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Thermal Modeling With Surrogate Model-Based
Optimization of Direct O1l Cooling Heat Transfer
Coefficient for HEV Motor

So-Yeon Im*“”, Tae-Gun Lee

and Myung-Seop Lim

Abstract—The traction motor in parallel 2 hybrid electric ve-
hicles adopts a cooling method involving automatic transmission
fluid (ATF). The scattered ATF directly cools the heat sources of
the electric motor. A thermal model based on the lumped parameter
network is developed to reflect the direct oil cooling effect. In the
developed oil-cooled lumped parameter thermal network (LPTN),
the cooling by the ATF acts as a current source. The oil scattered
through the motor shaft has high cooling efficiency, but it is difficult
to theoretically calculate the nonlinear fluid behavior. Because the
flow rate and rotational speed affect the ATF cooling performance,
the convective heat transfer coefficient (HTC) of the ATF is reflected
in the direct oil cooling thermal model of the traction motor via the
proposed correlation process. In this process, a kriging surrogate
model-based optimization is performed to determine the convective
HTC of the ATF under specific flow and load conditions. The
objective function of the optimization is to minimize the difference
between the temperature predicted by the thermal model and
experimentally measured temperature. As the kriging surrogate
model has high prediction accuracy for nonlinear performance, the
direct oil-cooled LPTN developed during the optimization process
provides a useful thermal model.

Index Terms—Hybrid electric vehicle motor, kriging surrogate
model, oil cooling system, optimization, thermal modeling.

I. INTRODUCTION

S THE automotive industry continually develops to
achieve higher power densities, the thermal management
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of powertrains, including transmission and electric motor, is
becoming increasingly crucial [1], [2]. The adoption of an appro-
priate cooling system is key to the thermal management of elec-
tric propulsion systems. In particular, a permanent magnet syn-
chronous motor (PMSM) with high efficiency and high torque
density requires efficient cooling to prevent demagnetization of
the permanent magnets (PMs) and insulation weakening of the
windings [3], [4], [5]. Cooling technology is closely related to
the performance and size of traction motors. An increase in the
temperature of a traction motor without suitable heat dissipation
increases the resistance and reduces the residual magnetic flux
density of the PM, thereby reducing the motor performance.
Moreover, an increase in the heat dissipation area reduces the
thermal resistance but increases the size of the motor. There-
fore, an efficient cooling system can suppress temperature in-
creases and improve the torque density and durability of traction
motors.

Various cooling methods and structures have been studied
to achieve effective cooling performance. In [6], the effect of
a water-cooling system on a slotless high-speed motor was
studied. By using the integrated cooling method reported in
[6], instead of conventional water jacket cooling through the
housing, the power density can be increased without changing
the design of the motor. The effect of a hybrid cooling system that
combines standard liquid cooling with a heat pipe to maintain the
temperature of a hybrid electric vehicle (HEV) traction motor
was studied in [7]. Liang et al. [8] analyzed the impact of
the water jacket shape parameters and convective heat transfer
coefficient (HTC) and investigated the thermal performance of
an in-wheel motor. To improve heat dissipation, inflection points
in which the temperature difference is maximum according to
the water jacket configuration parameters should be avoided.
The fluid flow for each water jacket shape of a mild HEV
traction motor was simulated in [9]. The water jacket concept
with parallel spiral fins and a dual inlet arrangement exhibited a
comparatively high thermal performance. However, the cooling
performance of a housing water jacket differs depending on
the assembly conditions such as shrink-fit pressure and thermal
grease. Moreover, it is difficult to calculate the contact thermal
resistance [10], [11]. Additionally, the housing water jacket is
relatively ineffective at dissipating heat from the end windings
or rotor.
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Fig. 1. Configuration of the P2 HEV.

Oil cooling directly cools the end windings; thus, the cooling
efficiency is high, and the bearings can be lubricated [12]. An oil
cooling system with high cooling efficiency is advantageous for
the downsizing and high-power density of the motor. Because
the electric motor of the parallel 2 (P2) HEV shown in Fig. 1
is located between the clutch and the transmission, a direct
oil cooling system using automatic transmission fluid (ATF)
can be applied to prevent the temperature of the motor from
rising. Moreover, as the heat transfer through ATF is more
complex and nonlinear than the electromagnetic behavior, it is
difficult to quantify the HTC of the ATF [2], [13]. Additionally,
the convection heat transfer by the ATF has different cooling
characteristics depending on the inlet pressure, rotational speed,
and position. Nevertheless, the oil cooling systems continue to
be studied because they provide sufficient cooling when in direct
contact with the generally hottest parts of the traction motor [ 12],
[13], [14], [15], [16].

Thermal analysis methods for motors include lumped pa-
rameter thermal networks (LPTNSs), finite element analysis
(FEA), and computational fluid dynamics (CFD) [17], [18], [19].
Among these, LPTNs exhibit short analysis times; therefore,
they have been effectively used to predict the temperature of var-
ious electric machines, including water-cooled surface-mounted
PMSMs and PM spherical motors [20], [21]. An accurate eval-
uation of the HTC is required to improve the reliability of
temperature prediction using LPTN. Similarly, thermal analysis
through FEA increases the accuracy of the temperature estima-
tion with logically defined boundary conditions and heat transfer
methods. Boundary conditions such as the equivalent thermal
conductivity of the air gap and natural convective resistance for
the thermal analysis of a line-start PM motor in [22] are reflected
based on empirical formulas. In [23], a thermal model based on
the LPTN was calibrated using experimental data, and the test
procedure was discussed for a systematic calibration process
to be performed. The behavior of the sprayed oil investigated

TABLE I
SPECIFICATIONS OF THE TRACTION MOTOR [1]

Motor Type IPMSM
Number of poles/slots 16/24
Stator / rotor outer diameter
(Normalized) 1/0.714
Active length
(Normalized) 0.221
Power (kW) 50
Maximum speed (rpm) 6400 Traction motor
Maximum current density 14
(Ams/mm?)
Cooling type Oil cooling
0il temperature (°C) 60 Automatic tr.ansmlssmn
fluid
Oil flow rate (LPM) 1.2

in [13] and [24] differed from that of the oil scattered through
the shaft in this study. Therefore, the LPTN of the P2 HEV
traction motor was modeled by changing and extending the
thermal model and experimental procedures used in previous
studies.

This study proposes a method of constructing an LPTN
including direct oil cooling for a P2 HEV traction motor and
performed a correlation process to estimate the heat dissipa-
tion by the ATF. In the correlation process, the experimentally
measured and predicted temperatures are compared to deter-
mine the convective HTC of the ATF, and kriging surrogate
model-based optimization is performed. The proposed direct oil
cooling thermal model has high predictive accuracy and reflects
the phenomenon caused by the direct oil cooling effect.

The remainder of this article is organized as follows: In
Section II, the conductive heat resistance of the traction motor is
calculated by applying the basic theory of LPTN, and the thermal
model that reflects the direct oil cooling effect is proposed. The
motor losses that are acting as heat sources are reflected in
a direct oil-cooled LPTN developed via electromagnetic FEA
and experiments. Section III describes the correlation process
for determining the HTC of the ATF. The tests for temperature
measurement were performed under various load conditions
within a specific flow rate and driving range of the traction
motor. The temperature prediction accuracy of the proposed
direct oil-cooled LPTN is improved by performing the kriging
surrogate model-based optimization. The predicted temperature
with the LPTN under a different load condition is verified
experimentally in Section IV. Finally, the conclusions of this
study are presented in Section V.

II. THERMAL MODELING OF DIRECT OIL COOLED MOTOR

The specifications of the P2 HEV traction motor are presented
in Table I. The geometric dimensions were normalized based on
the outer diameter of the stator. The motor was cooled by ATF
scattering from the rotating shaft. The ATF directly cools each
part of the motor including the end winding and the PM, and is
finally drained to the outlet. An LPTN is composed of a thermal
resistor, thermal capacitor, and heat source. In an LPTN, heat
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Fig. 2. Basic configuration of LPTN.

transfer is expressed as a thermal network based on the similarity
between electrical and thermal systems. Thermal analysis via the
LPTN has a short computation time; however, the accuracy of the
temperature prediction depends on the boundary conditions that
correspond to the HTCs. Three thermal models are developed
and compared to effectively reflect the heat dissipation due to
direct oil cooling.

A. Conduction, Contact and Convection Heat Transfer

In the LPTN, the shape of each part can be assumed to be
equivalent to that of a hollow cylinder because the motor is
a rotating device, as depicted in Fig. 2. The conductive ther-
mal resistance was modeled as a network composed of axial
and radial thermal resistances. In Fig. 2, Ry,, Ry, and R,,,
represent the thermal resistances in the radial direction; R,
Rs,, and R,,, represent the thermal resistances in the axial
direction; Q represents the heat source; and C represents the
thermal capacitance. Unlike FEA, the LPTN cannot analyze the
temperature distribution of each element within each part. Since
LPTN equalizes each part of a motor composed of numerous
elements into one lumped parameter, it provides the maximum
temperature in the absence of compensated thermal resistance;
therefore, negative conduction thermal resistances are required
in the radial and axial directions to prevent overestimation of the
temperature for each part [25]. To predict the average temper-
ature, the negative conduction thermal resistance compensates
for the temperature so that the temperature increase owing to the
overlap of internal heat generation is not reflected. Assuming
that the radial and axial heat transfers are independent, and that
the axial temperature of the hollow cylinder is parabolic, the
one-dimensional axial conduction heat transfer equation in the
steady state is expressed as

o ( oT\ .
ax(kax)JrgO (1

where x denotes the length; k stands for the thermal conductivity;
T denotes the temperature, and ¢ indicates the heat generation
per unit volume. Similarly, the radial conduction heat transfer
equation in steady state is as follows:

T 10T g

o7 Tror T @

where r denotes the radius. The thermal resistance was cal-
culated as the ratio of the difference in temperature to heat
generation. Therefore, using (1) and (2), the conduction thermal

resistance in each direction was calculated from the dimensions
and material properties, which are expressed in (3)—(7).

Ri= 5 { - zr(%:;frigl)} 3
Hra = Zwller Fri}; Erfé;l) - 1} 4)
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o = = ©
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where k, and k,. denote the axial and radial thermal conductiv-
ities, respectively. The impregnated winding reflects the radial
equivalent thermal conductivity, not the thermal conductivity of
copper. Considering the thermal properties of the conductor and
electrical insulation, the radial equivalent thermal conductivity
of the impregnated winding was 2—10 W/m °C [26]. Moreover,
the circumferential conduction heat transfer between the stator
teeth and windings was considered. The circumferential thermal
resistance reflecting the parallel-connected teeth was calculated
as follows:

TheTm
kths¢p (rt_out - Tt_in) n2

Rteethfc = (8)
where ¢, symbolizes the equivalent length of the tooth; r,,
denotes the logarithmic mean radius of the teeth; k; indicates the
thermal conductivity of the teeth; L, denotes the stack length; s
indicates the stacking factor; ¢,, indicates the pitch of the tooth;
r+_out denotes the outer radius of the teeth; r;_;, denotes the
inner radius of the teeth, and 7 is the number of slots. The thermal
capacitance of each part of the motor is expressed as follows:

C = cpprL (r; — 7). ©)

where ¢, indicates the specific heat and p refers to the material
density. The thermal capacitance allows the transient state to be
considered in thermal analysis using the LPTN.

The contact thermal resistances between the housing and
stator yoke, PM and rotor core, and rotor core and shaft are
calculated as (10)

1

Rcont hcont A
where /i .,,,+ denotes the boundary film coefficient of the contact
heat transfer, and A denotes the surface area in contact. The
contact HTC depends on the contact pressure and manufacturing
process and is in the range of 2000— 10000 W/m? °C [10]. The
HTC on convective surfaces can be calculated based on proven
empirical formulas for natural and forced convection [11]. The
convection heat transfer between the housing and the ambient
environment was modeled using natural convective thermal
resistance. The natural convective HTC was 5—55 W/m? °C
[22], [27]. In addition, convective heat is transferred between
the air gap and stator teeth/rotor core, and between the end cap

(10)
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TABLE II
PARAMETERS FOR LOSSES ANALYSIS
Parameter Value Unit
Residual induction 1.243 T
PM Recoil permeability 1.05 -
Resistivity 1.4 uQm
Density 7600 kg/m?
Core
Thickness 0.25 mm
Phase resistance 0.016 Q
Armature
Maximum current 228 Arms

air and each component. The convective thermal resistance was
also calculated as (11)

1
hconv A

where .., represents convective HTC. The convective HTC
of the air gap is calculated as (12)

Rconv = (1 1)

g = b (12)
gap

where k, denotes the fluid conductivity, Nu is the Nusselt num-

ber, and /4, denotes the air gap length. The convective HTC of

the air gap is a function of the speed, fluid kinematic viscosity,

Prandtl number, density, and specific heat [28].

B. Heat Source

Traction motor losses include copper, iron, PM eddy current,
and mechanical losses. The motor losses act as heat sources.
Electromagnetic losses were calculated using FEA, and the
analysis conditions are listed in Table IT [1]. The armature phase
resistance was measured to calculate the copper loss. Iron loss
occurs in the stator core and rotor core, and it includes hysteresis
and eddy current losses. Although the rotor iron loss is smaller
than that of the stator, the magnetic flux density changes with
time due to the slotting effect and magnetic saturation, resulting
in rotor iron loss. A transient electromagnetic analysis was
performed to consider the nonlinearity of the core material using
2-dimensional (2D) FEA. In the iron loss calculation process,
the harmonics were analyzed for the magnetic flux density of
one electrical period, calculated using 2D FEA performed on
one element. Based on the measured iron loss data, the iron loss
of one element was determined by considering the operating
frequency and harmonic order. The process was repeated for all
elements, and the sum of the iron losses for each element was
calculated as the total iron loss of the motor. The stator of LPTN
was composed of separate parts in which the yoke, teeth, and
tooth tip each have their own nodes. In addition, the rotor was
also separated into an outer rotor and an inner rotor; therefore,
the calculated total iron loss was divided into each part and
reflected as a heat source. The PM eddy current loss refers to the
power loss caused by the resistance of the conductor to the eddy
current generated by the time-varying magnetic field. Because
the PM is a conductor, the eddy currents are generated, and PM
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Fig. 3. Heat source: (a) copper loss, (b) iron loss, (c) PM eddy current loss,
and (d) mechanical loss.

eddy current loss was reflected as a heat source at the PM node
in LPTN by performing 3-dimensional (3D) FEA to consider the
z-axis path of the eddy current. The calculated electromagnetic
losses are shown in Fig. 3(a)—(c). As the iron loss may occur
owing to magnetized PM, the mechanical losses are reflected
through no-load tests on unmagnetized PMs performed at 60 °C.
The mechanical losses consist of the bearing and windage losses,
expressed as follows:

2 3
Prccnh = Pbearing + Pwindage = ajw + aw” + azw’, (13)

where w denotes the speed, and a;, as, and a3 are coefficients.
To estimate the coefficients, polynomial curve fitting was per-
formed based on the no-load test data shown in Fig. 3(d). The
sum of the linear and quadratic terms represents the bearing
loss, and the windage loss is proportional to the cubic speed.
As ag is smaller than a; and ao, the bearing loss dominates the
mechanical losses. Therefore, the mechanical loss is reflected as
a heat source at the end cover.

C. Heat Dissipation by Automatic Transmission Fluid

Appropriate heat dissipation modeling is important to develop
direct oil-cooled LPTNs with the cooling effect of ATF, which
has a complex and nonlinear behavior. As shown in Fig. 4, three
methods were reviewed to effectively reflect heat dissipation by
ATF. Heat dissipation was modeled as a heat sink in LPTN,
and the final model that reflected the direct oil cooling effect
was determined through a comparison between the developed
models. The ATF is scattered inside the motor by the rotation
of the motor shaft and cannot be completely drained due to its
viscosity. Therefore, the cooling effect by ATF acts on each
part of the motor. The part that reflects oil cooling through
heat sink modeling can be end-cap air, or it can be a node for
each part affected by the cooling oil. In addition, the amount
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Fig.4. Heatsink modeling: (a) method 1; single current source at node of each
component, (b) method 2; single current source at end-cap air, and (c) method
3; multiple current sources at end-cap air.

of heat dissipation can be calculated by considering the total
heat dissipation from the average temperature of each part or by
estimating the heat dissipation of each part from the temperature
of each component. The total heat dissipation is calculated as:

Qatr = hatrA (Taverage — TaTF) (14)

where harr indicates the convective HTC of the ATF, Tiyerage
indicates the average temperature of each part affected by the
ATF, and Tty denotes the temperature of the ATF. The heat
dissipation from the temperature of each component by ATF is
calculated as follows:

Qatr = hatrA (Teomponent — TATF) (15)

where Teomponent denotes the temperature of a specific compo-
nent of the motor in contact with the ATF. The heat dissipation
in Fig. 4(a) and (c) is calculated as (15), and the heat dissipation
in Fig. 4(b) is calculated as (14).

In method 1 of Fig. 4(a), heat sink was modeled at the nodes
of each part affected by cooling by ATF. With method 1, the
oil cooling effect for each part can be reflected independently,
but the heat source and heat dissipation act simultaneously on

the same node. Therefore, there is a problem in that the cooling
effect is overestimated when the heat dissipation is greater than
that of the heat source due to the arbitrary convective HTC by
the ATF. The minimum temperature inside the motor is limited
to 60 °C owing to the ATF supplied from the transmission,
whereas the thermal model of method 1 may predict a motor
temperature below 60 °C due to the excessive cooling effect. In
the thermal models of methods 2 and 3, the cooling effect by
the ATF is applied in the end-cap air. The total heat dissipation
calculated from the average temperature of the motor is applied
to the heat dissipation modeling through method 2 in Fig. 4(b).
Since the only unknown parameter is the convective HTC by the
ATF, the computational time required for the correlation process
performed to estimate the total heat dissipation by the ATF can be
reduced. The higher the frequency, the greater the iron loss and
PM eddy current loss, which increases the rotor temperature,
but oil scattering through the rotating motor shaft cools the
protruding end winding more effectively. However, modeling
with method 2 does not reflect the phenomenon that the rotor
temperature is higher than the end winding temperature under
high-speed load conditions. Besides, the average temperature
of the motor for calculating the total heat dissipation is also an
uncertain parameter. The ATF acts to prevent the temperature
rise of the motor in the end-cap air, so the main heat transfer
path is formed in the end-cap air. In addition, the cooling effect
of the ATF is different for each part of the motor. Therefore,
the effective method to model the cooling effect by the ATF
behavior is Fig. 4(c).

Fig. 5 shows the developed direct oil-cooled LPTN including
heat sources, thermal resistances, thermal capacitances, and
heat dissipation modeling of method 3. The developed direct
oil-cooled LPTN was used to predict the temperature according
to the HTC of the ATF in the correlation process. The convective
HTC of the ATF was optimized through correlation with the
temperature measurement experiment. In the proposed thermal
model, the equivalent thermal conductivity, contact heat trans-
fer coefficient, and natural convective heat transfer coefficient,
which are relatively independent of the load conditions com-
pared to the convective heat transfer coefficient of oil cooling,
were reflected as 2 W/m °C, 2000 W/m? °C, and 5 W/m?2 °C,
respectively.

III. PROPOSED CORRELATION PROCESS

The kriging surrogate model-based optimization of convec-
tive HTCs by ATF was performed to improve the reliability of
the oil-cooled thermal model. HTCs of the ATF were determined
through correlation with experiments. The proposed correlation
process is illustrated in Fig. 6. Cooling by the ATF works dif-
ferently for each part of the motor, and convective heat transfer
by the ATF depends on the cooling effect of the ATF. Therefore,
the HTC of the ATF for each component was determined as
a variable. A design of experiment (DOE) was performed for
the variables. Using the configured direct oil-cooled LPTN, the
motor temperature was predicted according to the sample points
extracted by the DOE. The predicted temperature is compared
with the experimentally measured temperature to calculate the
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root-mean-square error (RMSE) of the two temperatures and
the difference between the two saturation temperatures (DST).
The saturation temperature was not measured to prevent damage
to the motor under high-load conditions, which are subject to
derating control. Therefore, the temperature difference at the
end point of the transient region, rather than the DST, was
calculated under the high-load condition. To generate the kriging
surrogate model, the variables corresponding to the HTCs of
the ATF and the calculated RMSE and DST were reflected in
the design variables and responses, respectively. Optimization
was performed based on the generated kriging surrogate model,
and the HTCs of the ATF were determined under specific load
conditions.

A. Load Test for Temperature Measurement

A load test was conducted to measure the temperature of the
traction motor, as presented in Fig. 6. The ATF temperature was

60 °C when considering the transmission, and the flow rate was
constantly controlled at 1.2 LPM using an oil chiller. As the
control performance deteriorates, the ATF fills the inside of the
traction motor, and the mechanical loss owing to the viscosity of
the ATF increases; therefore, it is crucial to control the flow rate
of the ATF. The stator temperatures corresponding to the stator
yoke, stator winding, and end winding were measured using
k-type thermocouples and the rotor temperature was measured
using telemetry. As k-type thermocouple was used to measure
the stator temperature, the hole drilled in the end cover was
sealed for ATF control. The telemetry system, which consists of
an antenna and a receiver, transmits the rotor temperature as a
voltage level to the data acquisition system via a Bayonet Neill
Concelman connector. The load speed and motor torque were
controlled. Convective HTCs by direct cooling with liquids are
given over a wide range [17]. In order to accurately estimate
convective HTCs of ATF according to load conditions, the tests
were performed at 30 operating points, as specified in Table III. A
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TABLE III
OPERATING POINTS TO LOAD TEST

250 250 - - -
200 200 - - -
150 150 160 - -
100 100 100 100 -
Torque (Nm)
80 80 80 80 -
60 60 60 60 65
40 40 40 40 40
20 20 20 20 20
Speed (rpm) 1000 2000 3000 4000 5000
0 o:Optimization A:Verification
250
‘g 200
Z
Efficiency % 150
map E 100 I TZ%
50 o
= 63,6945 :
1000 2000 3000 4000 5000 6000
Speed (rpm)

temperature saturation test of the traction motor was performed
for more than 60 min within the continuous rating. The test was
conducted until the winding temperature reached 180 °C under
certain high-load conditions, excluding continuous ratings. The
30 operating points indicated in the efficiency map of Table III
are classified as follows.

e 27 operating points corresponding to orange circles; These
were the sample points on which optimization was per-
formed.

e 3 operating points corresponding to blue triangles; It was
used to validate the developed direct oil-cooled LPTN,
without any optimization performed.

Fig. 7 shows the temperature measured at the weak cooling
point under specific load conditions. In particular, the stator
temperature depends on the location where the k-type thermo-
couple is attached, owing to the influence of gravity on the
ATF. The end winding temperature indicated in Fig. 7(b) is the
temperature of the winding that protrudes into the end-cap air,
and the stator winding temperature indicated in Fig. 7(c) is the
winding temperature of the active part in contact with the stator
teeth. The end winding temperatures are lower than the stator
winding temperatures. This phenomenon can be explained by
the cooling effect of the direct oil cooling system. Structurally,
it is difficult to cool the stator winding through direct contact
with the ATF; however, it is indirectly affected by the cooling
effect of the end winding.

B. Optimization Variables

The convective HTC of the ATF is different in the hous-
ing, stator, end winding, rotor, and end cover. The ranges of
the variables were determined by considering the temperature
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Fig.7. Measured temperature: (a) yoke temperature, (b) end winding temper-
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change in each part using the configured LPTN. As shown in
Fig. 8, the temperature predicted by the ATF according to the
convective HTC is nonlinear; the heat source is reflected when
the motor speed is 1000 rpm and the motor torque is 80 Nm.
The convective HTC obtained by the ATF is used to calculate
the heat dissipation in (15). To develop a kriging model, a DOE,
in which 900 sample points were extracted for variables, was
performed.

C. Kriging Surrogate Model

A surrogate model presents a functional relationship between
a variable and a response, with a short computational time
and good accuracy [29]. The kriging surrogate model is a
type of surrogate model used to predict nonlinear responses
[30], [31]. As cooling by an ATF is a complex and nonlinear
problem, the kriging surrogate model can provide a useful
solution. This model is generated by modeling the Gaussian
process and used for optimization in the correlation process
to determine the convective HTCs of the ATF corresponding
to the variables in which the predicted temperature using the
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Fig. 9. (a) Kriging surrogate model. (b) Objective function.

LPTN matches the experimentally measured temperature. The
RMSE and the DST values corresponding to the responses in
Fig. 9(a) were calculated using (16) and (17) [1], respectively, in
Fig. 9(b).

1 n
RMSE = \/n Zi:1 (Tepry — Texp) (16)

DST = TrprN_sat — TEX P_sat (17

where n is the number of measured temperature data points
in the transient region, T pry indicates the predicted tem-
perature using the direct oil-cooled LPTN, Tgxp represents
the experimentally measured temperature, 77, p7n_sat denotes
the predicted saturation temperature, and 7' g x p_gat indicates the
measured saturation temperature.

D. Optimization

The multi objective function of the kriging surrogate model-
based optimization minimizes the difference between the pre-
dicted and measured temperatures. The optimization method
was selected so that sequential quadratic programming (SQP)
could provide a solution to the nonlinear problem. As shown in
Fig. 10 [1], the SQP method iteratively evaluates the gradient
of the objective function with respect to the parameters used to
solve nonlinear problems. For complex nonlinear problems, the

Initial parameters (x;)

v

Define search direction
(Minimize the objective function (y))

v

Solve the gradient

Change step size
(x2)
A

y
Kdirection

Get the optimal solution oy x2<_’x3"'xoptimmn x
(Foptimum) step size
Fig. 10.  Sequential quadratic programming.

optimal solution may depend on the parameters. As the optimal
solution of a complex nonlinear problem may vary depending on
the initial parameters, optimal solutions according to 100 initial
parameters were derived to determine the convective HTCs of
the ATF. The optimal HTCs of the ATF shown in Fig. 11 were
determined under 27 load conditions. The optimal HTCs of the
ATF tended to increase with the motor speed and torque. Fig. 12
shows that the optimization within the correlation process to de-
termine convective HTCs by the ATF of direct oil-cooled LPTN
was performed successfully. As the RMSEs for each component
are less than 10%, and DSTs are less than 10 °C. At the predicted
temperature shown in Fig. 12, the end winding temperatures
were lower than the stator winding temperatures. Therefore, the
constructed thermal model reflected the phenomena caused by
the direct oil cooling effect. In addition to the 27 load conditions
for optimization, the measured temperatures at the three shaded
load conditions indicated in Table III were used to verify that
developed direct oil-cooled LPTN reflects the optimal HTCs of
the ATF.

IV. EXPERIMENTAL VERIFICATION

To verify the validity of the developed direct oil-cooled LPTN,
the temperatures estimated using the configurated LPTN were
compared with the test results under three load conditions (see
the shaded load conditions given in Table III), as shown in
Fig. 13. For verification of the developed thermal model, opti-
mization was not performed for the three operating points. The
heat source to estimate the temperature is listed in Table IV,
and the flow rate of ATF is 1.2 LPM. In Fig. 13, the maximum
values of RMSE and DSP are 6.6% and 4.8 °C, respectively.
The direct oil-cooled thermal model has high prediction accu-
racy. Moreover, the temperature predicted by the LPTN shows
a tendency similar to that of the actual temperature of each
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Fig. 12.  Results of comparing the measured and predicted temperatures at sample points: (a) 2000 rpm and 20 Nm, (b) 3000 rpm and 100 Nm, (c) 4000 rpm and

80 Nm, and (d) 5000 rpm and 20 Nm.

component. As the speed increases, the cooling effect of the
ATF also increases, but the PM eddy current loss also increases;
therefore, the PM temperature is high at 5000 rpm and 40 Nm.
Although the cooling effect decreases, the component temper-
atures were low because the heat source is relatively small at

1000 rpm and 100 Nm. These results show that the proposed
correlation process is useful for determining convective HTCs
of the ATF. In addition, the accuracy of temperature prediction
of the traction motor for the P2 HEV has been improved through
the developed direct-oil cooled LPTN.
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TABLE IV
HEAT SOURCE
[1]
Speed (rpm) 1000 3000 5000
Load condition
Torque (Nm) 100 80 40
Copper loss (W) 276.9 295.5 384.2 [2]
Iron loss (W) 62.6 182.9 276.6
PM eddy current loss (W) 15.2 115.0 282.0
Bearing loss (W) 25.1 113.1 382.2 [3]

V. CONCLUSION

A direct oil-cooled LPTN of the P2 HEV traction motor
was developed, reflecting the convective HTCs of the ATF
determined under 27 load conditions. In this study, a correla-
tion process for convective HTCs of ATF was proposed, and
kriging surrogate model-based optimization was performed to
determine the convective HTCs of the ATF. Therefore, the direct
oil-cooled LPTN with convective HTCs of the ATF, determined
using the same correlation process under various load condi-
tions, can estimate the temperature with high accuracy over
the driving range of the traction motor. The configured direct
oil-cooled LPTN can be utilized to identify the temperature trend
based on the shape of the motor and flow rate. Furthermore,
the tendency analysis of HTCs according to load conditions is
conducive to predicting the behavior of ATF in terms of thermal
management.
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