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Abstract - The impact of varying stator slot size on the
efficiency and thermal capabilities of an electric vehicle's
permanent magnet synchronous machine is analysed and
measured in this research. Finite element analysis was
used to analyse an electromagnetic machine with four
different sized slot areas, and a lumped parameter
network model was used to evaluate a machine with four
different sized slot areas thermally. The core losses are
reduced due to the broader magnetic path when the slot
size is reduced while the other dimensions remain
constant, however the winding losses rise. Additionally,
due to lower saturation, a greater

maximum torque is achieved. The results are compared in
the torque-speed operating area of the machine in terms
of machine-part and total losses, continuous torque and
transient overload capabilities, and energy losses and
peak winding temperature during 19 low, middle, and
high-speed drive cycles. The biggest slot had the lowest
winding losses and, as a result, the most thermally
constrained torque capacity. Due to its lower component
load (i.e. core) losses, the energy losses with the biggest
slot were the highest in 13 of the drive cycles and the
lowest in 11 of them with the smallest slot. Because it has
the least copper, the smallest slot would also have the
lowest material cost.

Keywords - PMSM, Finite Element Analysis, Lumped
Parameter Network.

I. INTRODUCTION

The torque and power rating of an electric machine is
generally controlled by the winding

temperature, which damages the insulation and reduces
the machine's lifetime. Furthermore, high magnet
temperatures increase the danger of demagnetization in
permanent magnet devices [1-3].

High performance and efficiency, as well as minimal
weight, volume, and cost, are common design goals for
propulsion electric machines. Machines in electric vehicles
(EVs) typically encounter very dynamic load cycles, resulting
in correspondingly changing internal losses and, as a result,
temperature changes that are considerably time dependent.
Machines are often constructed to tolerate a certain amount of

overload before reaching a critical winding temperature as a
trade-off. As a result, in addition to electromagnetic and
mechanical assessment, it is critical to address temperature
elements of propulsion machines throughout the design
phase. The desire to do so has grown in recent years, owing in
part to the growing interest in transportation electrification.

It is often considered that the most accurate results in
machine modelling and simulation are obtained utilising well-
representative computer-aided design (CAD) models and
numerical solvers. However, especially for conjugate heat
transfer analysis with fluid dynamics, the compute effort
required to provide adequate data for assessment is
significant. Reduced order thermal models, such as lumped
parameter networks (LPN), are easily employed to produce
effective characterisation throughout the whole working
region, as is required during vehicle drive cycle assessments
[2,4].

Multi-objective optimization approaches, in which both
geometrical and material characteristics are adjusted in order
to meet requirement criteria such as high torque, low losses,
torque ripple, and material cost [5,6], are a common
electromagnetic machine design procedure. Thermal LPN
modelling and assessment are preferable incorporated in the
optimization loop to attain these aims [7,8], but it may also be
applied to the subsequent optimised design, or a few selected
design variants for comparison [9-11].

Alternatively, the design study can concentrate on a
specific design feature, such as the pole/slot combination
[12], the slot form [13], or external parameters, such as the
gear ratio [14], all while evaluating temperature with thermal
LPN models. Another technique is to execute numerous
single design parameter sweeps in a row, as described in [15].

As shown in [11,12,14], suggested optimal designs are
frequently electromagnetically and thermally tested across
one or two driving cycles. Occasionally, a few additional
driving cycles are employed, as in [5,] where five cycles are
concatenated and weighted as a combined input to the
optimization.

In brief, a number of publications have been published
that offer useful modelling and simulation tools, as well as
optimization procedures, for electric machines in electric cars
that address thermal factors.

The goal of this work is to assess the influence of a
different stator slot size on the electromagnetic efficiency and

© 2022, IJSREM | www.ijsrem.com

| Page 1


http://www.ijsrem.com/

&g" ‘33%

| Iﬂiﬁgﬁlnternational Journal of Scientific Research in Engineering and Management (IJSREM)

Volume: 06 Issue: 12 | December - 2022

Tt

Impact Factor: 7.185 ISSN: 2582-3930

thermal capabilities of a permanent magnet synchronous
machine (PMSM) for a light-duty (passenger car) battery
electric vehicle, building on the concept of targeted design
studies (BEV). The temperatures are assessed using a thermal
lumped parameter model, with temperature adjusted losses as
input, and the electromagnetic losses are analysed using finite
element analysis (FEA).

As a result of the narrower magnetic path, it is expected
that a greater slot area will result in lower winding losses and
higher core losses. As a result, losses can be redistributed
between the winding and the core by changing the slot size.

The outside and internal machine dimensions (excluding
slot size) are unchanged throughout the research, as are the
battery and inverter current and voltage ratings, as well as the
transmission's mechanical ratings. Because packaging is
normally carefully regulated in the automobile business, this
is considered a justifiable scope. Furthermore, a change in
one component should ideally not need a change in any of the
other drive system components, as this would result in
considerable cost increases.

1. REFERENCE MACHINE

A permanent magnet synchronous machine (PMSM) is
used as the reference machine since this kind is quite
widespread in today's battery electric vehicles (BEVS) [15].
They have a high torque and power density as well as a high
efficiency.

The lamination cross section is similar to commercially
common designs [16], particularly the Toyota Prius 2004
motor, which has 48 slots, 8 poles, and a v-shaped inner
permanent magnet (IPM) structure, as illustrated in Fig. 1. In
comparison to the Prius 2004, the stator teeth and yoke are
thinner, and the v-shaped magnet arrangement is set at a
different angle. Figure 1 also shows a simpler frame with a
spiral liquid cooling channel (shown in Fig. 12) and a shaft
with two ball bearings.

LRI

A reference machine (with the Original slot size) is sized
to meet the requirements of a large-scale battery electric
vehicle (BEV) that has been envisioned. Table 1 shows
selected data for this machine. As shown in Fig. 2, four
distinct slot areas are explored based on the reference
machine: Small, Original, High, and Large. The machine with
the Original slot will henceforth be referred to as the
reference machine. The Small slot has broader teeth and a
thinner yoke, whereas the Large slot has somewhat narrower
teeth and a thinner yoke, and the High slot merely has a
thinner yoke, as indicated in Table 2. Because the gross
copper fill factor is consistent in all situations (within 1%),
the winding cross sectional area varies with slot area, as
shown in Table 2. This is predicated on the premise that
different diameter conductors will be used inside the same
coil.

Table 1: Reference Machine Data with Original Slot Size

Parameter Value, unit
Peak Power 80 kW
Maximum Torque 214 N-m
Base Speed 4000 rpm
Maximum Speed 12000 rpm
Maximum DC Voltage 400 V
Maximum RMS current density 20 A/mm?
Maximum RMS Phase current 251 A
Core Length 160 mm
Core Stacking Factor 95%
Lamination Thickness 0.3 mm
Number of Slots 48
Number of Poles 8

Stator Outer diameter 198 mm
Stator Inner diameter 132 mm
Stator Yoke thickness 10.4 mm
Tooth width 4.1 mm
Tooth height 21.1 mm
Slot Opening width 2.8mm
Slot fill factor 45%
Turns per coil 6

Coils per pole per phase 4

Rotor Outer diameter 131 mm
Rotor Inner diameter 45 mm
Air gap Length 1 mm
Magnet Thickness 2.6 mm
Magnet Width 21.33 mm

Table 2: Slot Data for Different Geometries

Small  Original Large High
Hsiot(%) 85 100 115 115
Wiiot(%) 85 100 100 115
; . ; : Asot(mm?)  62.5 86.5 99.48 114.4
Figure 1: Mesh density of the reference machine 8
o v ' Au(mm)  27.23 714 4984 4265
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Table 3: Material of machine parts, and data reference

Part Material

Frame Aluminum Alloy 195 [18]
Lamination NO30, Tata Cogent [18]
Winding Copper [18]
Winding Impregnation ~ Unsaturated Polyester [18]
Magnets N30UH [18]

The maximum dc voltage is 400 V, and the maximum
rms phase current is 251 A in all four situations to limit the
influence on the inverter and battery throughout this
experiment. The latter indicates that the maximum current
density in the Small slot is the highest, while the maximum
current density in the Large slot is the lowest.

Table 3 shows the materials that were chosen. Table 4 shows
the mass of various motor parts with the Original slot
machine. The Small slot machine is the one with the least
copper and the most steel. Because copper is more costly per
unit mass than laminations [19], the Small slot machine
material should be the least expensive of the four.

Table 4: Mass (kg) of reference motor parts (original slot)

machine shape and mesh density. In all electromagnetic
models, the lamination stacking factor is omitted for
simplicity.

Figure 3 depicts the FEA findings of the machine in
question with its original slots (120° cut section).

As the slot area was increased, we saw that the no load
input power and input active electrical power were gradually
lowered, boosting the efficiency. With the rise in slot
diameters, the loss of stator iron increased as well. Because of
the increasing slot area, the effective core area is shrinking.
The flux density is growing, which means more iron is being
lost. Tables 5 and 6 summaries this information. For all of the
slots investigated, Figure 4 depicts the change in stator tooth
flux density.

Motor Part Weight (kg)
Stator Yoke 8.26
Stator Teeth 5.24 Lo . h
Active Winding 6.45 3: Flux density in different parts of the original slot machine
Magnets 1.965 ) -
Shaft 298 I:gleariibn Input power, Output power and efficiency
Bearings 0.4 P
Total 34.22
Parameters Small Original Large High
Shaft Torque
Original High Large . 110 114 105 112
— _\-{f (N-m)
| Input Active
'. Power (KW) 4759  50.3 4473 4842
'I Output
Mechanical 4557  48.06 42.49  46.16
Power (kW)
Efficiency 95.76  95.44 95.01  95.34
Fig. 2: different stator lamination geometries
I11. FINITE ELEMENT ANALYSIS
In the electromagnetic finite element analysis (FEA)
programmed Annoys Maxwell, machines with the four slot
versions were simulated in 2D. Figure 1 depicts the simulated
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Table 6: Comparison of Stator and rotor losses

Parameters Small  Original Large High
Stator Iron 1.24 1.16 1106 1.131
Loss (kW)

Stator Copper

Loss (W) 1.039  1.045 1.052 1.052
Rotor Iron

Loss (KW) 0.08 0.06 0.05 0.05

Magnet Loss

(kW) 0.004  0.004 0.003  0.002
Total Loss

(kW) 2277  2.296 2227 2.254

Stator Tooth Flux Density (Peak) (T)

23
22
- I
2

Sma Original Large High

Fig. 4: Stator tooth flux density for different slot size

V. THERMAL LUMPED
NETWORK MODELLING

PARAMETER

Internal heat generation is assumed to be equally
distributed in each location, as in Refs. [27]. According to
Ref. [27], axial heat transmission is considered in the copper
windings and shaft, while only radial heat transfer is
evaluated in the laminations and magnets. Furthermore, axial
symmetry at the midway is expected, as well as geometric
and thermal cylindrical symmetry. Radiative heat
transmission is not taken into account.

Frame and Cooling:

For the current density employed, the machines are liquid
cooled, as recommended in [30, p.90]. Because 50/50 Water
Ethylene Glycol (WEG) is often used in BEVs [15], the
coolant is a combination of 48 percent (by volume) water and
52 percent mono ethylene glycol [26].

Rth,Co Fr is the sum of the resistances for the two
primary heat transfer modes involved: convection between
the coolant medium and the cooling duct walls, and
conduction inside the frame. When compared to forced

convection, both natural convection to the ambient air and
any sort of radiation are deemed insignificant [3].

ln(rFr,in + lFr,lower)

R _ Trrin
thoFr 2mAl
R _ kconv,corr
th,cool — h A
cool‘1cool
R _ Rth,cool + Rth,Fr
th,CO—Fr — 2

Inside the aluminum frame, the cooling channel is
created as a spiral of four laps, as shown in Fig. 5. The
cooling ducts are rectangular in shape, with a width of 30 mm
and a height of 5 mm, and are separated by 10 mm. On each
side, the radial distances between the inner and outer frame
limits IFr,lower and the ducts are 3 mm.

Fig. 5: Cooling channels with rectangular ducts
Stator Yoke:

The stator yoke thermal resistance Rth,StYo is
represented as a hollow cylinder made up of stacked
laminated sheets of electrical steel with excellent insulation,
as in [21, p.85], assuming a purely radial heat flow. Because
of the stacking factor, the cylinder's length is less than the
core's.

Stator Teeth:

In the stator teeth, only radial heat flow is considered,
which is described as parallel thermal resistances. The total
radial thermal resistance of the teeth Rth,Te is calculated
using the same approach as in [23, p.69e70] and [21,
p.87e88]. The tooth width variation in the radial direction is
then represented analytically.

Stator Winding:

The heat flow from the winding is substantial because
copper losses are one of the primary loss components in
motors. Not only the copper wires, but also the wire
insulation, impregnation, air pockets, and the slot lining will
be heated. A particular geometrical depiction is not
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achievable since the scattered stranded winding is not

geometrically well characterised.

Magnet and Rotor Yoke:

The very complicated magnet V-shape is substituted by
an analogous geometry with arced magnets since only radial
heat flow is addressed. A little air gap is also inserted beneath
the magnet. The rotor's corresponding thermal resistance is

then a combination of series and parallel connections.

R th,Ros1

R
thmagEq
+ Rth,magAG + 2

Rth,RoYo—Pm - 2

Fig. 6: Thermal LPN Model

V. STEADY STATE AND TRANSIENT

PERFORMANCE

Figure 6 depicts the thermal network calculation
technique, which has two types of inputs: first, a specified
coolant temperature and flow rate, and second, motor torque
and speed operating points. The electromagnetic losses in the
six motor sections, as well as bearing losses, are then

extracted for the precise operating locations.

Power loss
maps of
machine
parts and
Material

properties

Temperature Temperature
estimation of machine
with LPN parts

torque and
speed

Fig. 7: Thermal performance evaluation process

When updating the motor losses for the current
temperatures in the steady state solution for each operating
point, an initial guess of the temperature in the winding
network nodes is employed first, which is done by linear
interpolation. The temperatures and losses are then updated
with regard to each other in an iterative loop until the
temperature difference between the last two iterations falls

below a set threshold value.

Similarly to the steady state situation, an initial
temperature assumption for the first value of the losses is

made in the transient solution. The temperature rise during a
one-time step, on the other hand, is computed. The losses are
temperature adjusted in the following time step by using the
temperatures from the previous time step.

It is desirable to keep the maximum temperature in the
windings of an electric machine to a minimum in order to
extend the motor's lifetime. The critical temperature is
determined by the winding insulation class as well as the
design goal number of working hours [3].

The steady state research revealed that as the slot area
was increased, the winding temperature and slot tooth
temperature both decreased. Figure 8 illustrates this. The
temperature of slot tooth and winding for small slot geometry
is 1500C, whereas it is 1470C, 1460C, and 1450C for
original, big, and high slot geometry, respectively.

Fig. 8: Slot Tooth Temperature

Figure 9 shows the curve for when the winding achieves
a temperature of 120°C to 170°C (insulation class H) for all
four slot configurations. In comparison to the other slot
geometries, the motor with the Small slot will attain the
winding temperatures in a shorter amount of time. The Large
slot shape allows for the longest running period at the stated
temperatures. This is owing to the Substantial slot's reduced
losses, particularly copper losses, in a large portion of the
motor's operating area compared to the other geometries, and
the Small slot's larger losses.
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Chart Title

Fig. 9: Seconds spent in different operating points, before end
winding reach 170 -C

The maximum time length in a given operating condition
is computed for transient analysis. While the end winding has
already reached 1200C in steady condition, the transient
simulation is performed. As a starting point, the initial steady
state temperatures of all motor components at this torque
level are employed. The time it takes for the end winding to
reach 170°C is then calculated using the transient thermal
response, as shown in Fig. 9.

The Large slot geometry can be sustained for the greatest
duration without overheating, as predicted by the steady state
data. It takes 1920 seconds for the end winding to reach the
critical temperature of 170°C in high slot geometry. It takes
1720 seconds for the Large slot to attain temperature, 1180
seconds for the Original, and 760 seconds for the Small slot.

V1. DRIVE CYCLE PERFORMANCE

On a flat road, the vehicle’s instantaneous longitudinal
wheel force Funee is the sum of the aerodynamic force, the
rolling resistance, and the acceleration force as in

250
200
150
100

50 1 U 1 A e ] I IR S RN
-100
-150

-200

Drive Cycle

el

Fuheel = épCdsz + Cr.mg + m%

where r is air density (1.2 kg/m3), v (m/s) is longitudinal
vehicle speed, m(kg) is total rolling mass, g gravitational
constant (9.81 m/s2). The used vehicle parameters are
presented in Table 7.

Table 7: Vehicle Parameters

Part Value Unit
Weight 1521 kg
Front area 2.29 m?
Wheel radius 0.3 M
Rolling resistance coefficient 0.007 -
Gear ratio 7.938 -

The wheel force relates to the electric machine torque Tem
and speed mem Via the wheel radius r, the transmission gear
ratio Kgear and its efficiency ngear (97%), in motoring mode as

rFwheel,PT
TEM = ngear kgear

The temperature development of the motor during chosen
driving cycles is evaluated and compared amongst the three
stator designs using a coolant flow rate of 6 L/min at 65°C.
Ref. [15] goes into much detail on the cycles. To obtain
thermal stable state, the cycle is repeated numerous times.
Figure 6 shows the motor component losses and temperature
growth during US6 as an example. Copper losses are greater
during the cycle's high-speed driving. During the breaking of
the cycle, large power loss peaks occur, causing a temperature
rise in the winding. Throughout the cycles, the shaft
temperatures are the greatest.

Fig. 10: Duty Cycle
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Fig. 12: Losses occurred in the Magnet
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Fig. 14: Losses occurred in the Armature Copper
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Fig. 15: Magnet temperature during 10 consecutive drive cycle
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Fig. 15: Winding temperature during 10 consecutive drive cycle
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Fig. 15: Temperature rise of each part of the motor during drive cycle

VI1I. CONCLUSION

The goal of this research is to perform a focused electric
machine design study that will be extremely useful in the
creation of more purpose-built electric drive trains. The slot
size (along with the copper area) for a PMSM reference motor
is modified in this work while the gross fill factor, current and
voltage ratings are maintained constant, resulting in a shift in
the amount of losses between the winding and core. The
electromagnetic and thermal performance of a machine with
four different sized slot regions labelled Small, Original,
High, and Large is assessed using FEA using a lumped
parameter network model.

The paper's main contributions are to compare the part
and total losses of the four machines in their torque-speed
operating region, as well as their peak torque envelope at a
certain magnet temperature. Second, a lumped parameter
thermal network was used to estimate the continuous and
transient overload torque capabilities of the four machines.
Finally, during official drive cycles, to assess the machine's
energy losses and attain peak winding and magnet
temperatures.

A narrower slot, as predicted, increases copper losses and
lowers iron losses (owing to a broader magnetic path), as well
as increasing the peak torque generated for a given current
rating. Because it contains the least copper, it would also
result in a cheaper material cost. A bigger slot, on the other
hand, has a greater thermally restricted continuous and
transient overload torque capacity. The machine with the
greatest slot area can maintain peak torque for 60 seconds,
compared to 27 seconds, 38 seconds, and 13 seconds for the
Original, High, and Small slot geometries, respectively.

Finally, despite the fact that this was a case study
involving a specific machine, it is reasonable to assume that
the trends in the data would hold true for similar machine
types with similar dimensions. As a result, the choice of an
appropriate electric machine design is inextricably linked to
the individual application and its associated boundary
conditions. As a result, the research described in this study is
one viable way for quantifying similar features and evaluating
optimization strategies.
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