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1 | INTRODUCTION

Taketsune Nakamura

Abstract

Using the embedded onboard digital thermal model is an economical and effective way to
monitor the rotor temperatures of the electric vehicle (EV) propulsion Permanent
Magnet Synchronous Motor (PMSM) in real-time. The onboard thermal model is
generally in an analytical form with constant thermal resistances. However, in practical
situations, the thermal convection intensities on the surfaces of the air gap and the end-
cavity vary significantly with the rotational speed, producing a non-negligible influence on
the estimation accuracy of the onboard thermal model. Aiming at eliminating this error
and improving the accuracy, this paper explores the variation of the airflow's aero-
dynamics characteristics and the heat convection with the rotational speed through a
syncretic study of theoretical, experimental, and numerical methods. It is found that the
changing trend of the airflow presents a multi-stage characteristic in the speed range of 0—
12,000 rpm. The speed-dependent convective thermal resistances are formulaically pat-
ameterised and then used to replace the related constant thermal resistances in the
thermal model. The standard vehicle driving cycle test result shows that this optimisation
brings a neatly 11% reduction of the overall estimation error.

KEYWORDS
computational fluid dynamics, electrical machines, finite element analysis, model-based rotor temperature
monitoring

the rotor is very sensitive to temperature variation. When the
temperature exceeds the Curie point, the PM will lose its

High-speed electric machines are receiving more and more
attention in recent years as the electromechanical energy
conversion unit in electric vehicles (EVs). Permanent Magnet
Synchronous Motor (PMSM) is widely regarded as the most
suitable motor type for EV propulsion among all motor types
because of its high efficiency, high power density, and good
speed regulation performance.

In future development, the EV PMSM is expected to have
a higher power density. Increasing speed is one of the main
ways to achieve it. However, numerous studies present that
when the PMSM turns into the high-speed operation region, its
energy dissipation rises rapidly and would result in excessive
temperature rises, especially in the rotor area [1-3]. The re-
sidual magnetisation intensity of Permanent Magnets (PMs) in

magnetism instantly [4, 5]. Therefore, the thermal problem is
one of the main bottlenecks limiting the rotational speed.

Realising real-time monitoring of rotor temperature can
significantly improve the thermal safety of the PMs. On the
other hand, this technology also helpfully taps the potential
output of the PMSM, attracting a lot of attention.

Nowadays, there are some available approaches for
obtaining the temperature of the high-speed rotor, including
the infrared thermometer sensor [6, 7], the wireless commu-
nication equipment (Bluetooth, WIFI, IR LED, or RFID)
[6, 8, 9], the slip-rings on the shaft [10], flux observer [11-13],
voltage signal injection, and so on.

In addition to these technologies, the onboard model-
based estimation method is an economical option for the
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EV industry. As illustrated in Figure 1, this method uses the
embedded thermal model in the controller to realise real-time
temperature monitoring [2, 14-16].

Compared to the techniques introduced above, this
method has excellent stability, enough accuracy, zero electro-
magnetic interference, low energy cost, low repair cost, and
most importantly, no hardware cost addition, which can fully
meet the EV's requirements under mass production [17, 18].
As shown in Figure 1, in each calculation cycle, the onboard
thermal model collects the operating information of the
PMSM and then calculates the losses and temperatures of each
component in the PMSM. Meanwhile, it receives feedback
from the thermocouple mounted on the machine's static part
(commonly on the end-winding) to eliminate transient error
accumulation [14, 16]. Due to the calculation capacity limit of
the motor controllet, the onboard thermal model is generally in
the analytical form [15]. Therefore, the model's accuracy has a
decisive influence on the estimation accuracy.

However, the heat transfer in the PMSM includes not only
conduction but also convection. In general, the thermal re-
sistances of the heat conduction are approximately constant, but
the intensities of the heat convections would change with the
rotational speed [1, 18]. Especially for the rotor part, the vast
majority of the heat exchanges through the air gap or the end-
cavity (between the active region and endcap) with the outside
environment, as illustrated in Figure 2. In other words, the main
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FIGURE 1 Model-based rotor temperature monitoring system
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FIGURE 2 Heat dissipation path and thermal boundary conditions of
the rotor

thermal boundary conditions of the rotor are convections [7].
The study carried out to prove that the variation of heat con-
vection is significant. Using the rough thermal model with the
constant parameters may not meet the increasing accuracy
requirement.

To eliminate these errors, this paper studies the variation of
the airflow and the thermal convection intensities inside the
high-speed PMSM. The results are transferred into a proper
analytical form and used in the onboard digital thermal model to
replace the constant parameters. It is worth mentioning that an
innovative method of using the measurable windage losses to
calibrate the roughness of the laminated surface of the air gap is
adopted here to improve the accuracy of Computational Fluid
Dynamics (CFD) simulations.

2 | INTRODUCTION OF MOTOR
PROTOTYPE

The study is carried out on a typical PMSM for EV traction.
Table 1 lists the basic configurations and geometric parameters
of the machine. Figure 2 presents the inner structure of the
PMSM and illustrates the main heat transfer paths.

3 | THERMAL MODEL OF THE PMSM

The thermal performance of the PMSM is modelled using
the LPTN (Lumped Parameter Thermal Network) method
[19-21], as shown in Figure 3. The machine is divided based on
the heat transfer paths and the distribution of the heat sources.
It should be noted that the model complexity is reduced
propetly to accommodate the spare computation capacity of
the powertrain controller [15]. For a single LPTN unit (illus-
trated in Figure 4), the thermal capacities and the thermal re-
sistances can be calculated using [14, 22-24].

TABLE 1 Basic configurations and parameters of the PMSM

Continuous power/speed 21 kW /4000 rpm

Maximum power/speed 42 kW/12,000 rpm

Cooling method Wiater jacket
Arrangement of PMs Inserted V-type
Packing factor of the iron core 0.98

Length/diameter of active part 110 mm/200 mm

Rotor diameter 125 mm
Air gap 0.8 mm
Slot depth 28 mm
Overhang of end-winding 25 mm
Width of end-cavity 19-22 mm
Shaft diameter 43 mm

Abbreviations: PMSM, Permanent Magnet Synchronous Motor; PMs, Permanent
Magnets.
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FIGURE 3 Simplified LPTN model of the PMSM. LPTN, Lumped
Parameter Thermal Network; PMSM, Permanent Magnet Synchronous
Motor
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in which, T is the mean temperature of the component, 7 is
the distribution function of temperature, k, is the thermal
conductivity in the x-direction, A, is the conducting interface
in the x-direction, I, is the mean length in the x-direction, Cp is
the specific heat capacity, p is the density, V'is the total volume
of this component.

4 | ROTATION-DEPENDENT
CONVECTIVE THERMAL RESISTANCES

In the LPTN model, most of the thermal resistances are
conductive, and not affected by the rotational speed. The
values of conductive thermal resistances are first calculated by
the analytical estimation method introduced above and then
calibrated by thermal Finite Element analysis to compensate
for the errors caused by irregular shapes. Considering that
there is generally a contact thermal resistance between com-
ponents, the thermal resistances are further adjusted in a
small range using the genetic algorithm based on numerous
experimental data.
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FIGURE 4 lllustration of the basic LPTN unit. LPTN, Lumped
Parameter Thermal Network

The convective thermal resistances in the LPTN model
change significantly with the airflow inside the machine. From
the rotor's perspective, the heat mainly exchanges with its
surrounding environment in two orthogonal directions by heat
convection, as shown in Figure 5. This spatially separates the
convective resistances into two independent groups.

In the radial direction, the rotor exchanges heat with the
stator through the air gap, as shown in Figure 5a. The related
convective thermal resistance is marked R_10, R_11, and
R_12 in the LPTN model. In the axial direction, the rotor
exchanges heat with the other surfaces through the air in the
end-cavity, as shown in Figure 5b. These convective thermal
resistances are marked R_2, R_3, R_4, and R_5 in the LPTN
model.

The following content focuses on the rotational speed-
dependence of these two groups of convective thermal re-
sistances to improve the model estimation accuracy.

5 | THE CONVECTIVE THERMAL
RESISTANCES OF AIR GAP

When the PMSM rotates at high-speed, the magnetic flux
harmonics passing through the rotor will produce high eddy
loss and hysteresis loss. Because of the skin effect, most of the
loss concentrates on the rotor sutface [7]. So, the rotor tem-
perature is closely related to the convection in the air gap.

5.1 | Aerodynamic characteristics of airflow
in the air gap

The airflow in the air gap is a typical coaxial-cylindrical rotating
flow with a stationary outer cylinder, also known as Taylor-
Couette flow. A non-dimensional parameter called Taylor
number (7)) is proposed in Ref. [25] and developed by the
following studies [26, 27] to describe the relative effects of
inertial forces and viscosity in the tangential flow

erg63
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am M2}7g I
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FIGURE 5 Two main heat exchange paths of rotor in the LPTN.
LPTN, Lumped Parameter Thermal Network

in which, €; is the mechanical angular velocity of the rotor, 7,
is the mean annulus radius, 6 is the thickness of the air gap, p is
the air viscosity coefficient, £ is a geometric factor

e s\
E=—[(1-2) |, 5
§ 41.19[9( ng) ©)

26
§$=0.0571(1-0.652———
21 =6
(6)

+ 0.00056( 1 — 0.652 20 B
' T 216

Taylor-Couette flow exhibits different flowing patterns
with the increasing speed [27, 28]:

(1) When the inner wall's rotational speed is low, the air
appears as a circumferentially symmetrical parallel laminar
flow called a stable Couette flow. Inertial effects are
negligible, and the velocity distribution is dominated by
the viscous force

(2) As the speed increases, the inertial force of the fluid
increases. The radial pressure gradient and the viscous
forces can no longer restore the centrifugal force's fluctu-
ations caused by minor disturbances. Therefore, the fluid
protrudes a secondary flow called Taylor vortices in the
meridian plane [29]. The critical speed at which the laminar
flow breaks down and the vortices form can be estimated by
(7) corresponding to the Taylor number as T,
critical = 41.19

€ critical = 41.19”5—145.@—0,5 o

(3) As the speed continues to increase, a relatively steady
axisymmetric secondary flow with the regularly spaced
vortices in the axial direction is formed. In this case, the
adjacent vortices rotate in opposite directions [27].

(4) As the speed continues to increase, the Taylor vortices
flow will lose stability and present a new turbulent flow
state with a high degree of disorder.

In conclusion, the airflow presents multi-stage character-
istics with increasing speed. The number of stages that the
PMSM may go through needs to be determined by doing
enough case analysis in the speed range.

Besides, the air gap's surface in an actual motor is commonly
far from the ideal case with smooth concenttic circle walls.
There are horn-shaped slots on its outer surface, as shown in
Figure 6. The slotted surface increases the fluctuations of the
airflow. Therefore, using theoretical estimation methods is hard
to obtain an accurate result. The CFD method is suitable for the
following analysis [30].

5.2 | Roughness calibration using windage
loss data

The roughness of the convection surface has a non-negligible
influence on the airflow state and the convection intensity.
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FIGURE 6 The 1/48 CFD model of the airflow in the air gap with
horn-shaped slots on its outer surface. CFD, Computational Fluid
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FIGURE 7 Windage losses obtained from the calibrated CFD
simulation and the experimental test. CFD, Computational Fluid Dynamics

About 0.35 mm silicon steel sheets stack the iron cores of the
stator and rotor. So, there ate random bumps in the air gap's
inner and outer surfaces, leading to significant uncertainties in
simulation.

In this study, the surface roughness parameters used in
the model are calibrated by the experimental test result of
windage losses. Fitst, a refined 1/48 CFD model of PMSM
air gap is constructed using commercial software (ANSYS) to
analyse the airflow's acrodynamics characteristics and windage
losses, as shown in Figure 6. Meanwhile, the windage losses
at different rotational speeds are measured on a test bench.
They are then compared and used to calibrate the roughness
parameters used in the CFD model, including the surface
roughness and uneven surface thickness. As shown in
Figure 7, the result of the calibrated CFD model offers a
high consistency with the test results at different rotational
speeds.

Table 2 lists the variables and settings used in the simula-
tions. The maximum linear velocity of the airflow is below
0.3 Ma, so the density change of gas caused by high-speed
compression is ignored. Figure 8 presents the velocity

TABLE 2 Variables and settings used in the CFD simulations

Air density (1 atm), p

Air viscosity (80 °C),

129 kg/rn3

1.95 x 107> Pa-s

Mechanical speed range, w, 0-12,000 rpm
Surface roughness 0.500
Rough surface thickness 0.0454 mm

Thermal conductivity of air

0.0240 W/(m-K)

Boundary condition Periodic condition

Abbreviation: CFD, computational fluid dynamics.

component in the axial direction at the different operating
points. With the increase of the rotational speed, the airflow in
the gap gradually develops into turbulent flow.

5.3 | Convective thermal resistance

For a rough estimation, the heat transfer coefficient of the
rotor outer sutface can be calculated by [31]

hy = Nudair [ (26), (8)

in which, 4,5 is the thermal conductivity of air, J is the
thickness of the air gap, Nu is the Nusselt number, whose value
reflects the strength of convection

Zé[rrotor 111(1 + 6/770t07)]
T2 F2 0.367 T 4
0.128(T2/F2) ~ 1700< T, <10 ()

T, <1700

Nu

0.241
0.409(T2/F2) " 10° < T2/F2 <107

Then the convective thermal resistance can be deduced by
R convection = 1/(bgA)a (10)

in which, A is the magnitude of the convection area.

However, due to the irregularity of the surface profile and
the non-uniform distribution of the velocity, expressing the
heat exchange by a definite convection parameter is not an
accurate way in practical usage. Therefore, in the CFD simu-
lation, the thermal convection module and the first kind of
boundary conditions with fixed temperatures adopt to calculate
the convective thermal resistance according to

R convection = Anoundary/qa (l 1 )

in which, ATbamdﬂr}, is the temperature difference between the
air and the objects, ¢ is the heat flow rate across the boundary.

As a result, the LPTN thermal model can directly use the
derived convective thermal resistances. Figure 9 shows the
calculated result of the equivalent thermal resistance between
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FIGURE 8 The velocity component of the airflow in the axial direction at different rotational speeds (0-12,000 rpm)
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FIGURE 9 The change of convective thermal resistance R_12 with the rotational speed (0~12,000 rpm)

the rotor and air gap flow in the radial ditection (R_12) within
the speed range of 0-12,000 rpm.

It shows that the laminar flow only appears in a very
narrow velocity zone: 0 ~ about 100 tpm (zone I). The heat
transfer mainly depends on the ait's radial heat conduction.
And the heat exchange efficiency is low.

When the speed increases to above 100 rpm, slight irreg-
ular disturbances appear, and the thermal resistance decreases
rapidly in the speed range of 100-1000 rpm (zone II).

As the speed increases to around 1000 (zone III), the
decrease of thermal resistance with speed becomes much
slower. There is a small step change around 7000 rpm, at which
stable regular Taylor vortices are formed.

When the motot speed exceeds 7000 tpm (zone IV), the
curve is almost linear with a shallow gradient.

In general, the CFD calculation results and theoretical
analysis form a reasonable mutual verification. For the
convenience of application in the onboard thermal model,
the calculated thermal resistance data is converted into an
analytical form, as shown in the piecewise polynomial
fitting result Equation (12). The theoretical study of the
aerodynamic characteristics in Equation (4)—(10) reflects a
fundamental region division and analytical solution structure
for the CFD result. Therefore, the speed-dependence of
the radial thermal resistance R_12 is formulated in four
sections:
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—1.413 x 107 "w? 4 1.814 x 107w, + 0.8285
3.583 x 107 w? — 8.284 x 10~ *w, + 0.9082

R 12=

9.947 x 10w?* — 1.253 x 10™*w, + 0.5535

—7.229 x 107 %0, + 0.2144

in which, w, is the mechanical rotation velocity (rpm).

Similatly, the convective thermal resistances between the
air gap flow and stator (R_10, R_11) can be calculated using
the method introduced above.

6 | CONVECTIVE THERMAL
RESISTANCES IN END-CAVITY

When the PMSM is rotating, the air in the end-cavity will be
driven by the viscous force, forming a strong convective heat
transfer with the envelope surfaces. Therefore, the convection
on these surfaces is an important heat dissipation path,
especially at high-speed operation [32, 33]. Reference [27]
provides a detailed theoretical analysis of the free-disk flow.
However, it is still challenging to obtain the convections on
the complex end-cavity profile, as shown in Figure 10a. A
CFD model is constructed in this study to analyse the
acrodynamics characteristics and the convection, as shown in
Figure 10b.

The airflow in the end-cavity is driven by the rotating end
surface of the rotor and, at the same time, constrained by the
static inner contour surfaces, as illustrated in Figure 10.
Eventually, a spiral airflow with an enormous velocity gradient
is formed. The staggered streamlines show that the airflow has

0<w, <100
100<w, < 1000
1000<w, <7000
7000<w, < 12000,

developed a good mix in the end-cavity. Besides, the vortices
are randomly generated in the irregular streamlines, and there is
no stable state point like the Taylor-Couette flow.

In the end-cavity, convection mainly occurs in these four
faces (marked in Figure 11): the outer surface of the rotor
endcap (rotating), the outer surface of the end-winding, the
inner surface of the endcap, and the inner surface of the
housing,

Based on the CFD simulation results at different rotational
speeds, the convective thermal resistances on the above sut-
faces are deduced and shown in Figure 12.

In general, the changes of the convective thermal re-
sistances with the speed w, can be divided into two sections in
the speed range of 0-12,000 rpm. At the low-speed section (0—
3000 rpm), the convective thermal resistances decrease dras-
tically with rotational speed. When the rotational speed exceeds
3000 rpm, the decrease slows down and gradually develops
into a linear trend. Take the convective thermal resistance
between the outer surface of the end-winding and the air as an
example:

2 { 5.182 x 1078w? — 8.44 x 10™*w, + 2.991 0 < w, < 3000
2=

—4.605 % 107w, + 1.0635

3000 £ w, £12000

(13)

FIGURE 10 CFD simulation result of airflow in the end-cavity dragged by the rotor (speed w, = 8000 rpm). CFD, Computational Fluid Dynamics

B5UBD17 SUOWIWIOD BA 1D 3|cedldde aU) Aq pauA0H a2 S9R I VO 38N JO S3INJ 10} A1 1T UIIUO AB|1A LD (SUOIPUCD-PUR-SLLBI WD A 1M Afeuq)1BU1 U/ SN SUORIPUOD PUe SLLLB L 34} 835 *[€202/T0/0T] Uo Al auliuo A8|1M ‘Ueder aUeI400D Aq L6TZT 2dB/6YOT OT/I0p/L0Y A8 1M Aeiq 1[I JUO"YDBssa. |//:SaNY WOl papeojumoq ‘2T ‘2202 ‘6.98TSLT



DONG anp NAKAMURA

1459

(@) longitudinal cross-section

Inner surface of the
motor endcap

Lateral surface
of the shaft

Outer surface of rotor endcap

Inner surface
of the housing

Outer surface of the

(Rotating part) end-winding

(b) Main surfaces of heat convection

FIGURE 11 The four main convection surfaces in the end-cavities of the PMSM. PMSM, Permanent Magnet Synchronous Motor

FIGURE 12 The convective thermal 6
resistances on the four main envelope surfaces of
the end-cavity with the increasing speed 5L ¢
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The LPTN thermal model of the PMSM is transformed
into ime-discrete differential equations below for the conve-
nience of real-time calculation in the motor control system [34]

[Ty = A¢|[C]7' 14l + 1| [T]) + A7CT' QL (14)

C, o 0 T,
a=|: - i | m=|:
0 - C, T,
-All(wr) Aln(wr)
A= |: :
_An1(wr) Ann('wr)
Q] [K(T) - 0 v
Ql=|: =1 R :
_Qn 0 Ko(T,)

QY
(15)

in which, T} is the temperature increment above the reference
temperature T at the kth node, Cy, is the thermal capacity of

Il 1 |
2000 4000 6000 8000 10000 12000
Rotational speed (rpm)

the kth node, and Qy is the loss rate in it. 7 represents the time
node, and At is the size of the time step, Q”fn is the loss rate at
the reference temperature. Table 3 lists the analytical equations
of the loss components used in the thermal model. Table 4
explains the variables used in the equations. Kp(7}) is the tem-
perature coefficient of nodal loss determined by the material.

In the thermal model described in Equation (14), the
matrix [A] is the lumped patameters detived from the thermal
resistances, including the constant conductive and the rotation-
dependent convective thermal resistances.

It is worth mentioning that the constant conductive ther-
mal resistances and the heat capacity parameters in the final
form of the optimised thermal model have been trained and
calibrated with plenty of experimental data to improve the
transient accuracy under changing operating conditions.

7 | EXPERIMENTAL VALIDATION

To wvalidate the improvement after using the rotation-
dependent convective thermal resistances in the onboard
thermal model, the experimental bench test is carried out on
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TABLE 3 Analytical expressions of the loss components used in the thermal model

Parts Analytical expressions of the loss components
L . . 2N Lip,
Slot Wlndlng Pac,act = Pdc,athnKac,slma in which, Pdc,act = ﬁ
P I T . . 2N gp,
End erldlrlg Pac,end = Pdc,endnKac,end» in which, Pdc,endt Ia— :
Moop
Stator iron yoke and iron tooth Hysteresis loss p, = V- Z K;,ﬂ

Rotor iron core
Permanent magnets
Air flows in the air gap and the end-cavity

Bearing

Eddy current loss p, = V Z Kekaz
k=1
pe=ledl- 1]
T
e =1[p.ql- Vl 7f1]
Parg = Gy 0y L, Py = 3,7 [0, 0 )"

PBeaﬁng = O~5wrkfer

TABLE 4 Variables used in the loss estimation equations

14 Average length of the winding part in the slot

Ig Average length of the end-winding part out of the slot
n Number of wires in one slot

d Diameter of the copper wire

I Amplitude of the input current

Po Electrical resistivity of copper at reference temperature
N Slot number

Kocae Ac loss factor of the active winding part in the slot
Kocend Ac loss factor of the end-winding

K, K, Hysteresis loss coefficient; eddy current loss coefficient
fisfe Fundamental and harmonic frequencies of power supply
B, Amplitude of the flux density

14 Volume of the nodal area

a, b, P, g, 4, v, w Polynomial coefficients obtained by curve fitting

kg Surface roughness factor of air gap surfaces

Pa Air density

@, Rotational angular velocity

L Axial length of the rotor active part

Arotor Rotor outer diameter

Cr Surface friction coefficient, determined by Re number
kg Bearing friction coefficient

F Dynamic load

the electric pulsion system shown in Figure 13. The framework
of the test system is illustrated in Figure 14.

The PMSM is controlled by an EV motor controller and
connected with a load dynamometer. During the operation, the
onboard thermal model collects the operation information of
the PMSM to estimate the nodal temperatures of the PMSM.
Meanwhile, the temperature of the end-winding is fedback to

EV PMSM
under test

Temperature
measurements

Power Supply

FIGURE 13 Experimental bench test on the electric pulsion system

EV PMSM Load
controller E<PM SM (H})ynamometer)z‘ controller
T
Onboard thermal |
model | :
|

: Thermocouples

Onboard esimated Mcasurcd
temperatures temperatures

¢ v v

Operating control&monitoring platform

-~ ————
-

FIGURE 14 Illustration of the experimental tests system

the onboard thermal model to eliminate the accumulation of
the transient error. The temperature distribution in the static
part of the PMSM is measured by thermocouples embedded in
the motor. The rotor is a neatly solid metal cylinder, so its
temperature is assumed to be uniformly distributed [35]. The
rotor temperature is collected by an infrared detector, and a
small hole was made in the endcap to transmit the signal.
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FIGURE 15 The standard driving cycle used in the test

FIGURE 16 The comparison of the rotor
temperatures estimated by the original and the
optimised onboard thermal models with the

measurement result
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The temperature of the rotor is estimated by the traditional
and the optimised onboard thermal models to validate the
promotion after using the rotation-dependent convective
thermal resistances. Figure 15 shows the standard EV driving
cycle used in the test. The motor starts running from a known
temperature along with the thermal model. The onboard model
estimated results are compared with the measurement results in
Figure 16. In addition, the nodal losses estimated by the opti-
mised onboard thermal model are presented in Figure 17.

For a better illustration, Figure 18 shows the temperature
estimation error of these two onboard thermal models. It
shows that the estimation error gradually increases over time

- = == = Estimated result of the original model with fixed parameters -

== Estimated result of the optimized model with variabel parameters

Measurement result

.

L o

500 1500 2000 2500
time (s)

3000

'.—

Stator iron tooth loss
End winding loss
Active winding loss
Stator iron yoke loss
— Magnetic poles loss
Rotor Iron core loss
Magnets loss

———— Windage loss

_J_——

——

..L;

400

Time (s) 500

FIGURE 17 The nodal losses estimated by the optimised model
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- Estimation error of the original model

- Estimation error of the optimized model

Temperature estimation error (C)

T FIGURE 18 The temperature estimation
error of the original and the optimised onboard
thermal model

1 1
0 500 1000 1500 2000
time (s)

and approaches flattening, It is clear that the estimation ac-
curacy is improved by using the rotation-dependent convective
thermal resistances, especially at the moments where the speed
changes drastically. In other words, the new model became
more sensitive to the actual operation state of the EV motor.

According to the statistics of the rotor temperature data in
Figure 17, the average error has been reduced by about 11%.
In addition, the increment of calculation amount after using
the variable parameters is evaluated and proven to be negligibly
small for the EV motor controller.

8 | CONCLUSION

The onboard model-based estimation method is an economical
option to improve the thermal safety of the high-speed PMSM.
In this paper, several essential parameters in the thermal model
have been improved, and a significant increase in estimation
accuracy has been achieved.

However, the onboard thermal model still needs to be
improved in many aspects. For example, the thermal conduc-
tivities and the electromagnetic parameters of the materials will
change with the usage time. Also, the residual magnetism of the
PMs may decrease even without apparent damage. These issues
require the onboard thermal model to be more flexible on the
time scale.

Besides, the study concluded that the thermal boundary
conditions have a substantial effect on the temperature rise of
the rotor. The slots on the inner wall of the stator enhance the
disturbance of the airflow in the air gap, which then impacts
the heat exchange and the temperature rise of the rotor. The
vortices in the air gap form a stronger radial flow component,
which strengthens the heat transfer of the rotor. Thus,
considering the compromise between windage loss and heat
transfer, there may be an optimal solution for the stator inner
profile for the high-speed thermal issue.

Besides, in recent yeats, a more efficient internal oil cooling
method has been widely used in automotive motors. Estab-
lishing a precise relationship between the convective thermal

2500 3000

resistance and the intensity of the oil spray force at different
rotational speeds is very important to the thermal management
of the motors. It should be noted that the temperature has a
significant effect on fluid viscosity.
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