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The dynamic design specifications of a vehicle are used to define the
required torque and speed of a permanent magnet motor. This is due to
providing clear instructions on the intent, performance, and construction of a
vehicle. Therefore, this study aims to determine an engineering design and
prototyping process of a permanent magnet motor, to be used as an electric
powertrain in a utility vehicle. Based on being used in severe road condition
(steep inclination and off road), the vehicle should be able to handle a 45°
inclination with total payload of approximately 250 kg. Using a rear-wheel-
drive traction, its weight should also be less than 1000 kg. Furthermore, the
motor should be operated at a maximum battery voltage of 100 V. According
to the requirements, the electric powertrain should further have the ability to
deliver a torque of approximately 1600 Nm on both rear wheels. Using a
finite element method to simulate performances, transmission was coupled to
the motor in providing the required torque. In addition, the motor prototype

was subsequently manufactured and tested using a dynamometer. The results
showed that the motor produced 19.6 kW, 5600 RPM, and 75 Nm at 96 V.
Therefore, the design and prototyping process of the motor satisfied all the
required specification.

This is an open access article under the CC BY-SA license.

00

Corresponding Author:

Muhammad Nur Yuinarto

Department of Mechanical Engineering
Institut Teknologi Sepuluh Nopember
Keputih Sukolilo, Surabaya 60111, Indonesia
Email: mnur@me.its.ac.id

1. INTRODUCTION

Electrification in transportation modes has continuously increased in recent years, with electric
vehicles offering several advantages based on the production of no fossil fuel, high efficiency and zero
emissions. These advantages are significant for countries where fossil fuel supply is scarce, such as
Indonesia. This indicates that there are some areas lacking good road facilities with no availability of fossil
fuel in the country. These areas often use utility vehicles for transporting people or goods. However, their
activities are always limited due to consistent lack of fuel supply. Based on this condition, the technology of
electric vehicles emphasize the possibility of better transportation medium for these areas. As reported by [1],
the media used in these areas are known as electric utility vehicles (UTV). This is due to the UTV being the
best form of utilized alternative these disadvantaged and challenging regions [2], [3]. It helps in the
conservation of energy because of the inherent high efficiency in electric vehicles. Another study also made
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reports on the hybrid system of sports' electric UTV [4]. In addition, the electric utility vehicle has the ability
to be used for basic freight transportation within closed areas and military applications [5], [6].

Several traction technologies are further used in the electric UTV, i.e., induction motors are
popularly utilized in the Tesla S vehicle Models. Meanwhile, rotor cooling is a challenge for the application
of these designs in electric vehicles [7]. Based on having instant torque characteristics, the DC motors are
widely used at the beginning of electric vehicle technologies. However, this is gradually being replaced with
Brushless DC motor technologies, due to the necessity of brush replacement as a commutation component
[8]. The structure in these brushless designs use permanent magnets on the side of the rotor. The
development of control technology ensures the wider improvement of permanent magnet motors, to obtain
better performance and efficiency [9]. According to Kim et al. and Vakil, the type of technology suitable for
the UTV power train was the permanent magnet motor [1], [10].

This study aims to analyze the design of permanent magnet motors for the operations of utility
electric vehicles. Several design considerations involve the general characteristics of UTV, such as high
torque, durability, lightweight-compact chassis, great water index protection, and dust ingress. Also, being
powerful and capable is the key for all activities [11], [12]. In the design process, the value of torque, speed,
maximum weight, and other several parameters are considered towards accommodating the engine
characteristics needed by the vehicles.

The main contribution of this study is to consider all mechanical and electrical aspects in the design
process. In addition, detailed procedural calculations are also being presented for analytical utilization. The
process design and electric traction prototyping are based on the vehicular dynamic data obtained from the
existing UTV in Indonesia. According to these data, the required torque, power, and speed for the electric
traction motor are further calculated and determined. Using finite element methods, several simulation and
modeling are employed to design the proposed UTV components. This method further helped in estimating
the performances and characteristics of the proposed electric traction motor. Using the simulation data, the
electric design is reportedly manufactured. To evaluate the prototype performances of the electric motor per
simulation, an experiment is further conducted, where all characteristics are vehemently recorded. In
addition, the results are also compared with the those from the simulation and modeling outputs.

The study is further organized as shown in sections 2 and 3, which explains the design specifications
and engineering processes of the UTV's electric traction motor, respectively. Furthermore, section 4 explains
the simulations of the electric motor and its temperature distribution, to determine performances and cooling
methods, respectively. In addition, sections 5 and 6 presents the motor's performance analysis and the
discussion of the study, respectively.

2. PERMANENT MAGNET DESIGN SPECIFICATION

The static and dynamic parameters of a vehicle should be determined and considered when
accurately designing a permanent magnet electric motor. These static elements were based on the existing Fin
Komodo UTV in Figure 1, as shown in Table 1. Based on the requirement, the UTV should have the
capability of handling all road terrains at a maximum inclination of 45°, with a payload of approximately 250
kg. Meanwhile, an analytical calculation was carried out according to the dynamic requirements of the
vehicle, as shown in Table 2.

Figure 1. Existing UTV Fin Komodo
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Table 1. UTV static parameters

Parameters Value Unit
Frontal area 1 m?
Vehicle mass 800 Kg
Tire rolling resistance coefficient 0,01
Brake and Steering Resistance 1
Drag Coefficient 0,08
Air Density 1.2 kg/m®

Table 2. UTV dynamic parameters

Requirement Value Unit
Power 20 kw
Torque 80 Nm
Speed 6000 RPM
Voltage 96 \Y
Max Current Phase 600 A
Low gear drive ratio 1:30

High gear drive ratio 1:16

Crawling speed 10 KPH
Maximum speed 40 KPH

Based on these descriptions, the electric powertrain was installed in an existing UTV, with the
important consideration of available vehicular space, whose measurement produced 400 mm each on length,
width, and height. The dimensions of the motor were defined by these data, as transmission was stated not to
exceed those volumes. According to the consequences of using several motors in this application, the best
suitable design was selected to meet the requirements of the electric UTV. Also, the determination of several
criteria was conducted in the selection process. For this application, the highest efficiency, best power
density, and wide speed range, should be easily maintained. Furthermore, the torque characteristics of the
motor are very important. This indicates that greater torque is highly preferable for production, as the electric
UTV is to be operated in various road conditions and steep inclinations [10]. Hashemnia and Asei studied
several electric motor technologies [8], with the results shown in Tables 3 and 4. Based on these illustrations,
the induction motor was the best performer, and its application was used for the traction motor of General
Electric (road) Vehicles. For off-road applications, two performance characteristics and their comparative
results were further added, as shown in Table 4.

Table 3. Comparative study of various electric motor technology [8]
Propulsion Systems

Characteristic Direct Current  Induction Motor ~ Permanent Magnet ~ Switch Reluctance Motor
(DC) (ImM) (PM) (SRM)
Power Density 25 35 5 35
Efficiency 25 35 5 35
Controllability 5 5 4 3
Reliability 3 5 4 5
Technological Maturity 5 5 4 4
Cost 4 5 3 4
¥ Total 22 27 25 23

A similar score to the study of [8] was also used for each characteristic. The two additional
characteristics implemented during the off-road applications were the low RPM torque and installation
complexity. Based on Table 4, the PM motor was the best applicable design for the off-road process.
Meanwhile, the induction motor (IM) was the best design for on-road application according to Goto et al.
[13]. Also, the manufacture and installation complexity was not considered as a characteristic factor [9], [14].
The IM further required a special rotor cooling technique to improve its reliability. When this technique is
not applied, the reliability of the motor significantly decreases due to overheating, leading to the proneness to
failure [13], [15]-[17]. Additional cooling also increases the production and complexity of the IM, based on
the requirement of a special rotor design. In addition, installation complexity increases due to a freezing route
around the IM, which should be separated between rotor and stator cooling. Several electric vehicles using
IM as powertrain includes Tesla model S, as well as Honda Fit and Toyota RAV4 EV [8]. These vehicles
also used special technique to cool the rotor and stator of the IM.
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Table 4. Comparison of various electric motor technologies for off-road application [8]

Performance Characteristics DC Motor IM_ PM SRM
Power Density 25 35 5 35
Efficiency 25 35 5 35
Controllability 5 5 5 3
Reliability 3 5 4 5
Tech. Maturity 5 5 4 3
Cost 4 5 3 5
Torque at low RPM 3 3 5 25
Complexity of manufacturing and installation 5 2 4 5
Total Score 30 32 35 315

Based on Table 4, the Switched Reluctance Motor (SRM) was the third option for the traction of
electric UTV. This offered advantages in terms of design and production simplicity. It also required no rotor
magnetism or electromagnetism, as its production cost was the lowest among all types of traction motors.
The disadvantages of the SRM were the lower power and torque density, which led to its unsuitability for off
road application. However, the torque and power density on axial SRM are likely to be improved by the
addition of several low-cost permanent magnet [13], [15], [18]. This showed several promising results,
although the improvements of the power and torque density were still lower than PM [19]. Furthermore, the
DC Motor (permanent magnet and series-wound configuration) was the last option for the off-road
application of e-UTV. This was because the design had the lowest efficiency due to the requirement of brush,
which further ensured less reliability of the DC motor. The power and torque densities of the design were
also the lowest, compared to other motor technologies.

The first choice for traction technology was the permanent magnet synchronous motor (PMSM),
which was coincidentally the most popular in General Electric vehicle. This was due to its superiority to
other motors, in terms of high efficiency (over 90%), as well as power and torque densities. Therefore, the
permanent magnet synchronous motor is more suitable for all types of electric vehicle applications, including
off-road e-UTV. Unlike the DC motor, this design does not require a brush, leading to the reduction of
maintenance cost, as well as increased reliability and robustness. Also, it does not require a special cooling
system on its rotor. Several rotors in PMSM often contains neodymium permanent magnets, which are the
strongest available elements that subsequently ensures the achievement of higher torque, compared to other
electric motors. The torque generation of this design is special, due to being highly available for utilization at
low RPM. Based on these descriptions, the PMSM was selected for utilization in the electric UTV. To further
improve efficiency and performance, an interior V-shaped magnetic rotor was used as suggested by Miller
[20], based on its high efficiency, wide range speed, and lower torque ripple. In addition, the PMSM showed
be able to meet the design specification required for e-UTV application.

3. DESIGN OF PERMANENT MAGNET MOTOR

Based on the previous section, the first step of designing traction electric motor should be carried
out by considering the static and dynamic parameters of e-UTV. Detailed design should also ensure that all
parameters and specification requirements are met by the PMSM. When designing an electric motor, the first
step is to determine its basic idea. According to Miller and Xie et al., the topology of the PMSM was an
interior V-type magnetic rotor [20], [21], as determined and shown in Table 5.

According to Miller [22], the first parameters to determine were its electric (A) and magnetic (B)
loadings, as well as the torque per rotor value (TRV). The collection of these parameters was used to
determine the detailed data in the winding area, including the turns on each stator, as well as diameter size
and total length of the copper wire. The electric loading of the PMSM is calculated in (1),

_ ZmNphlph
A= 7D (1)

where
m  : number of phases
Ny, : number of windings turns
L, : the motor root means square current
D :the motor outer diameter
Once A is defined, the second parameter to be calculated is the PMSM magnetic loading (B), as
shown in (2),
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2p$a
B= 7D Lstk (2)
where
Ly the total length of PMSM stator,
D : rotor outer diameter
¢,  :the motor flux linkage over a specific air gap, and
D : the number of motor pole pairs.

Furthermore, the motor electro motive force (EMF) on each phase is calculated using (3),

_2r

E= ﬁkwleh(plf (3)

where,

f :the motor electrical frequency

k1 :the motor harmonic winding factor

with values often between 0.8 and 1. To determine the PMSM dimensions, the values of motor winding
correlating with TRV in each phase N, were further estimated, as shown in the Table 6.

Table 5. Basic design of the PMSM

Motor Type Permanent Magnet Motor
Rotor Type V type interior
Number of Phases 3 phases
Stator/rotor poles 12/8 poles
Winding Configuration Concentrated
Permanent Magnet N42H

Electromagnetic steel plates ~ 35W300

Table 6. Typical value of TRV [20]

Class of machine TRV (KNm/m®
Small totally-enclosed motor (Ferrite magnets) 7-14
Totally-enclosed motor (sintered rare earth or 14-20
NdFeb)
Integral-hp industrial motors 7-30
High-performance servomotors 15-50
Aerospace machine 30-75

Based on Table 6, the TRV value of the PMSM was 14-20 (KNm/m3). This was because the
designed PMSM used Neodymium magnet (NdFeb), and was a totally-enclosed motor. The value of A and B
for this motor is determined by,

TRV = Vl = Zku1AB (4)

The number of winding (N,,) on each PMSM phase was subsequently estimated using equation (1), and
shown as follows,

AT D,
Nph = r
2m1ph

()

Based on (1) to (5), the basic parameters of the PMSM are recapitulated in Table 7. As the basic
design parameters were determined, the next step was to draw the physical shape of the PMSM and evaluate
its mechanical dimensions. This is explained below, as the typical rotor and stator dimensions of the design
are presented in Figure 2. According to Figure 2, there are several dimensions of the PMSM that should be
defined, calculated, and determined. This was the first iteration in terms of defining the mechanical
dimensions of the PMSM. Based on the FEM simulation, the final mechanical dimensions of the design was
determined. Furthermore, the mechanical dimensions of the stator were 1., Ry, Ryqa» aNd Rygapk
respectively. To determine these values, the split ratios of 0.55 to 0.65 were utilized. This indicated that the
PMSM had similar split ratio than the AC induction motor [21]. R,4qpx Was defined based on the constraint
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that the maximum diameter of the PMSM was unable to exceed higher available space in the e-UTV power
train area. Therefore, the determination of this value led to the definition of the remaining dimensions. To
determine back iron depth (d,y), the following formula was used. Where, Ng; = number of slots, m = number
of phases, t,, = slot tooth width, N,, = number of poles.

Ng
dpr = szm tw (6)

The next step after this design determination was to estimate the resistance (R;). R, was estimated
based on the stator cross-sectional area (CSA) and total length of enameled wire. The following equations
were used to estimate the stator CSA and Rq.

Asiors = n(rrzad - rrza) — Ngdt,, @)
Acu(total) = FyotsAsiots (8)
Acu(wire) = Acu(total)/(6Nph) 9)

dcu(wire) = Z\IAcu(wire)/T[ (10)

d .
dwire — cu(wire) T (11)
2 Fslot

lph = Nph(lend + Lstk) (12)
_ lph
RS - (UcuAcu(wire)) (13)

Table 7. Basic design of the PMSM

Basic Parameter Value Units
A 63,69
B 0,0069 -
TRV 14-20 kNm/m?3
Npn 4 turn
k1 0,85-0,95 -
Lger 80 mm
D 180 mm
(o 39 -
f 20 kHz
Tradbk

Trad

Tra

<"slm)'r 2

Figure 2. Hllustration of the typical PMSM stator and rotor
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As shown in (6) to (13), the value of the motor's mechanical dimensions was solved, with the stator
and rotor poles at 12 and 4 pairs, respectively. Each rotor pole used two interior VV-shaped magnets, which
were selected due to the reduction of high rotation risk, such as the eradication of magnets. In addition, the
magnetization was more evenly distributed for the reduction of cogging. When the cogging torque was
minimized, the PMSM had smoother rotation, leading to higher efficiency [23]-[26]. The rotor and stator
should also contain laminated silicon steel sheets, which are bonded through the insertion of pegs as locking
mechanism.

Based on the design processes, the complete CAD drawing of the initial PMSM stator and rotor are
shown in Figure 3. This drawing was subsequently used in the FEM software, to simulate the expected
performance of the PMSM. On the left and right sides of the illustration are the stator and rotor, respectively.
The detailed size described and evaluated in this simulation includes air gap check, as well as the
manufacturing possibility for radius and winding slots.

Figure 3. Initial PMSM rotor and stator CAD drawing

4. PMSM SIMULATION MODEL DEVELOPMENT

A detailed explanation on the FEM simulation of PMSM was presented in this section. Based on
Table 4, the PMSM mechanical model was initially developed to simulate the estimated performance. The
model contained PMSM stator, rotor, and magnet. The red, dark-green, and green colors represented the
stator, permanent magnet, and rotor, respectively. Also, the wounded wire in the stator slot was represented
by the yellow color.

Based on the input required by the FEM software, the PMSM model was supplied with several data.
The maximum dimension of this model was also selected to accurately fit the available space within the UTV
powertrain area. This indicated that the outer diameters of the stator and rotor were 180 and 108 mm,
respectively. Moreover, the NdFeb magnets with thickness of 5 mm was further used in the simulation. As
previously explained, the number of magnets were 16, with 4 pole pairs. The complete list of mechanical
parameters used in this simulation is shown in Table 8.

Based on the basic design and calculation of the PMSM parameters in Table 9, 12 windings were
observed, with each phase containing 4 constituents. These phases are further known as U, V, and W stages,
respectively. According to the length of wire using (12), 5 turns were observed on each phase. Two parallel
paths of winding were also used to obtain rotational speed in each phase. This winding model is further
shown in Figure 4. Also, the modeled and simulated PMSM had concentrated winding configuration. Based
on the simulation process, the design had a fill factor of 58% with the concentrated winding, due to the wire
being manually winded. In addition, several parameters within the simulation process were the constraint
factors used to conduct and estimate PMSM performance, as shown in Table 9.
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wire

Stator

Magnet

Shaft

Rotor

P’ ~
L J

Figure 4. Mechanical model of PMSM

Table 8. Parameters of the mechanical model  Table 9. Parameters of the mechanical model used in

used in the simulation the simulation
Parameter Value Parameter Value Unit
Stator Outer Diameter 180 mm Shaft speed 6000 RPM
Stator Inner Diameter 90 mm Peak Current 550 A
Tooth width 15.9 mm RMS Current 388.9 A
Tooth depth 22 mm DC bus Voltage 100 \%
Stack length 90 mm Phase (Elec Deg) 45 °
Magnet Thickness 5mm Drive Mode Sine
Magnet Width 90 mm Winding Connection  Star Connection
Magnet angle 43° Magnetization Radial
Skew None

The second step of the simulation was to estimate the electromagnetic performance of the PMSM.
This was carried out through the development of a magnetic loading model, as shown in Figure 5. Once
defined, the electromagnetic simulation was immediately performed. Based on the simulation, the designed
motor had magnetic flux linkage, output, maximum speed, and torque of 38.9 mVs, 20.2 KW, 6000 RPM,
and 75 Nm, respectively. According to these results, the PMSM model produced is found to be correct. After
this, the next step was to prototype the PMSM and test it through a dynamometer bench. This was to confirm
the performance accuracy of the motor, as stated by the mathematical calculation and simulation.

Figure 5. Stator and rotor magnetization flux

5. PROTOTYPING

Based on the simulation, the prototype of the PMSM was manufactured, with the red component
indicating the motor casing, whose main function is to support the whole elements as one structural integrity
units. However, separate analysis of the material strength and dimensions were performed and reported in
other studies. Based on the UTV application requirements, the PMSM should be waterproof, and also meet
the IP68 standard. Special seals and other sources of waterproofing techniques were utilized in the casing
system, to ensure the total protection of the PMSM from water and dust ingress. The material selected for this
process was the aluminum 6061. Based on the thermal analysis, this material had superior performance in
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terms of heat dissipation from the stator. The cooling system and its thermal performance in this motor was
also designed and studied. Based on this condition, the most optimum results obtained using water as coolant,
showed that the jacket (water channel) was inside the perimeter of the PMSM casing. In addition, the
complete final design of this motor is shown in Figure 6.

6@*“@@“
AN

Figure 6. 3D exploded view of the PMSM

The prototype was manufactured for the validation of calculations and simulations. This indicated
that the manufacturing activities were conducted through casing, permanent magnets, and stator-rotor part
productions, respectively. The stator was provided with an insulation layer, to keep the enameled wire from
scratches during the winding process. Liquid insulation was further added in this process (winding), to
maintain the quality on the winding during the assembly phase.

The installation of magnets on the rotor slots should also consider the unbalanced possibility of the
PMSM rotor. This is because the model was operated at high RPM (6000 RPM), causing excessive vibration.
To anticipate this problem, the weighing on each magnet should be conducted and installed according to the
appropriate weight distribution. In addition, a cover or high temperature epoxy glue was needed on the outer
side of the rotor, to keep the magnets from being thrown off. Once all the magnetic installation is complete,
rotor balancing is further required.

The stator was assembled inside the perimeter of the main casing part, where a special dissipation
pad was used to ensure good heat transfer from the stator. As previously stated, the round rubber seal on the
area of casing surface was used to maintain waterproofing. A special sealing method was also utilized on the
surfaces (two sides) of the main casing (left and right covers). Furthermore, the complete assembly process of
the PMSM prototype is shown in Figure 7. To determine the realistic performance of the motor, a test was
carried out using a dynamometer. The experimental configuration to torque, speed, and power of the PMSM
prototype is also shown in Figure 8. To test this prototype, the Eddy current dynamometer with
preprogrammed load was used.

Eddy Current Computer Data
Electric Brake Acquisition
Motor

Battery Controller

Torque meter & Data
Speed Sensor  Communication

Figure 7. Assembly of electric motor Figure 8. Experimental set up of PMSM performance
prototype measurement

Based on Figure 8, the experiment used 100 V and 100 Ah battery packs. The PMSM controller was
used to control the speed and torque, according to the preprogrammed dynamometer load. The acquisition of
the dynamometer data was also used to record the motor's performance (torque and speed). Moreover, the
dynamometer software reported all necessary graphs, i.e., torque vs velocity and power vs speed,
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respectively. Figure 9 showed that the prototype of the PMSM had maximum power, as well as stall torque
and speed of 19.6 kW, 75 Nm, and 5600 RPM, respectively.

90
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1.8 ===Torque 80
70
1.6 60
50
' 40
1.2 30
20
! N\
10

0 0
0 1000 2000 3000 4000 5000 6000

[

Power (Watt)
~
(my) anbaog,

Figure 9. Performance test result

6. DISCUSSION

This study described the electrical and mechanical design processes of an electric motor, through the
application of a permanent magnet on a utility vehicle (UTV). By considering the specifications of the UTV
(weight, speed, and maximum terrain inclination of 45°), the design and prototype of a PMSM was
conducted as an electric drivetrain. Based on the engineering process and simulation, the PMSM prototype
had power, torque, and speed of 20 kW, 80 Nm, and 6000 RPM, respectively. Moreover, a permanent interior
V-shaped magnetic motor was selected for this process. From the design specifications, the detailed
dimensions of the stator and rotor was further obtained in the electric motor. In addition, the turns and size
specifications of the enameled wire were obtained.

The designed PMSM was manufactured and tested using a dynamometer, with several analysis and
experiments further performed to obtain the motor's characteristics. To validate the prototype accuracy, the
comparison of performances was conducted, as shown in Figure 10.

Based on Figure 10, the tests and experiments were confirmed with expected performance parameter
of the PMSM. The difference in the torque generated was only 8.5% smaller than the simulation. The power
generated through the simulation was also 3.9% higher than the prototype. The full comparisons are
presented in Table 10. The comparative values obtained were acceptable, indicating that the PMSM
prototype was performing effectively during the tests and experiments.
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Figure 10. Performance test comparison

Table 10. Performance comparison between simulation and prototype

Parameter Simulation  Prototype  Comparison
Power (W) 20.2 19.6 -2.9%
Torque (Nm) 75 82 +9%
Shaft speed (RPM) 6000 5600 -71%
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The highest torque obtained from the test was 82 Nm, which decreased when the rotor speed was
1500 RPM. The same pattern was observed from the test results, although the highest torque obtained was 75
Nm, which decreased when the speed was 1300 RPM. Meanwhile, there was a significant difference in
torque values when the speed was 2000 RPM. This was due to the test conditions in the dynamometer, which
had a minimum rotation limit for data collection. Therefore, data recording began from 800 RPM to the
maximum speed of the motor. In the power graph, the test showed a value of 850 W at the initial point of
data collection, which was slightly larger than the simulation at 750 W. At a speed of 1500 RPM, 17,000 W
was obtained, with the peak value observed at 2500 RPM.

7. CONCLUSION

This study reported the design process of a PMSM using dynamometer, as the derived formulas
were used as a guide for constructing electric motors. The finite element method was also used to validate the
design and determine the core parameters, such as power, torque, and speed. Furthermore, the prototype was
tested through a dynamometer, to determine and compare the performances, as well as simulation results.
The size of the stator, rotor, and winding pattern are used as a reference for further studies, which should
involve the realistic performances of the complete design process. This test should be crucial to this study,
based on judging the effectiveness and efficiency of the designed PMSM against the challenges posed by the
realistic application of the electric UTV.
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