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ABSTRACT

This paper has investigated the IPM motor from the Tesla rear-drive motor, with the single
drive system delivers of 200 kW-450 Nm. This research concentrates on analyzing and evaluating
the performances of the electric motor. Both the public data and improved simulation have been
used to analyze and compare with the current version. The detailed improvement designs of double
V and inverter delta have been implemented for the high constant torque in a wide range speed of
electric motor applications. The torque density, torque ripple, and output power are studied by
using the finite element method with different structures. In practice, electromagnetic designs of
two-layered rotor structures with types of double V and VI magnets are the best choices because
this is a simple structure for manufacturing in mass production. For higher torque density and
efficiency, the two-layered double V or VI magnets can adjust the sinusoidal step skewing to
minimize harmonic components of the torque ripple and back electromotive force.

Keywords: Interior permanent magnet motor; Finite element method; Double V magnet; Delta-\VV1 magnet and Torque
ripple.

1. OVERVIEW

The goal of this paper is to use a vehicle part market model in a long range version
marked since 2018. In order to rebuild the geometry construction of the motor model, a
tear-down needs to be considered to separate the motor components from the rest of the
drive system [1-3].

Figure 1. Tesla motor model [1].

The subject motor is produced in the Tesla Model 3 rear-drive unit as shown in figure 1.
In many previous papers [2, 3], the given data has shown the single drive system delivers
190-211 kW and 420 — 450 Nm at its peak. This paper focuses on evaluating the
characteristics and performance analysis of the electric motor by using the finite element
method (FEM) and Motor-CAD software. The obtained results from these techniques will
be compared and analyzed to get suitable validation. The study has been carried out
independently and the results published here are considered references only.

Figure 2 shows that the motor has been broken to discover the stator and rotor
assemblies. It should be noted that the windings are the types of distributed forms. In
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this context, the hairpin windings are proposed to replace the distributed forms to
improve efficiency.

=

For the extended tools, the geometry of the stator is then expressed as the DXF file
(with cooling features around the outer perimeter reasonably simplified). Thus, the stator
parameters are given in table 1.

Table 1. Parameters of the stator lamination stack.

No Description Value Unit
1 | Number of stator slots 54 slots
2 Stator lamination outer 225 mm

diameter
3 | Stator lamination inner 151.3 Mm
diameter
4 | Lamination stack length 134 Mm
5 | Lamination stacking factor 0.95

The following parameters are measured from the motor with proper instruments given

in table 2.
Table 2. Parameters measured from the motor.
No Description Value Unit
1 | End Winding axial overhang 40
2 | Number of phases 3 Phase
3 | Parallel paths 3
4 Number of turns 2 turn
5 | Phase resistance at 20°C 0.00475 Ohm
6 | Number of pole pairs 3 Pole
7 | Stator lamination outer 149.9 mm
diameter
8 | Stator lamination inner 70 mm
diameter
9 | Magnet dimension 33x21.5x6.5 mm

The rotor assembly and typical rotor lamination of the Tesla model 3 electric motor

are presented in figure 3.
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The following parameters of the rotor lamination sheet and magnet have been
measured. A DXF file then is performed with the later steps. The magnet can be
considered in four segments without forming a Halbach array. Both sides of the magnet
are measured with the same magnetic field evenly. By using the segmentation of the
magnet, the eddy current distribution and self-heating of the magnet themselves will be
reduced. The typical rotor lamination produced slots for inserting magnets are presented
in figure 3 (right). The DXF files obtained from the tear down are then imported into the
Motor XP Design Studio. The winding information, and rotor skew information, are
manually produced to complete the problem setup. The complete procedure will be
presented in the following part of the white paper series. The imported motor cross-
section and mesh in Motor XP Design Studio are presented in figure 4.

Figure 3. Rotor assembly (left) and typical rotor lamination (right).

Figure 4. Imported motor cross-section and mesh in Motor XP Design Studio.
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In practice, the characteristics of the motor can be defined via a magnetostatic
analysis for a first principle examination. The torque, voltage, current, loss information
and some underlying quantities can be then extracted from this type. The flux density
distribution is investigated to show that the motor is not saturated during operation as
pointed out in figure 5. It can be seen that the flux density distribution at different parts
in the stator and rotor is shown the safety and efficiency of the motor by increasing the
torque and current accordingly.

2. ELECTROMAGNETIC DESIGN OF DOUBLE V
AND DELTA OF IPM MOTOR

The improvement proposals of IPM motor are designed via an existing IPM with a
peak power of 210 kW, torque of 450 Nm, and a maximum speed of 18000 rpm. The
main geometry parameters of this motor are given in table 3.

Table 3. Main geometry parameters of IPM.

Parameters Values | Unit
Slot Number 48

Stator Lam Dia 225 mm
Stator Bore 150 mm
Tooth Width 4.15 mm
Slot Depth 21.1 mm
Motor Length 150 mm
Stator Lam Length 150 mm
Magnet Length 150 mm
Rotor Lam Length 150 mm
Pole Number 8

Airgap 0.75 mm

The numbers of slot and poles, stack length, the diameter of stator and rotor, and the
air-gap length already given in table 2 are designed for the power inverter of
450VDC/500 A, where the continuous rated power of IPM machine is 190 kW and the
maximum speed of the machines is 18000 rpm. The main part of the process is to design
the rotor configuration which is an embedded permanent magnet.

An analytical program is developed to compute the flux density distribution and radial
force by Matlab coupling to the FEM into one program presented in figure 6. In this
program, it is split into several main parts: analytical calculation, exporting drawing, and
magnetic stimulation. There are also some supporting parts including the material library
which is also associated with the FEM library. A Matlab program coupling to CAD is
automatically calculated with the limitations of current and voltage. For the current-
limited maximum torque, the electromagnet torque (T,) can be calculated as [4-6]:

T, = mp|[Wymal cosy — I?siny cosy(Lg — Lg)]. (1)

Where phase angle y is the phase angle between the voltage (Vi) and electromotive
force (E), Lq is the direct axis inductance, L, is the quadrature axis inductance, m is the
number of phases, p is the number of pole pairs and ¥, ,,, is the mutual inductance.
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Figure 6. Analytical program structure.

For a constant current (1), in order to maximize the torque, the phase angle (y) is
calculated [7-10]

— ein—11|_¥Pima Yimdr)?
YTmax = Sin 4I AW + ( AW ) +8] (2)

For the constant voltage (Vm), the variable phase angle () between V,, and E, the
torque can be calculated by Xq and X, that is [10, 11]

Te=TZ)p[EVmsn6+ (1 Xid)sinza], 3)

Xq

Where the terms of Xy and X, are respectively the direct and quadrature components.
In order to find the phase angle (&) with the maximum torque, it can be computed via:

O7max = COS 1 P —\/( £/ Vm )%+ 8 /4] (4)

- —Xa/Xq 1-Xq/Xq

The efficiency comparison of the model with double V (2V) and delta (V1) magnets is
shown in table 4.

Table 4. Efficiency comparison of models 2V and VI.

Parameter 2V Vi Unit
Average torque 161.63 171.09 | Nm
Torque Ripple 17.734 13.19 | Nm
Torque Ripple [%] 10.949 7.6935 | %
Cogging Torque Ripple (Ce) 2.4068 5.6558 | Nm
Input Power 1.72E+05 | 1.81E+05 | Watts
Total Losses (on load) 5767.1 6284.8 | Watts
System Efficiency 96.639 96.837 | %
Shaft Torque 158.33 167.3 | Nm
Armature DC Copper Loss 1951 1951 | Watts

Journal of Military Science and Technology, No0.83, 11 - 2022 5



Electronics & Automation

(on load)

Magnet Loss (on load) 14.53 6.006 | Watts
Stator iron Loss [total] (on

load) 3521 3935 | Watts
Rotor iron Loss [total] (on

load) 265.6 248.2 | Watts
Total Losses (on load) 5767 5685 | Watts

In order to check the electromagnetic performances of a 48/8p proposed for IPM
motors, the designed model with 2V and VI is considered. The back-electromagnetic
forces (EMFs) and torque are computed and analyzed in figures 7 and 8. The obtained
results indicate that the VI model has a lower torque ripple and harmonics of back
EMF eliminated.
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Figure 7. Back EMF distributions with 2V and V1.
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Figure 8. Torque ripple distribution with 2V and VI.
3. COGGING TORQUE AND THERMAL ANALYSIS

In order to eliminate the cogging torque by the stator slot-openings, the step-skewing
rotor with an angle shift of £ mechanical degrees is proposed. Thus, one gets [1-3]:

Tcog = Z?:O Tei Sin(iN(B - ,8)) )
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If the rotor is split into several segments along the motor axial direction, and the
relative shift angle between the adjacent two rotor poles is 8, mechanical degrees, the
resultant cogging torque can be expressed as:

Teog = Xi=1 Tei XjZo-SnN(6 — jBr)) (6)
The above equation can be simplified to
. INfBnpn
1 st o .
Teog = - * T, —siniNZB" sin(iN(0 — jB,)) (7)
2

Hence, for eliminating the i order of cogging torque component, the theoretical shift
angle g, must fulfill the following requirements:

. INfpn
sin——=0 (8)
2
3
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Figure 9. Cogging torque of six models.
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Figure 10. Back EMF harmonic order analysis of six models.

By applying the cogging torque for the straight skewing and V- shape skewing
magnet model, the conventional skewing model with straight skewing has a smaller shift
angle S, than the V-shape skewing model with the same total skewing angle. The V-
shape magnet model has more advantages than the straight skewing because the second
harmonic orders can be eliminated together. It can be seen that the harmonic orders with
mechanical degrees of 1° or 3% are reduced to zero if they are fulfilling equation (5). The
cogging torque of the three models is also indicated in figure 9. The cogging torque of
V-shape skewing design is the lowest value because the double harmonic orders are
eliminated in this model. The back EMF harmonics of three models have been analyzed

Journal of Military Science and Technology, No0.83, 11 - 2022 7



Electronics & Automation

by the Fourier transform from an EMF waveform with the harmonic order from the first
order to the 15™ order (figure 10). From the back EMF harmonic results, the total
harmonic distortion (TDH) of model 3 with V skewing is the smallest at 4.2%.

The temperature distribution of slot fill and Hairpin windings designs is shown in
figure 11. The hot spot of Hairpin winding is 105.7 °C being lower than 111.5 °C of the
slot fill winding. Based on those results, the IPM motor of V-shape skewing with
Hairpin winding design is selected for electric vehicle applications. The efficiency map
has been plotted with a speed range of 12000 rpm and a current density of 8.9 A/m2
(figure 12).

The six-segmented magnets prototype is manufactured in figure 13. Each segment
with a thickness of 20mm is skewed 1.5 mechanical degrees. To insert six-segment
simply, every segment block is designed with one guide pin to fix the correct position
when all segments are assembled together.

piss
111.5

Figure 11. Temperature distribution of slot fill design (left)
and hairpin winding design (right).
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Figure 12. Efficiency map of hairpin winding design.

The torque transducer with high accuracy was used to measure torque and speed
values under different load conditions. The rotor lamination with six step-V skew
magnet slices assembly has been then done production.
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Figure 13. Rotor lamination with six step-V shape skew magnet slices assembly.
4. CONCLUSIONS

This paper has successfully analyzed and compared the electromagnetic performance of

two multi-layered IPM machines for EV applications. The two-layered rotor structure with
a VI shape has a better performance. In addition, the model VI design has a lower torque
ripple and core loss because the harmonics of air-gap density are reduced by a combination
of the | simple and optimal V angle to adjust their performances. The back EMF and
torque of the VI model design have been improved from the Tesla model 3 motor.
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TOM TAT
Cii tién hi¢u suit ciia dong co IPM
thong qua viéc thay doi cau tric rotor-irng dung cho xe dién

Bai bdo nghién ciru dong co dong bé nam cham vinh ciru gan chim IPM dan
déng cau sau cia hang xe dién hing Tesla véi cong sudt 200 kW- 450 Nm. Nghién
cuu ndy tdp trung vdo phan tich va danh gia hiéu nang cia dong co dién. Cac dir
liéu dau vdo va cdc két qua mé phéng cdi tién duoc s dung dé phan tich va so
sanh so vdi phién ban hién co. Cac thiét ké cdi tién mé hinh ghép nam chdam kiéu
kép 2V va kiéu tam gidc nguoc da dwoc dp dung nham tao cho mé-men xodn duy
tri 0 mirc cyc dai o mién toc do rong duoc dung cho xe dién. Mdt do mo-men xoan,
dé gon mé-men xodn va céng sudt dau ra dwoc nghién cuu danh gia dia trén
phwong phap phan tur hitu han voi cac cau triic dién tiv khdc nhau. Trong thiee te
cdc cdu triic thiét ke dién tir ciia két cdu réto kiéu kép 2V va VI la sy lya chon tot
nhat vi day la két cau don gian dé ché tao va san xudt hang loat. Dé cé mdt dg va
hiéu sudt mé-men xodn cao hon, nam chdm 2V hodc VI hai I6p c6 thé diéu chinh
léch budc hinh sin dé giam thiéu cdc thanh phan hai ciia d6 gon mé-men xodn va
stec phan dién dong.

Tir khoa: Dong co IPM; Phuong phap phén tir hitu han; Céu triic nam cham kiéu kép 2V; Cu tric nam cham kiéu VI
va d0 gon md men.
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