronic control unit (ECU). When the motor is controlled
such that current flows through the ECU, the motor converts
the rotational motion into linear motion to generate pressure
through the pump. In other words, when a driver applies force
to the pedal, the brake pedal only generates a sensation, which
is practically not related to pressure generation. Therefore,
the IEB can be operated by sending an electric signal to
the ECU to drive the motor and pump, even if there is no
pedal operation. This indicates that the brake can work without
human assistance during HAD.

In chassis products, such as steering and brake devices,
fault-tolerant systems are configured to enable minimum per-
formance manually in the event of a fault. However, if a
fault occurs during HAD, the driver may be unable to control
the resulting scenario quickly. As a result, an additional
fault-tolerant system is required. Similarly, in the brake sys-
tem, a fault-tolerant motor and ECU are needed as counter-
measures against faults. Therefore, in a fault-tolerant system,
the circuit of the motor is divided into two, and the circuit for
controlling the motor in the ECU is divided into two, as shown
in Fig. 3.

To increase the reliability of the required motor, various
studies have considered the use of dual three- or six-phase
machines; in the fault-tolerant brake system applied in this
study, a dual three-phase method is used. When there is no
fault, two controllers control the motor in the same phase; thus,
the primary and secondary circuits operate normally. If one

TABLE I

CHARACTERISTICS ACCORDING TO SYMMETRIC WINDING TYPE

Fig. 4. Three types of fault-tolerant (dual three phase) winding motor.

of the controllers or the motor circuit fails, only one of the
primary and secondary circuits works. Even when only one
circuit is operated due to the failure, the motor is required
to ensure system performance. In this system, the motor is
designed using criteria such that problems do not occur, even
if it continuously operates in the mainly used operating points
during fault operation. When current flows to only one circuit
of the motor in the event of a fault, to maintain the system
performance, the current flow is nearly twice that in normal
situations. The coil of the motor in this brake system has
polyamide-imide (AIW) specifications and can be used at
temperatures up to 220 ◦C. Considering the hot spot of the
coil, the maximum operating temperature is limited to within
200 ◦C. Therefore, when designing a motor for a fault-tolerant
system, the heat dissipation performance should be sufficiently
considered to ensure that the temperature of the coils does not
exceed the threshold within the required operating time during
fault operation.

B. Fault-Tolerant Motor

In this study, the authors analyzed three types of fault-
tolerant winding motors, which are called dual three-phase
motors, as shown in Fig. 4. Although the winding arrangement
varies according to the symmetry criterion, all the motors
exhibit the same performance during normal operations. When
only one of the primary and secondary circuits is operated,
the torque for each motor winding type is similar; however,
the three types of fault-tolerant winding motors have different
characteristics in terms of the noise, vibration, and harshness
(NVH), cost, and thermal behavior. As listed in Table I,
with respect to NVH and thermal properties, the alternating
symmetry is the most advantageous in the distribution of
the force density and shows uniform loss in the windings
during operation. However, the line symmetry, in which the
bus bar design is not complicated, is advantageous in terms of

Authorized licensed use limited to: Hanyang University. Downloaded on June 22,2022 at 01:52:54 UTC from IEEE Xplore.  Restrictions apply. 



5822 IEEE TRANSACTIONS ON INTELLIGENT TRANSPORTATION SYSTEMS, VOL. 22, NO. 9, SEPTEMBER 2021

Fig. 5. Heat transfer path during (a) normal and (b) fault operations in the
case of line symmetry.

cost. Of the three methods mentioned earlier, point symmetry
has intermediate characteristics. When designing a motor,
as indicated, various criteria, such as NVH, cost, and temper-
ature, may be considered. However, from a safety perspective,
the thermal characteristics associated with the motor operating
time are important design criteria related to size [42]–[45].
In particular, the prediction of the coil temperature is important
because a large temperature difference exists between each
symmetric winding in a short amount of time in which a large
current flows. As a consequence, a temperature prediction
program is needed. Among all the methods, the LPTN method
is easy to use in the design stage of a motor because it
has shorter modeling and analysis times than those of CFD
and FEA. The conventional LPTN is primarily used for
the prediction of the temperature during normal operation;
however, in this paper, we propose a method to calculate the
temperature even if only one circuit (primary or secondary)
is operated in the dual three-phase winding motor, as shown
in Fig. 4.

III. LPTN WITH PIECEWISE STATOR-HOUSING MODULES

This paper proposes a PSM with thermal resistance that
includes a coil, insulator, stator core, and housing. As shown
in Fig. 5(a), during normal operation, the same current flows
through each coil of the stator, and thus the losses generated in
the coils of each slot are the same. Therefore, the temperature
of each coil is the same, and heat is transferred only in the axial
and radial directions. Conventional LPTNs focus mainly on
normal operations and consider heat transfer in the radial and
axial directions, but not in the tangential direction. However,
as shown in Fig. 5(b), if only the primary circuit operates
during a fault, no current flows through the secondary coil.
As such, the coil temperature increases due to the copper
or core loss of the primary circuit, and heat is transferred
from the high- to the low-temperature region. Thus, the heat
generated in the primary circuit is transferred to the secondary
circuit, and escapes through the motor housing. Fig. 5(b)
shows the heat-transfer path when only the primary circuit is
operated in the case of line symmetry winding type. Because
heat is transmitted not only in the radial and axial directions
but also the tangential direction, a thermal-resistance model
that considers the heat transfer in the tangential direction is

Fig. 6. Cylindrical component.

required. Therefore, the thermal-resistance model for each slot
should be independent in order to express the phenomenon
where the heat is transferred from the working slot to the
non-working slot according to the winding type, as is the case
with only the primary circuit working in Fig. 4.

A. Basic Theory of LPTN

The lumped thermal model was proposed by Mellor [25].
In [25], the thermal resistance of each component of the induc-
tion motor was described in detail as a cylindrical model. The
thermal resistance of each motor component in the axial and
radial directions were expressed using equations. In addition,
the heat flow can be intuitively determined by representing
the connection of each component as a circuit [25]. In sub-
sequent studies, based on the previously proposed cylindrical
model, a thermal equivalent circuit for an interior permanent
magnet (IPM) model was proposed [26]. In [26], the sta-
tor has three-phase concentrated windings, and the rotor is
a single-layer IPM rotor structure, which is different from
induction machine by Mellor. In order to use cylindrical model
proposed by Mellor, the rectangular magnet in the rotor was
equivalently changed to a cylindrical model in [26]. In this
paper, based on [25] and [26], the LPTN of a surface-mounted
permanent magnet synchronous motor (SPMSM) used as
a brake motor is constructed. The basic thermal-resistance
calculation method is based on the cylindrical component,
as shown in Fig. 6, where θ1 and θ2 are the temperatures of the
outer and inner diameters of the cylinder, respectively, and θ3
and θ4 are the temperatures of the front and rear surfaces of the
cylinder, respectively. The thermal resistance of the cylinder
is shown in Fig. 7, where θm is the average temperature of the
cylinder, u represents the internal heat generation, and C is
the thermal capacitance [25]. R1a and R2a are the axial heat
resistances at the center of the cylinder, R1r and R2r are the
radial heat resistances of the inner and outer diameters of the
cylinder, respectively, and R3a and R3r are thermal resistances
that compensate the maximum temperature in the axial and
radial directions with the average temperature.

Each equation of the cylindrical component consists of the
axial and radial thermal conductivities (klr and kla , respec-
tively) and the geometry information of the cylinder according
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Fig. 7. Axial and radial thermal networks.

to the following expressions.
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B. Piecewise Stator-Housing Modules (PSMs)

In the proposed model, the tangential heat-resistance com-
ponent was added to the basic cylindrical heat-resistance
model. Fig. 8 shows the partial model of the entire cylinder
divided by n slots. The red resistors in Fig. 8 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. To calculate
the left and right thermal resistances, the geometric mean
distance was considered. The general resistance equation of
the 1/n cylindrical component model is as follows:
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Fig. 8. Diagram of 1/n model of the cylindrical component in the PSM.
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The meaning of each parameter in the equation is the same
as the cylindrical component mentioned earlier, and φ is the
angle that corresponds to one slot. For example, in the case
of 12 slots, if the angle of one slot is 30◦, φ = 30. The
axial thermal conductivity (kla) is much lower than the radial
thermal conductivity (klr ) because of the thin insulation layers
between the electrical steel sheets. In (14) and (15), the thermal
conductivity in the tangential direction is the same as the
thermal conductivity in the radial direction. This is because
the material is the same in the radial and tangential directions
of heat conduction, unlike the axial directions. Fig. 9 shows
the thermal network of the cylindrical model considering the
tangential direction. The thermal-resistance model for one slot
is configured as shown in Fig. 10, and comprises the housing,
stator core, insulator, and coil. The target electric motor is
a concentrated winding model, and was considered for use
in the thermal equivalent circuit. For this, the left and right
coils in the thermal equivalent circuit are connected through
the end windings (R5-4-1, R5-4-2, R’5-4-1, and R’5-4-2). The
PSM is represented as a total of 10 nodes outside the stator
resistance module, and these nodes can be connected to each
other. In Fig. 10, (a) is the node from which heat escapes
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Fig. 9. Axial, radial, and tangential thermal networks in PSM.

from the housing to the outside air, (b) and (b)’ denote the
nodes from which heat is transferred to the left and right
sides of the other slot housing, (c) and (c)’ denote the nodes
from which heat is transferred to the left and right sides of
the other slot stator yoke from the stator yoke, (d) represents
the node from which heat is transferred from the teeth and
coil to the air gap, (e) and (e)’ represent the same node from
which the heat is transferred to the front cover, and (f) and
(f)’ represent the same node from which heat is transferred to
the rear cover. Although (e) and (e)’ as well as (f) and (f)’
indicate only two nodes, they are represented by four nodes to
facilitate the connection between the stator resistance modules.
Each node in a stator module encounters a node in either slot.

C. Proposed LPTN and Heat-Transfer Coefficients

Fig. 11 shows the thermal network of the motor based on
the PSM. Each PSM is connected in parallel according to the
number of slots. For example, if the motor is configured with
12 slots, 12 corresponding PSMs are connected in parallel in
the LPTN. However, the rotor does not consist of a parallel
network module because it is assumed that the rotor rotates,
and thus the temperature of the air gap adjacent to the rotor
surface is constant along the mechanical angle. Each circuit
parameter of the PSM is determined based on the dimensions
of the motor and thermal properties of the material for each
component. For example, for the cylindrical model, r1, r2,
L, etc., represent the dimensions, and c, ρ, k, etc., are
determined depending on the material of the motor component.
Additionally, the rotor shown in Fig. 11 is an SPM type
with a hollow shaft assembled, and its thermal resistances
and their compositions have been modified based on the
equations in previous papers [25], [26]. In the conventional
LPTN, as shown in Fig. 12 (a), the thermal networks of
the stator and housing are not divided into slots. Therefore,
the temperature can be predicted only in the normal operating

or the non-operating state in which current in all slots flows or
not. However, in the proposed LPTN, the thermal resistance
network is separated for each slot and connected in parallel as
shown in Fig. 12(b), thus it is possible to select an operation
mode for each slot. Therefore, it enables temperature analysis
when only one of the two circuits is operated in a dual winding
motor.

In the case of LPTN, the accuracy of the thermal analysis
varies depending on the heat-transfer coefficients. This study
defines ambiguous heat-transfer coefficients as undetermined
parameters that are to be determined by the optimization
process explained at the end of this section. The heat-transfer
coefficients were calculated by optimizing the test results and
simulation results under normal operation. This optimization
compensates for errors that can only be caused by the test
environment and simplified modeling. The use of the opti-
mized heat-transfer coefficients in the same test environment
and motor is valid for verification of the proposed LPTN
under the same test conditions with the same motor. Before
conducting the optimization process, brief explanations and
boundaries of the ambiguous heat-transfer coefficients are first
presented. The ambiguous heat-transfer coefficients considered
in this study are the convective heat-transfer coefficients,
conductivity, and contact thermal-resistance coefficient.

The convective heat-transfer coefficient depends on the
fluid state and surface shape on which convection occurs.
Convection of the motor mainly occurs outside the motor
housing, in the air gap and in the end space between the active
parts of the motor and the housing end cover. In particular, for
the end-air region, the convective heat-transfer coefficients of
the stator and rotor ends are separately defined because of the
rotating state of the rotor. For the convective heat-transfer coef-
ficient outside the motor housing, Staton and Cavagnino [29]
Cengel and Ghajar [34] described the heat-transfer coefficients
during natural and forced convection, respectively. As the air
outside the motor housing during testing transfers heat through
natural convection, the coefficient is correlated with the lower
and upper boundaries of the coefficient corresponding to
natural convection. In addition, the air in the air gap transfers
heat through forced convection based on the Taylor vortex
between the stationary cylinder, which is the inner stator, and
the rotary cylinder, which is the outer rotor. Furthermore, heat
convection from the rotor end to the end space is considered
as forced convection of the rotary disk. Previous studies have
investigated forced convection in the airgap and rotor end of
rotating electrical machines [35]–[37]. Based on the results of
these studies, the upper and lower boundaries in this study
were set during the optimization of the test results. Finally,
the convection from the stator end to end-air region was
considered as mixed natural–forced convection because the
rotation of the rotor causes the air in the stator end to flow.
Therefore, the lower and upper boundaries of the convective
heat-transfer coefficient in this region were set based on [38]
and [39].

As heat conduction occurs in all parts of the motor, the ther-
mal conductivity of the material is important for thermal
analysis. However, there is some degree of complexity when
determining the thermal conductivity of specific parts, namely
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Fig. 10. PSM thermal networks.

Fig. 11. LPTN of PMSM using PSM.

the winding and the stacked core. First, the winding consists
of various materials, such as copper, thin layers of coating for
each conductor (e.g., polyamide), and the vacancy or insulation

between round conductors. Therefore, determining the thermal
conductivity of the winding is difficult. As such, according
to [33] and [39], the conductivity of the winding is correlated
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Fig. 12. Difference in concept of the conventional and proposed LPTN.

with the optimization with the boundaries based on previous
studies. Moreover, the radial and axial thermal conductivities
of the stacked core differ from each other because of their
lamination. The radial thermal conductivity can be similar to
the thermal conductivity of the electrical steel sheet material;
however, the axial thermal conductivity is much lower than
the radial thermal conductivity because of the thin insulation
layers between the electrical steel sheets. Thus, the axial
thermal conductivity of the core is selected as a parameter
to be determined through optimization.

When heat is transferred between two solid materials, a tiny
interference gap due to the non-ideal contact state complicates
the heat transfer. This phenomenon results in a temperature
difference between the two contacting surfaces. Therefore,
the contact thermal-resistance coefficient, with the same unit
as the convective heat-transfer coefficient, is considered as a
parameter. The contact states of the motor’s housing stator
and shaft core are reflected, and their boundaries are set
according to the studies conducted by Simpson et al. [40] and
Camilleri et al. [41].

For the case with no fan or with very low motor speeds, radi-
ation heat transfer should be considered. Boglietti et al. [31]
proposed radiation heat-transfer coefficients using vacuum
tests. However, because the radiation heat transfer is incor-
porated in the convective heat transfer coefficient mentioned
earlier, it is not considered as a resistance coefficient in

TABLE II

UNDETERMINED PARAMETERS FOR PROPOSED LPTN

Fig. 13. Definition of objective function.

the proposed LPTN. With the exception of the deterministic
parameters, the undetermined parameters and their feasible
boundaries are listed in Table II.

In this study, these undetermined parameters were deter-
mined by adopting an optimization process. Before parameter
determination, the objective function was formulated as fol-
lows, as shown in Fig. 13:

f =
E N D∑
K=1

(
�T _end_coilK

)2
(17)

Consequently, the parameters that determine the problem
formulation are organized as follows:

Find X1, X2, X3, X4, X5, X6, X7, X8, X9

To minimize f

Subject to

5 < X1 < 50, 1000 < X2 < 6000,
0.2 < X3 < 0.5, 0.2 < X4 < 1.5,

50 < X5 < 120, 500 < X6 < 6000,
15 < X7 < 100, 20 < X8 < 120,

20 < X9 < 120, X8 < X9, X9 < X5

Next, the design of experiment (DOE) was conducted using
Latin hypercube sampling. The number of experiments was

Authorized licensed use limited to: Hanyang University. Downloaded on June 22,2022 at 01:52:54 UTC from IEEE Xplore.  Restrictions apply. 



SONG et al.: TEMPERATURE ESTIMATION USING LPTN WITH PSHMs FOR FAULT-TOLERANT BRAKE SYSTEMS 5827

Fig. 14. Design of experimental result based on Latin hypercube sampling.

set to 90, i.e., 10 experiments were conducted for each
variable [46]. Fig. 14 shows the DOE result, which has a
discrepancy of 0.01. The discrepancy is one of the mea-
surements of space-filling design [47], [48]. The value of
0.01 was determined based on the tendency of space-filling
improvement according to the number of samples. Based on
this result, the surrogate model of the objective function was
generated by modeling the Gaussian process. The objective
function was set to minimize the temperature difference for
both transient and steady state temperature. Finally, opti-
mization was conducted using the gradient-based optimization
algorithm, and the undetermined parameters are listed in the
“Value” column of Table II.

IV. VERIFICATION RESULTS

This section presents the verification of LPTN using PSM
during normal and fault operation modes according to the
current level. In addition, in the fault operation, three dual
winding types were tested, and the results were compared with
the analyzed values. Moreover, the usefulness of the proposed
LPTN was proved by comparing the analyzed values of the
conventional and proposed LPTNs.

A. Experimental Setup

Herein, we compare the analysis results obtained using the
LPTN with PSM with the test results. Generally, the temper-
ature is measured by attaching a thermocouple to the winding
of the motor. To measure the temperature of all the coils of
the slot, thermocouples were attached to the top of the end
windings of the 12slots. Even if the thermocouple is attached
to the same point of the same designed motors, a temperature
deviation could occur depending on the state of the attach-
ment of the thermocouple and the manufacturing tolerance.
To overcome the errors caused by these factors, temperature
comparison tests of the line, point, and alternating symmetries
were conducted using one motor sample. To measure the
temperature according to the winding symmetry using one
sample, a terminal was connected to the coil in each slot,
as shown in the expanded view of the test motor in Fig. 15.
For temperature measurement, t-type thermocouple wire that
can measure temperatures up to 260 ◦C and YOKOGAWA’s

Fig. 15. Thermal test environment.

MV 100 recorder (12 channels) were used. Next, the terminal
was connected to the bus bar according to the winding method
(Fig. 16). In Fig. 16, to distinguish between the working
slot and non-working slot, the working slots are colored in
light red, and the non-working slots are colored in light blue.
First, as shown in Fig. 16 (a), the temperature of the 12 coils
was measured under normal operation (both the primary and
secondary circuits were driven). In this test, the temperature
of coil 3 was the highest under the same operating conditions,
and thus coil 3 was selected as the hot spot. The connection
of the bus bar was changed for each winding type during the
fault operation to record the highest temperature in the same
coil (coil 3). As a result, as shown in Fig. 16(b)–(d), in the
case of line symmetry, the current in the W phase flows in the
hot spot, while in the case of point and alternating symmetries,
the current in the V phase flows to the hot spot. The test was
conducted at 23 ◦C. If the current condition changed, the motor
was cooled sufficiently before the next test. Fig. 15 describes
the test environment. The range of use of the coil is up to
220 ◦C. However, when the temperature of the coil increased
and was close to 180 ◦C, the test was stopped for safety.

B. LPTN Verification Under Normal and Fault Operations

As mentioned above, the temperature difference of the coil
for each slot occurs according to the degree of thermocouple
attachment, the motor manufacturing tolerance, and the test
environment. Thus, when comparing the analysis results and
the test results, the average test temperature of the coils
of the group that have the same temperature under ideal
conditions is used as the test results. Fig. 17 shows the
temperature difference between the test and simulation results
with optimized heat-transfer coefficients using the PSM during
normal operation (Fig. 16(a)). Under normal operation, even
in the LPTN using the PSM, heat is not transferred in the
tangential direction because the components of each PSM have
the same temperature. In other words, even if the LPTN using
a PSM is used, the result is the same as that of a conventional
LPTN if there is no heat transfer in the tangential direction in
the case of normal operation. The test and simulation results
using the LPTN with PSM were compared according to the
current value. The analysis results with optimized heat transfer
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Fig. 16. Winding connection during normal and fault operations in the
experiment. (a) Normal operation, (b) line symmetry during fault operation,
(c) point symmetry during fault operation, and (d) alternating symmetry during
fault operation.

coefficients and test results obtained for each current value
are in close agreement, with an error of 10 ◦C. Therefore,
the heat-transfer coefficient values listed in Table II, which are
determined through surrogate model-based optimization, are
valid. To increase the reliability of the proposed model (LPTN
with PSM) considering the heat transfer in the tangential
directions, six cases were compared according to the current
value and symmetric winding type under fault operation in
which heat transfer occurs in the tangential direction. For
analysis, the optimized heat-transfer coefficient during normal
operation was used for the following reasons. First, since the
tested motor is a closed motor, we assumed that coefficients
related to convective heat transfer among the optimized values
(i.e., X5, X7 and X8) do not change significantly according
to the operation mode. Second, the heat transfer between
the operating coil and the non-operating coil during a fault

Fig. 17. Test and simulation results obtained during normal operation.

occurs mainly through conduction, and the thermal conductiv-
ity in the tangential direction of the core, which is the main
heat-transfer path, is a known value. For example, the heat
from the operating coil is transferred to its stator core. The
heat is transferred to the non-operating adjacent stator core
and then to the coil corresponding to the non-operating stator
core. In addition, optimized parameters related to conduction
(X2 and X6) are parameters determined by mechanical factors,
and thus they were judged to not be changed by the test
conditions. Although a resultant error may occur, it is possible
to determine the suitability of the model. To confirm the
accuracy in transient and steady states, 20 and 100 A pk

currents were applied, as shown in Fig. 18. Depending on
the type of symmetry, the coils that should have the same
temperature in ideal conditions were grouped together. In the
analysis, the coils in each group had the same temperature.
For example, as shown in Fig. 16(b), the temperatures of the
coils (3, 4), (2, 5), and (1, 6) are grouped. As indicated inn
Fig. 16(c), the temperatures of the coils (3, 9) and (2, 4, 8, 10)
are grouped. Fig. 16(d) shows that the temperatures of the coils
(1, 3, 5, 7, 9, 11) form a group.

Fig. 18 shows the results obtained by comparing the analysis
and test values of the coil temperature according to the wind-
ing type during fault operation. The measured coil temperature
has a difference within 5-10 ◦C in each group, and thus
the average temperature in each group is used for ease of
comparison with the analysis results, as mentioned above.
The test and analysis results are compared according to the
winding type, coil position, and current. In Fig. 18, the red
solid line with white dots is the test result, and the black solid
line is the analysis result. The tables show the temperature
and error for the simulation and test at the same end of the
time. The temperature error values at 100 and 20 A pk in the
table are similar. In the steady state when a 20 A pk current
was applied, the highest temperature among the test and the
analysis values was in the order of line > point > alternating
symmetry, and the lowest temperature was in the order of line
< point < alternating symmetry. However, the temperature did
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Fig. 18. Comparison of test and simulation results obtained using the LPTN with PSM according to the symmetric winding type and current at different
coil positions during fault operation.

not vary significantly depending on the winding type and coil
positions. In the case of a transient state in which a 100 A pk

current was applied, the temperature difference varied greatly
depending on the coil position within the same operating
time, but the order of the highest and lowest temperatures
according to the winding type is the same as that for 20 A pk .
As mentioned earlier, heat transfer occurs mostly through
conduction insidethe motor, and the time delay is caused by the
thermal capacitance of each component constituting the PSM

until the heat generated from the operating PSM is transferred
to the non-operating PSM. For example, in the line symmetry
result, the temperature for each coil position under 20 A pk

is similar. This is because there was enough time for heat
to be transferred to each PSM before the coil temperature
reached the usage limit. However, the difference between the
highest and lowest temperatures is large in the transient state
in which a 100 A pk current is applied. This is because the
coil temperature of the operating PSM reaches the usage limit

Authorized licensed use limited to: Hanyang University. Downloaded on June 22,2022 at 01:52:54 UTC from IEEE Xplore.  Restrictions apply. 



5830 IEEE TRANSACTIONS ON INTELLIGENT TRANSPORTATION SYSTEMS, VOL. 22, NO. 9, SEPTEMBER 2021

Fig. 19. Virtual wheel pressure pattern in a traffic jam at four-legged downhill
intersections.

within a short period of time, and thus there is insufficient
time for the heat generated from the operating PSM to be
transferred to the non-operating PSM. As both results are
similar under all conditions, the proposed LPTN model using
PSM is valid. The error is considered to be caused by the fact
that the contact resistance between the stator core segments
is not reflected, and the convective heat-transfer coefficient
is treated as a constant which is optimized under normal
operation conditions. The error is also caused by measurement
errors.

C. Temperature Estimation in Virtual Traffic Jam

In a brake system with a line symmetry motor considering
HAD, the estimated coil temperature result of the motor with
conventional LPTN is compared with the proposed LPTN
with PSM, assuming the primary circuit failure of the motor
occurs during normal brake operation. The proposed LPTN
is assumed to be valid for any current condition or pattern
because the test and simulation results for each current,
winding type, steady state and transient state were compared
as shown in Fig. 17 and 18 [49], [50]. In the analysis of
the conventional LPTN, the same proposed LPTN is used.
However, the current was applied to all PSMs of the proposed
LPTN to prevent heat transfer in the tangential direction.
Therefore, the results are the same as those of the conventional
LPTN analysis.

For temperature prediction in virtual traffic jam, the virtual
traffic jam pattern is defined similar to that of the traffic
conditions at four-legged downhill intersections. As shown
in Fig. 19, a driver starts decelerating the car for 5 s at a

Fig. 20. Coil temperature estimation using proposed and conventional
LPTNs.

yellow traffic light with a wheel pressure of 60 bar, and stops
the car for 105 s at a red traffic light. When the traffic light
turns green, the car moves slowly for 25 s while maintaining a
wheel pressure of 5 bar due to traffic jam. After 25 s, the driver
releases the brake pedal for 5 s to accelerate the car. In other
words, the time required for the car to move on the road in
each direction is 35 s. Consequently, the period of traffic signal
in each direction is 140 s, including stop and movement time.
In the case of a traffic jam, it is assumed that the period pattern
of 140 s is repeated four times and then passed through an
intersection. It means that at least four repetitive actuation
patterns of the brake are required by the driver. In addition,
we assumed that one circuit of the motor or ECU fails after one
cycle of normal driving, as shown in Fig. 20. Therefore, after
one cycle, twice the amount of current is applied to the motor
to create the same pressure by using one circuit. Assuming
that the vehicle was driven before entering the intersections,
the initial temperature of the motor coil is set to 100 ◦C and
the temperature inside the engine room is set to 80 ◦C for the
simulation.

When the temperature of the motor coil is below 200 ◦C,
the brake can operate for up to three point five and six
cycles when using the conventional and proposed LPTNs,
respectively, as shown in Fig. 20. The difference in the number
of cycles is that the conventional LPTN does not consider the
heat transfer in the tangential direction; thus, heat accumulates
continuously in the coil. In contrast, in the proposed LPTN,
the generated heat is transferred in the tangential direction,
and thus accumulation and dissipation occur simultaneously.

This temperature characteristic is crucial in the motor design
as it is necessary to increase or decrease the copper loss of
the motor to satisfy the temperature characteristic. This can
be achieved by changing the current density per unit torque.
Eventually, the change in the current density leads to a change
in the diameter of the coil, which ultimately results in a
change in the outer diameter or stack length of the motor.
As shown in Fig. 19, if four repetitions are required in the case
of a traffic jam, the results of the analysis using conventional
LPTN do not meet the requirement, and the designed motor
is judged to overheat. Therefore, the motor must be designed
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largely to satisfy the temperature condition. However, when
the proposed LPTN is used, it is possible to design a motor
with a reduced size because the performance exceeds the
required specification. Therefore, the proposed LPTN using
PSMs is useful in motor design by making it possible to predict
the motor temperature more accurately than in conventional
LPTN during fault operation in fault-tolerant systems. More-
over, when the proposed LPTN is applied to brake overheating
protection (OHP) logic control, the performance of the brake
is not degraded owing to accurate temperature prediction in
the event of a fault, thereby improving driver safety.

V. CONCLUSION

In this paper, we proposed an LPTN using a PSM that
is capable of predicting the temperature of a motor coil in
which the heat transfer in the tangential direction is considered
when analyzing fault driving in a fault-tolerant brake system
in the case of HAD. The heat-transfer coefficient value was
calculated by performing optimization using the surrogate
model based on the results obtained under normal operation.
The proposed LPTN using PSMs was verified by comparing
the test and simulation results for each winding type when the
motor is in fault operation mode. Finally, by assuming a traffic
jam scenario, when there is a fault condition during brake
operation, the temperature difference between the analysis
results of the proposed and conventional LPTNs is presented.
The need for the proposed LPTN was then emphasized by
explaining the relationship between the motor size and the
coil temperature.

Among the design factors of the motor, the temperature of
the coil (hot spot) is crucial, and the proposed model enables
accurate temperature prediction during fault operation; this
is useful when designing a motor for use in fault-tolerant
systems. In addition, if the proposed LPTN is reflected in the
OHP control logic, a more accurate temperature prediction
is achieved than that for the conventional LPTN under fault
conditions. Therefore, the limited system performance due to
the motor coil temperature can be maximized. To improve
the accuracy of the proposed model in the future, the contact
resistance between the stator core segments and the variation in
the heat-transfer coefficient must be studied based on various
conditions.
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