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Validation and Parametric
Investigations of an Internal
Permanent Magnet Motor Using
a Lumped Parameter Thermal
Model

One of the key challenges for the electric vehicle industry is to develop high-power-
density electric motors. Achieving higher power density requires efficient heat removal
from inside the motor. In order to improve thermal management, a multiphysics modeling
[framework that is able to accurately predict the behavior of the motor, while being com-
putationally efficient, is essential. This paper first presents a detailed validation of a
lumped parameter thermal network (LPTN) model of an Internal Permanent Magnet syn-
chronous motor within the commercially available moTor-cap modeling environment. The
validation is based on temperature comparison with experimental data and with more
detailed finite element analysis (FEA). All critical input parameters of the LPTN are con-
sidered in detail for each layer of the stator, especially the contact resistances between
the impregnation, liner, laminations, and housing. Finally, a sensitivity analysis for each
of the critical input parameters is provided. A maximum difference of 4%—for the highest
temperature in the slot-winding and the end-winding—was found between the LPTN and
the experimental data. Comparing the results from the LPTN and the FEA model, the
maximum difference was 2% for the highest temperature in the slot-winding and end-
winding. As for the LPTN sensitivity analysis, the thermal parameter with the highest sen-
sitivity was found to be the liner-to-lamination contact resistance.
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Introduction

Each year, the number of electric vehicles (EVs) on the road is
increasing [1,2]. However, one of the main limiters to EV adop-
tion is the range, currently lower than the range of conventional
internal combustion engine vehicles. One solution to improve this
range is to increase the power density of the electric motors used
in the EVs. In this regard, an electric motor power density target
of 50kW/L by 2025 was set by U.S. DRIVE consortium, part of
the U.S. Department of Energy (DOE) [2].

For a long time, electric motors did not need to operate over a
large speed range. As a result, electromagnetic optimization was
set as the main solution to increase the power density of the
machine and the thermal design was a secondary step, less impor-
tant. However, as the operating speed range for these electric
machines increased significantly once applied to vehicles, the
thermal constraints due to power losses inside the motor have pro-
gressively become a limit for electromagnetic improvements.
Indeed, the power losses and the generated magnetic field in an
electric motor are correlated and reaching the highest performance
is all about reaching the good tradeoff between the electromag-
netics and heat transfer [3]. Therefore, overcoming these thermal
constraints is now viewed as one of the hardest challenges to meet
the ever-increasing power density objective [4,5].

This challenge requires electric machine designers to predict
the temperatures of the motor for different operating modes at the
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early stage of the design phase. This prediction must be accurate
enough for selecting the best design solution, and fast enough for
exploring the greatest number of solutions. Two modeling
approaches can be used to predict the motor temperatures. The
first approach is a full numerical model, usually based on a finite
element analysis (FEA) [6,7] or computational fluid dynamics/
heat transfer (CFD/HT) [7-9]. The second approach is the analyti-
cal model, usually employing a lumped parameter thermal net-
work (LPTN). CFD/HT and FEA can predict the temperatures of
a complex geometry with a high resolution but can have high
computational costs/time [7], which is not ideal if we want to min-
imize the time per design iteration. Meanwhile, the LPTN has a
much lower time per design iteration, but its temperature resolu-
tion is lower due to a limited number of nodes. Although the first
LPTN models had a poor resolution due to a very low number of
nodes, more recent densely discretized LPTN models have con-
vinced engineers to adopt these models for the design of electric
machines [7]. LPTN model validations have been demonstrated in
several papers for both steady-state and transient conditions, and
for different types of motors [5,10-12]. A detailed description of
the resistance network for each element of the LPTN based on
their geometry and material properties is provided in Ref. [7].
More recent work on LPTN models provides an even more spa-
tially resolved discretization especially for the windings [4,13].
However, limited attention is given to parts of the motor where
the material properties strongly depend on the manufacturing
processes, such as the liner interface or stator to housing interface.

In this paper, we compare an LPTN model against and FEA
model as well as experimental data. The hot spot of an internal
permanent magnet motor is very often in the winding. Conse-
quently, only the stator was considered in this study. Previous
work on LPTN validation [11-13] through comparison with
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Table 1 Nissan Leaf electric motor features

Feature Value
Maximum torque (N - m) 280
Maximum power (kW) 80
Top speed (rpm) 10,390
Weight (kg) 58
Volume (m?) 0.019
Number of poles 8
Number of stator slots 48

experimental data was focused on analyzing individual tempera-
ture points. However, this is not enough information to understand
how each component contributes to the temperature rise inside the
stator. Here, we propose a different approach by analyzing tem-
perature profiles along three different paths of the motor, with par-
ticular attention to the end-windings region and the different
contact interfaces in the stator.

Each thermal parameter of our LPTN is clearly investigated,
and the relations between the LPTN parameters and FEA parame-
ters are given. Moreover, the sensitivity of the main thermal
parameters is computed. The thermal parameters with the highest
influence on the motor increase in temperatures were identified
thanks to this sensitivity analysis. We also explain how this influ-
ence is related to future motor cooling system requirements.

Experimental Data and Modeling Approach

The Nissan Leaf Electric Motor from Nissan Motor Co. Ltd.
(Yokohama, Kanagawa, Japan) is our reference for all geometric,
material, and thermal parameters used in this paper. The Nissan
Leaf motor features are shown in Table 1 [14]. The only active
cooling system is an external water jacket composed of three
channels in series made of aluminum. The water jacket coolant is
water-ethylene glycol.

The thermal analysis in this paper is focused on the stator where
we have the highest temperature. This highest temperature is in
the winding and the wire insulation deterioration caused by the
high temperatures fixes the maximum temperature allowed in the
stator.

The experimental results used in this study are taken from pre-
vious experiments in Ref. [15]. In these experiments, the windings
were supplied with direct current (DC) current (voltage of 1.4V
and current of 165 amps) and the rotor was removed from the
motor. The total heat generation from the three phases of the
motor was 567 W. The only heat rejection system was the water
jacket. The latter was filled with water-ethylene glycol coolant at
50% volume of water. The flow rate was 10 L/min. Thermal insu-
lation was used to reduce natural convection from the external
surfaces directly exposed to ambient air (end-windings, inner sta-
tor, housing). The boundary conditions of these experiments can
be seen in Fig. 1.

Heat generation
= Adiabatic wall

- End-windings Mid
== Convection N

A End-windings Outside -

f

Fig. 1 Thermocouple locations on the Leaf motor stator and
their associated labels, using motor-cAp environment. Heat gen-
eration and boundary conditions are shown as well.
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Temperatures were measured with K-type thermocouples [15].
The locations of each thermocouple are shown in Fig. 1 (black
and white crosses). All temperature points in the cross-sectional
plane, Fig. 1, except the housing temperature points, are measured
in two other cross-sectional planes rotated by 120 deg and 240 deg
with respect to the motor axial axis.

In this paper, we consider that a temperature label can be the
same for different thermocouples or temperatures by assuming
stator symmetries. A set of temperature points having the same
label means they should all have the same temperature value
based on the assumed symmetries in the models defined there-
after. For instance, we assume that end-windings inside tempera-
ture points have the same value for both rear and front
end-windings. Similarly, we consider that the stator inner face tem-
perature points have the same temperature along the axial length of
the tooth. These assumptions are made in order to have a consistent
comparison between experimental data and modeling results.

By assuming these symmetries, we end up with only five differ-
ent temperatures to be compared against the models. In fact,
inserting thermocouples inside the stator or the windings requires
dismantling the laminations or the slot-windings, which would
cause a different thermal behavior of the machine. This represents
one of the main difficulties for model validation against experi-
mental temperature values. However, in order to have a good vali-
dation of the LPTN model, we still need to know if the
temperatures inside the stator and the slot-windings are consistent.
Therefore, the LPTN temperature outputs are also compared to an
FEA model of the complete stator. This FEA model is presented
in the Finite Element Analysis Model Approach section.

Finite Element Analysis Model Approach. We used the same
motor geometry and boundary conditions in the FEA model as for
the experiments. The same power loss input (567 W) was used
and radiation and convection with ambient air are neglected.
Table 2 gives thermal conductivities for each material involved in
the model, thermal contact conductance at each interface, and the
water jacket’s thermal properties. Thermal conductivities and con-
ductances are estimated from the data provided in Refs. [16—-18].
The water jacket’s heat-transfer coefficient is derived from a
CFD/HT simulation of the complete water-jacket channels in Ref.
[15]. The coolant mean temperature value in the water jacket is
also taken from Ref. [15]. The tests in Refs. [14] and [15] were
conducted based on the Nissan Leaf motor parts. This makes the
evaluation of the FEA model thermal parameters more accurate
than deducing these from a different motor. We must note that the
values for slot-windings-to-liner and liner-to-laminations thermal

Table 2 Thermal conductivities along each direction of a cylin-
drical system and thermal contact conductance used for the
FEA model along with water jacket thermal properties

Thermal conductivity (Wm™'K ™)

Radial Tangential Axial
Stator laminations 21.9 21.9 1.77
Slot-windings 0.99 0.99 292
End-windings 0.76 202 101
Slot liner 0.18 0.18 0.18
Aluminum 167 167 167
Thermal contact conductance (Wm™2K™!)
Slot-windings | liner 1645
Liner | laminations 556
Laminations | housing 5555
Water-jacket cooling system
Heat transfer coefficient (Wm™2K ') 1428
Flow rate (L min™") 10.0
Coolant mean temperature (°C) 65
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Fig.2 Mesh of the FEA model (average size of 2.7 mm)
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Fig. 3 Computing time and maximum temperature of the FEA
model with respect to mesh size

contact conductances are not exactly the same values as those pro-
vided in Ref. [15]. Indeed, NREL provided slightly different val-
ues, which were not published yet. The liner contact conductance
values are preliminary results which require further confirmation.
Two pictures of the FEA model mesh are shown in Fig. 2. The
average mesh size was fixed at 2.7 mm. This choice relies on a
mesh independence study. For this independence study, comput-
ing time and maximum temperature versus mesh size was com-
puted (see Fig. 3). Red labeled markers in Fig. 3 correspond to the
final average mesh size of the FEA model. With this final mesh
size of 2.7 mm, the numerical results are accurate to within 0.4%.

Lumped Parameter Thermal Network Model Approach.
The LPTN model was created using MOTOR-CAD software environ-
ment, where the electric motor geometry is designed first. All

Housing
Stator laminations
Air gap
Magnet
Shaft
Rotor

Slot-windings
End-windings
Cooling channels

Fig. 4 Nissan Leaf motor geometry in moTor-cap environment:
radial cross-sectional view on the left, axial cross-sectional
view on the right
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dimensions from the FEA model were kept for the LPTN model.
Figure 4 shows cross-sectional views of the geometry. The radial
and axial views are shown on the left and right, respectively. A
simplified version of the LPTN defined from this geometry is
given in Fig. 5. Each colored resistance accounts for the thermal
conduction through a given part of the stator. The white resistan-
ces account for thermal contact resistance at the interface between
two parts of the stator. Each node of the network represents a tem-
perature and the sources of the circuit correspond to the copper
losses generated inside the windings (567 W). The LPTN main
parameters are defined thereafter.

Power Loss Distribution. To be aligned with experimental
results, the winding power losses are equal to the copper losses
from DC currents in each phase of the stator. As we do not have
AC currents in this study, we do not have any core losses or eddy
current losses. As a result, the total power loss input P in the
LPTN model is equal to the total electric power input from the
experiments, 567 W. Besides, P is split between slot-windings and
end-windings, with respect to their volume, which yields (1) and

@

Pgor = oP
1 M
Pena :E(l _O()P
Vslot
0= 2
Vslot+2Vend ( )

where Vo is the total volume of slot-windings, Venq is the vol-
ume of each end-winding (the rear and front end-windings of the
motor are considered to have the same volume), Py, is the frac-
tion of P generated inside Vjor, Peng 18 the fraction of P generated
inside Veng, and « is the volume ratio between slot-windings and
end-windings.

Once we know the values for P and «, Py, and Peyq can be
derived from Eqs. (1) and (2), and be integrated in the LPTN
model. MOTOR-CAD does this calculation for us. Here, o = 62% and
P =567W. Pqo and Peyq can now be calculated which yields:
Pgot = 351.5W and Peyqg = 107.7W.

Stator Lamination Thermal Conductivity. The stator stack is
made of silicon steel sheets (also called electrical steel) separated
by a thin layer of coating material called the interlamination layer.
In fact, this coating layer is not an independent material but is cre-
ated when the silicon steel sheet is treated. Consequently, the
equivalent thermal conductivity ki, of this inert-lamination layer
is hard to predict [16]. To overcome this issue, ki, was defined as

Water-jacket

Triuia

Housing

Stator-to-Housing
Stator Yoke

(Inner) Stator Yoke (Outer)
I
Slot bottom, radial4 |l Stator Yoke

. direction |
Tooth Liner-to- !

) i | |Liner-to-Lamination
Tangential Lamination  Liner :

Liner

b 5 ) s :
Slot side, tangential direction

Pend P, end

Rear
End windings

Front
End windings

Tooth Radial Slot windings

P
Tinner tooth stot

(no heat flux from inner tooth to air gap)

Fig. 5 Simplified representation of the stator LPTN model
(based on motor-cab schematic)
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a function of stator stack equivalent thermal conductivities (see
values Table 2), and silicon steel thermal conductivity kgeel. These
thermal conductivities are much easier to measure than k;,. In the
following paragraph, we show how the relations between the dif-
ferent thermal conductivities were derived.

The successive silicon steel and interlamination layers of the
stator stack can be seen in Fig. 6. The laminations are positioned
in (X, Y) plane normal to the axial direction of the motor (Z-axis
in Fig. 6). The individual thermal resistance of each layer is a
function of thickness, area of the surface normal to the heat flow
direction and the thermal conductivity of the material. As we are
considering the heat flow along each axis, we will have different
resistance values of the same layer for a different axis. Indeed, the
area and thickness along two different axes can change. Based on
the notations used in Fig. 6, thermal resistances are defined as

/ l

X — Ryeely = , Rinx = 3)
ksteelAsteeIX kimAimX
Csteel €int
Z — RsteelZ = 3 intZz = (4)
ksleelAZ kimAZ

where Ryeely, Rsteelz> Asteely, and Az are the steel sheet resistances
and cross-sectional areas normal to the X and Z axes, respectively,
and Riyy, Rinz, andAjx are interlamination resistances and
cross-sectional areas normal to the X and Z axes, respectively.
One can note that the Y direction is not considered here as the
resistance definition the same as for the X direction due to inher-
ent symmetry.
Two other useful dimensions must be defined

Ax = nAgeelx + (}’l - 1)Aimx (5)
L = negee + (n - l)eim (6)

where Ay is the total cross-sectional area of the stator stack nor-
mal to X-axis, L is the total length of the stator stack along Z-axis,
and n is the total number of silicon steel sheets.

Along the X direction, thermal resistances between each layer
are in parallel whereas along the Z direction, thermal resistances
are in series, as drawn in Fig. 6. This observation yields Eqgs. (7)
and (8), which define the stator stack equivalent thermal resistan-
ces Ry and Rz, respectively,

1 n n—1
—=—"— ™

RX RsleelX RimX

RZ = nRsteelZ + (I’l - I)Rian (8)

Stator stack equivalent thermal conductivities ky (along X-axis)
and kz (along Z-axis) can be expressed as a function of Ry and
Rz, respectively,

Tstatar front Y
X
Stator stack\f €steel 7
€int
Tinner Stator TauLer stator

Inter-lamination
Z

Steel —>|
Asteelx
-

Touter rear

l

Fig. 6 Stator laminations cross-sectional view. Z-axis corre-
sponds to the stator axial axis.

021114-4 / Vol. 144, JUNE 2022

l

ky = Ry )
1 Ry,

— = 10
= 2 (10)

The stacking factor S is defined as the ratio of cross-sectional
area of silicon steel to the overall cross-sectional area of stator
laminations. We can use our notations from Fig. 6 to come up
with the expression of Sy as follows:

o nAsteelX _ Nesteel

Ay L an

St
For the Nissan Leaf electric motor stator, Sy = 0.97 [19]. Com-
bining Eqgs. (3), (5), (7), (9), and (11) yields Eq. (12) and combin-

ing Egs. (4), (6), (8), (10), (11) yields Eq. (13) given below.
Again, inherent symmetries imply ky = ky

ky = ky =S¢ X Kgteel + (1 = S¢) X kit (12)
s 1-S
—=L 4 (13)
kZ kstcel kint

In MOTOR-CAD, kgeer, and ki, are used as input values. kgee and
kine are derived from Egs. (12) and (13) with respect to ky, ky, and
kz values. In order to have a fair comparison with the FEA model,
kx, ky, and kz values are taken from Table 2. Solving Egs. (12)
and (13) for ki and kgeel, We have the thermal conductivity input
values for our LPTN

king = 0.054 Wm ™! °C~!
kel =23 Wm~!°C™!

Slot-Windings Equivalent Thermal Conductivity. The copper
wires used for the windings have a diameter D, = 0.800 mm and
a total diameter (including insulation) D = 0.885 mm. Maximiz-
ing the number of wires, which can fit inside a single slot of the
Leaf motor, leads to a maximum copper slot fill of 52%.

In the LPTN, the slot-windings are represented as a set of
cuboids. The cuboid material includes the copper from the wire,
the wire insulation, and the impregnation material. One cuboid
contour is highlighted in Fig. 7(b). One can notice that each
cuboid can have a different height or width. However, they all
have the same axial length equal to the length of the active wind-
ings which is also the length of the stator. Using cuboids instead
of individual wires allows to have a much faster model. Moreover,
this cuboid model is not affected by the randomness of the wire
distribution in the slot. The cuboid nodes are represented in
Fig. 7(a). The center node temperature is equal to the average

W Core
M Liner

E Varnish
O Wire

(a) (b)

>
W P, slot
Cuboid

Fig. 7 Slot-windings cuboids: (a) three-dimensional model
representation and (b) in-plane representation within moTor-cap
environment
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temperature T¢ of the cuboid. On node is then associated with
each external face of the cuboid. Each of these nodes is connected
to the rest of the LPTN. The face nodes are also connected to the
central node by resistances to model the heat flow from the center
of the cuboid to each of its faces (these resistances are not repre-
sented here). Copper losses are represented by a heat source
located at the central node T¢. Our LPTN is composed of ten
cuboids. This set of ten cuboids is represented by a single yellow
resistor labeled slot winding on Fig. 5. The number of cuboids
was decided based on a convergence study. The authors have
been looking at the maximum winding temperature with respect
to the number of cuboids. As shown in Fig. 8, after six cuboids,
one can observe the oscillating scheme with a maximum tempera-
ture variation of *0.1°C around the mean temperature. As
*0.1°C range is the typical measurement uncertainty of k-type
thermocouples, this variation was considered as acceptable.
Therefore, the authors could have chosen six cuboids instead of
ten but they decided to consider the number of cuboids corre-
sponding to the first high temperature peak in the oscillating
region (worst-case scenario).

The internal resistance values between the face nodes and the
center node are calculated from the equivalent thermal conductiv-
ities of the wire and impregnation material along each axis. In
order to have a good comparison of LPTN results with the FEA
results, we used user-defined equivalent thermal conductivities
from the FEA given in Table 2. This cuboid model has already
been widely used as some recent electric thermal studies show it
[4,13].

End-Windings Equivalent Thermal Conductivity. End-windings
are modeled as a single toroid. The thermal resistance at the
interface between each end-turns and the end-winding shape irreg-
ularities are therefore not considered. As for the slot-winding,
end-winding are modeled by ten cuboids connected to the slot-
winding cuboids on 77+ nodes. As a significant portion of a single
wire in the end-winding is oriented along the tangential direction,
the thermal conductivity along this tangential direction is signifi-
cantly increased compared to the slot-winding thermal conductiv-
ity along the same direction. However, the thermal conductivity
along the axial direction is decrease. This observation explains the
different thermal conductivity values given in Table 2. As FEA
and LPTN models must be accurately compared, user-defined val-
ues of end-winding thermal conductivities (taken from Table 2)
were used inside MOTOR-CAD.

Stator-to-Housing Thermal Conductance. Thermal contact
resistances are the most critical parameters in the LPTN model, as
they are the main source of error due to manufacturing process
uncertainties [3]. For example, the stator external surface rough-
ness has a significant impact on the effective thermal contact con-
ductance between the lamination stack and the housing [17].
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Fig. 8 Maximum winding temperature with respect to the num-

ber of cuboids (computed from thermal steady-state simulation
using the LPTN)
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Usually, a stator-to-housing air gap is used to account for the sur-
face roughness. An air gap value for a good contact at the
lamination-housing interface is around around 0.01 mm [20]. If
we convert this air gap into an equivalent thermal contact con-
ductance, we obtain a stator-to-housing conductance of
3171 Wm~2°C"! for the leaf motor.

In our case, the thermal conductance is 5555 Wm~2°C~! from
Table 2. This thermal conductance corresponds to a mean gap of
0.006 mm. This suggests that the stator-to-housing contact con-
ductance of the Nissan Leaf motor is better than usual good contact
values from Ref. [20]. Nevertheless, this suggestion must be used
carefully, as the value from the FEA model in Table 2 was derived
from a temperature measurement based on a sample of the stator
laminations, and not directly on the motor [17]. As this value was
still consistent and as we wanted the same values between the FEA
and LPTN, we kept the conductance value from Table 2.

Slot-Liner Contact. Slot-liner contact resistance is the contact
between winding (in fact, the impregnation material overlaying
the winding) and stator laminations. The thermal resistance is due
to several manufacturing and assembly processes, which yield
imperfections, along with high uncertainties in the measured value
of this resistance [21]. The accurate prediction of the thermal con-
tact resistance has been proven to be highly critical in the predic-
tion of the machine thermal behavior [20,21].

In the real motor assembly, we have a contact conductance for
the winding side of the liner GLiner—wdg and a contact conductance
for the lamination side of the liner Gy jner—Lam. An equivalent ther-
mal contact conductance of the liner G, can be defined from
GLiner7de and GLiner—Lam

1 1 -
GLiner = ( + ) (14)

GLiner—Lam GLiner7de

In MOTOR-CAD, the contact resistance derived from Giipe, 1S rep-
resented by an equivalent gap of thickness /y,, between the liner
and the laminations filled with a mixture of impregnation material
of thermal conductivity kinp and air of thermal conductivity Ky
Indeed, the winding impregnation manufacturing process is not
perfect, and tiny air pocket gets trapped in the varnish. The equiv-
alent thermal conductivity kg of the air/varnish mixture in the
gap is defined as

kgap :fG X kimp + (1 _fG) X kair (15)

where f; is the goodness factor, ranging from O to 1. For a perfect
contact (no air pockets), f¢ = 1. The role of this goodness factor
is to enhance or degrade the contact resistance between the liner
and the impregnation by adjusting Kgap.

To have the correct thermal contact resistance value in the
LPTN, kgap/lzap must be equal to Giiner. Giiner is derived from
experimental values of Gpiner—Lam and Geiner—wag according to Eq.
(14). Both kgap and fi can be adjusted to have kgap/lgap = Giiner-
For this work, /y,, was fixed to 0.1 mm based on other equivalent
contact gap in MOTOR-CAD software (no specific reference was used
to estimate what this thickness should be as the only important
value is the resistance). As Iy, is fixed, kgyp must be equal to
Giiner X lgap. The goodness factor can then be calculated using Eq.
(15). We found a value of 0.051 for f;. The very low value of this
goodness factor shows that considering a perfect contact with the
liner is questionable if an accurate LPTN is needed.

They may be several explanations for low thermal contact con-
ductance at the liner interface. First, the roughness of the lamina-
tion stack surface and liner surface could increase the mean gap
between these surfaces and, therefore, increase the resistance.
Second, due to a relatively high viscosity of the varnish during
winding impregnation process, they may be stuck air bubbles
between the winding and the liner, further deteriorating the con-
tact goodness. Third, there is no additional pressure on the liner
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that would improve the effective contact area with the laminations
or the windings.

In Fig. 5, two resistors are associated with the liner-to-
lamination contact resistance: one is for the contact with tooth slot
side and the other is for the contact with slot bottom.

Results and Discussion

In the first part of this section, the FEA and LPTN temperature
results are shown and discussed. In the second part, the results
from the LPTN resistance sensitivity analysis are presented.

Lumped Parameter Thermal Network Model and Experi-
mental Data. The comparison between experimental tempera-
tures and LPTN temperatures is shown on the graph in Fig. 9. The
labels in this figure refer to the labels from Fig. 1. The same refer-
ence temperature of 65 °C (coolant mean temperature) is used for
both LPTN and experiments. As a reminder from Fig. 1, one
experimental temperature value is the average of temperature
measurements from different location, assuming stator symme-
tries. The standard deviation of these temperature measurements
is computed and plot in Fig. 9 as error bars. The standard devia-
tion of end-winding temperatures is higher than the standard devi-
ation of the housing or the stator inner face temperatures. This
higher standard deviation comes from the end-winding simplified
model. Indeed, the symmetry assumption along the tangential dis-
cussion is questionable as the end-windings have a more complex
shape than a single toroid. Each phase end-turn has a different
shape, and the wires do not have the exact same bending curve
from one slot to another. Moreover, there may be some air pockets
between wires. For all these reasons, each end-turn is different
and creates higher deviation in the temperature measurements.

The relative error between LPTN and experiments was com-
puted for each temperature. End-windings suffer from the highest
relative error. Again, defining end-windings as a single toroid is
an important simplification. Each wire is curved to go from one
slot to another and create a loop, which makes the thermal con-
ductivity of end-windings highly position-dependent. As a result,
considering a fixed thermal conductivity along each axis of a
cylindrical coordinate system in a single toroid is a strong simpli-
fication compared to real end-windings. Despite these simplifica-
tions, the maximum relative error between experiments and LPTN
is 3.6%, which shows a satisfactory agreement between experi-
mental results and LPTN output. Accordingly, the LPTN can
accurately predict the steady-state temperatures of the Nissan
Leaf motor.

Lumped Parameter Thermal Network Model and Finite
Element Analysis Model. The results from the FEA steady-state
thermal simulation are shown in Fig. 10. LPTN and FEA results

Housing ® LPTN model

m Experiments

Stator inner face

End-windings Outside

End-windings Mid

End-windings Inside

65.00 75.00 85.00 95.00
Temperature (°C)

Fig. 9 Experimental temperatures versus LPTN temperatures
at five different stator locations. Coolant mean temperature
fixed at 65 °C for both LPTN and experiments.
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Fig. 10 Temperature results from FEA steady-state thermal
simulation using ansys software

were compared along tree different paths in the stator. These paths
are represented but a dashed arrow in Fig. 11. Path (1) is colinear
with the centerline of the slot-winding. It starts at the inner side of
the slot and stops at the channel wall of the water jacket. Path (2)
is colinear with the centerline of the tooth. It starts at the inner
side of the tooth and stops at the channel wall of the water jacket.
Path (3) crosses the midplane of the end-windings along the radial
direction. It starts at the inner surface of the end-winding and
stops at the outer surface of the same end-winding.

The FEA and LPTN temperature results along these paths are
shown in Fig. 12 for path (1), Fig. 13 for path (2) and Fig. 14 for
path (3). The experimental temperatures are also added to the
plots in Figs. 12—-14. The LPTN temperatures correspond to the
node temperature in the resistance network. For Figs. 12 and 14,
the cuboid temperature node, which was used for the plots is 7,
(see Fig. 7), namely, the average temperature of the cuboid. In
order to have an idea of the temperature extremum for each
cuboid, the maximum and minimum temperatures of each cuboid
were plotted as gray dotted lines on both Figs. 12 and 14. These
envelopes are valid for the cuboid model only, which is only used
for winding. Consequently, the dotted line is plotted only for the
slot-windings part on Fig. 12. Looking at the domain between
these two envelopes is more relevant when comparing the LPTN
model to experimental data or FEA model since the plot of T¢
temperature does not correspond necessarily to the exact same
temperature point in the FEA model or in the experiments.

The maximum relative error between LPTN and FEA models
for each path is given in Table 3. The overall maximum relative
error is about 2%. Thus, the LPTN temperatures show an excellent
agreement with the FEA temperatures for thermally critical areas
in the motor, namely, the slot-windings and end-windings. From
these results, one can state that an LPTN model can replace an
FEA model for steady-state thermal analysis of an electric
machine. The computational time for the LPTN steady-state anal-
ysis is about 4 s, whereas the FEA computational time, with the
same computer configuration, is about 52s, which makes the
LPTN 13 times faster. In return, the LPTN nodal network pro-
vides coarser temperature resolution than the FEA model.
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Fig. 11 Temperature profile paths: (a) path (1) and path (2) locations in the midplane cross-sectional
view of the stator and (b) path (3) location in the axial cross-sectional view of the stator
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Fig. 12 Temperature profiles along a slot following path (1).
Profiles are given for the FEA model, LPTN model and experi-
mental data.
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Fig. 13 Temperature profiles along a tooth following path (2).
Profiles are given for the FEA model, LPTN model and experi-
mental data.

Nevertheless, the thermal design of an electric motor is mainly
focused on the highest temperature points. Indeed, for the stator,
the temperature limit only comes from the winding rating. The
winding temperature must be kept under a critical temperature to
prevent the wire insulation deterioration. This critical temperature
is given by the wire insulation class standard. As a result, having a
high number of temperature points is not essential as long as the
maximum temperature values in each part are accurately
predicted.
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Fig. 14 Temperature profiles along end-windings following
path (3). Profiles are given for the FEA model, LPTN model and
experimental data.

Table 3 Maximum relative error between FEA and LPTN model
temperature profiles

Path Error
(1) — Slot-windings 0.95%
(2) — Stator tooth 0.52%
(3) — End-windings 2.08%

The lowest error is found along path (2). This path only crosses
the stator laminations and the housing. Stator laminations are
composed of evenly distributed silicon iron sheets perpendicular
to the axial direction of the stator. In this case, the thermal con-
ductivities are well known and the resistance values in the LPTN
can be computed with a low uncertainty, hence the low error
along path (2). The highest error is in the end-windings (Fig. 14).
We have already discussed about the uncertainty in the end-
windings due to its simplified toroid model in LPTN Model and
Experimental Data section. The FEA model also uses a single tor-
oid with a fixed orthotropic thermal conductivity; however, the
LPTN and FEA temperature profiles are reversed in the region
beyond 17 mm from the inner stator.

The reason for this temperature rise in the FEA model comes
from the low radial thermal conductivity value compared to the
axial, and tangential thermal conductivities in the end-windings,
see Table 2. To give a more detailed explanation, the end-winding
toroid volume is represented as a combination of two volumes V;
and V), as shown in Fig. 15. V), is the volume beyond 17 mm from
the inner stator surface. In Fig. 15, the heat flux ¢, from V), to V;
flows along the radial direction and, unlike V;, V; is not directly
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Fig. 15 End-windings heat flux and volume separation

connected to the slot-windings. As a result, the heat produced in
V, leaves through surface A, (convection is neglected). Yet, the
thermal conductivity along the radial direction is much lower than
that along the axial direction—direction of the heat flux ¢; from
V; to the slot-windings. This results in a temperature increase in
V, away from A, in the radial direction, hence, the jump in tem-
perature for the FEA model, Fig. 14. In the LPTN this jump does
not exist. Indeed, end-windings are represented as a set of cuboids
in the LPTN model and each cuboid is connected to the slot-
winding cuboids on their 77+ nodes (see Fig. 7). This means all
cuboids from the end-windings are directly connected to the slot-
winding cuboids, and thus, there is no equivalent volume V), as
for the FEA, which is not directly connected to the end-windings.
This explains why LPTN temperature profile is still decreasing as
we go beyond the bottom of the slot-winding.

Eventually, in Fig. 14, the LPTN predictions are closer to the
experiments. This is consistent as, in the real motor, all wires
come from the slot-windings and there is no equivalent side vol-
ume V), disconnected from the rest of the windings.

Sensitivity Analysis. A sensitivity analysis using the LPTN
model can help identify the most critical resistances rise in the sta-
tor [22]. Usually, for a sensitivity analysis, the thermophysical
properties of the different materials are considered [23]. However,
because both thermal conductances and thermal conductivities are
considered in this study, the present sensitivity analysis is based
on their equivalent thermal resistance. The final thermal parame-
ters and their associated thermal resistance names chosen for our
sensitivity analysis are given in Table 4.

The LPTN used for the sensitivity analysis was based on a 20%
and 50% value reduction for each thermal resistance in Table 4.
The sensitivity was defined as the temperature difference AT
between the winding maximum temperature with initial resistan-
ces and the winding maximum temperature with the new reduced
resistance. Figure 16 shows the sensitivity analysis AT output for
each resistance and each percentage reduction. Figure 16 shows
that the liner contact resistance has the highest influence on the
temperature variation of the motor, followed by the [liner

Table 4 List of thermal resistances used for the sensitivity
analysis, and their related initial thermal parameter

Thermal resistance Associated thermal parameter

Liner-to-lamination thermal contact conductance
Liner thermal conductivity

Slot-windings equivalent thermal conductivity
Channels heat transfer coefficient
Housing-to-lamination thermal contact conductance
Housing thermal conductivity

R [liner contact]

R [liner]

R [slot-windings]
R [water-jacket]

R [housing contact]
R [housing]
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R [Liner Contact]
R [Liner]

R [Slot-Windings]

R [Water-Jacket] ®50% Reduction

20% Reduction

R [Housing Contact]

R [Housing]

AT (°C)

Fig. 16 Sensitivity analysis of the LPTN thermal resistances
for 20% and 50% value reductions

resistance. This high influence of the liner relates to the highest
temperature decrease (=7 °C), at 21 mm from the inner stator in
Fig. 12. This temperature decrease occurs along a very short dis-
tance, less than 1 mm, corresponding to the liner area.

The liner influence is due to the low thermal conductivity of the
liner compared to other thermal conductivities involved (see
Table 2). Also, this influence comes from the low contact thermal
conductance of the liner compared to other thermal conductances
like the stator-to-housing contact conductance. Although the dif-
ference between contact thermal conductances of the liner com-
pared to other conductances seems quite high, it remains
consistent. Indeed, stator-to-housing thermal resistance is essen-
tially caused by laminations roughness. At the lamination-to-liner
interface, this same roughness is responsible for a decrease in the
contact conductance. However, imperfections during impregna-
tion process, as well as remaining air between the liner and the
laminations significantly impact further reduction of the liner con-
tact conductance.

It is worth noticing that water-jacket resistance sensitivity is
less than half of the liner contact resistance sensitivity. This shows
that improving the heat transfer coefficient of a cooling jacket sys-
tem outside of the slot-windings has some limitations in terms of
maximum temperature reduction. This is particularly illustrated in
Fig. 17. The limitation of increasing the heat transfer coefficient is
represented by the dashed line asymptote equal to 91.50°C.
Therefore, the maximum temperature difference between the cur-
rent heat transfer coefficient (1428 Wm~2 °C~!) and an infinite
heat transfer coefficient is about 1.7 °C.

From the previous observations, we can draw an important con-
clusion. The next-generation cooling systems that will make

9
98 +
97
9 +
95 +
94 ¢

93 +

¢ Winding Max Temperature

Asymptote

Winding Maximum Temperature (°C)

0 5000 10000 15000 20000
Water- Jacket Heat transfer coefficient (W.m2.°C™)

Fig. 177 Winding maximum temperature as a function of water
jacket’s heat transfer coefficient. Results are computed with
our LPTN model.
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internal permanent magnet motors reach high power densities
must be between the liner and the windings. According to the sen-
sitivity analysis, improving the water jacket’s heat transfer coeffi-
cient or the stator-to-housing conductance will not provide
enough temperature decrease in the windings. Thus, creating
direct cooling of the windings with a focus on end-windings, as
end-windings are subject to the maximum temperature, seems
inevitable for reaching significantly higher power densities.

Conclusions

In this paper, we have first proposed a detailed comparison of
an LPTN model with experimental data for steady-state thermal
analysis of the Nissan Leaf motor stator. The maximum tempera-
ture difference between LPTN and experimental temperatures was
under 4%. The LPTN model was also compared to an FEA model,
with a maximum difference of 2%. End-windings were found to
be a critical region in terms of modeling accuracy. Temperature
profile differences have been explained in detail, especially for
the end-windings outside region extending beyond the bottom of
the slots.

Consequently, as LPTN accuracy can get very close to FEA
model accuracy, LPTN can potentially replace FEA models dur-
ing the design phase. This is particularly interesting when a high
number of multiphysics transient simulations (combining thermal,
electromagnetic, and mechanical models) are required to compare
multiple motor configurations during the design process. Indeed,
transient simulations of electric machines can be very important,
especially for EV applications, due to the high number of transient
modes in drive cycles.

Finally, a sensitivity analysis was conducted for six thermal
resistances involved in the LPTN model. Liner contact resistance
had the highest influence. Comparing influences of other thermal
resistances shows that improving heat transfer coefficient of a
cooling system outside of the stator does not provide significant
temperature reduction of the windings. Creating a very high-
power-density electric motor will require having a cooling system
inserted between the liner and the winding.
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