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Abstract: Recently, while electric vehicles (EV) have substituted the fossil fuel vehicles, the design of
the electrical motors with more efficient and less mechanical converters has become mandatory due
to the weighting gears, mechanical differentials, and other cost-increasing parts. To overcome these
problems, double electrical motors with low speed and high torque have been designed and used in
the rear wheels of the EVs without any gearbox and mechanical differential. In this study, a novel outer
rotor line-start hybrid synchronous motor is proposed as another solution. For this aim, four different
hybrid rotor types, including magnets and rotor bars, have been designed and analyzed. Calculation
and estimation of all parameters to design a motor are introduced. All of the analyses were carried
out by Finite Elements Method (FEM). One of the analyzed motors, which is called Type-D was
selected and implemented because of the best startup performance and better steady-state behavior
under the rated load and overload. While holding this motor at synchronous speed under nominal
load, in case of overloading, it remained in asynchronous mode, thus maintaining the sustainability
of the system. Obtained results prove that the newly proposed outer rotor LSSM has the advantages
of both synchronous motor and asynchronous motor. All of the experimental results validate the
simulations well. The effects of the magnet alignments and dimensions on the performance of the
motors are presented.

Keywords: outer rotor; line-start; synchronous motor; FEM; motor design; electric vehicle

1. Introduction

In recent years, with the depletion of fossil fuel reserves, the search for alternative energy sources
has continued rapidly. Various power plants are being established to meet the increasing energy
demand. However, as a transport sector, which plays a major role in the consumption of fossil fuels,
developments on the electric vehicles” (EVs) technology will minimize the need for fossil fuels or
eliminate dependence on fossil fuels completely. In addition, zero-emission electric vehicles (ZEVs)
take over the role in reducing carbon emissions due to fossil fuel consumption. Although the cheapness
of internal combustion engines encourages consumers, there will be an excessive increase in costs due
to the decline in the supply of fossil fuels in the future. Nowadays, many vehicle manufacturers have
turned to hybrid and fully EVs for the future [1].

Modern EVs consist of three main parts: the battery used as an energy source, the electric motor
converting the stored electrical energy into the motion and other part is the powertrain. Depending
on the six types of EV configurations in the literature, electric motors used in EVs can be classified as
inner rotor and outer rotor. In the configurations where the preferred motors with inner rotor are used,
mechanical differentials and gears must be commonly used. But, if the selected motors with outer
rotor are placed in the wheels, it does not require additional mechanical transmission parts. Since the
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electric motors with outer rotor transfer the needed power directly to the wheels, an efficiency increase
can be achieved compared to that of inner rotor for the same power. On the other hand, the lack of
transmission components reduces the rotational inertia of the vehicle. Moreover, the direct placement
of the electric motors on the wheels reduces the center of gravity of the motor and reduces the number
of moving parts. It is another advantage to place the electric motor on each wheel if desired [2].

The electric motors directly determine the torque-speed and power-speed characteristics of EVs.
Furthermore, the electric motors are suitable for the high torque and acceleration at any low speed.
Typical electric motor characteristics are examined in constant torque and constant power region. The
selection of the most suitable electric motors for the EVs were declared in the literature [3-5]. DC motor,
induction motor, synchronous motor, reluctance motor and hybrid motors types with inner rotor have
been investigated for EVs. In the early years, DC motors were used in EVs because of controlling easy.
However, the interest in DC motors has been decreased because of the maintenance of the brushes. In
addition, developments of technology on the AC drives, induction motors (IMs) with simple structure
and having relatively higher efficiency have been preferred. Furthermore, lots of studies have been
conducted with permanent magnet and reluctance motor by the researchers and manufacturers. In
a comparative study using the finite element method (FEM) on a few electrical motors, such as the
interior permanent magnet synchronous motor (IPMSMs), the synchronous reluctance motor (SynRMs)
and IMs, which are designed for EVs, it is concluded that the SMs are more efficient than others,
especially at low speeds. However, the core losses of the IPMSMs at high speeds are higher than the
IMs. In terms of the vibration, the switching reluctance motors (SRMs) have disadvantages with respect
to the others [6]. In another study, an IPMSM, a surface-mount permanent magnet SM (SMPMSM)
and an IM were compared with each other. The results of this research showed that the PMs are more
efficient than the IMs because of no cage losses. On the other hand, the SMPMSMs have not always
more torque density [7].

In recent years, works on the motors with outer rotor have been intensified to get rid of efficiency
reducing components such as clutch, gearbox and mechanical differentials in the EVs. At the same
times, the brushless DC motor (BLDC) has been most commonly used in the outer rotor applications.
In a study using finite element method (FEM) to design a direct-drive BLDC motor for the EVs,
the torque fluctuations were reduced from 17.58% to 8.4% [8]. The BLDC motors, dual-stator and
dual-field-excitation permanent magnet motors (DDPM), permanent magnet Vernier motors (PMVM),
permanent magnet (PM) motors, permanent magnet flux switching (PMFS) motors and axial-flux
(AF) motors with an outer rotor structure have been designed to be used in electric vehicles. The AF
motor with radial active part designed for the range-extended electric vehicle has sufficient torque
density [9]. In the FS Motor topology with a different number of slots and poles, the magnet ratio of
the motors was reduced to 54%. In addition to that, the cogging torque was decreased by 20% while
the average torque was decreased by only 1.80% [10]. The IPM type, SPM type, PMFS type and PMVM
type with six-phase were compared in a study [11]. The results of these studies show that PMVM is
suitable for the EVs because of its high torque density and efficiency. Another way to get higher torque,
better efficiency and power factor is to design a motor with outer rotor. However, the limited stator
area causes overheating, flux saturation and demagnetization. Therefore, thermal analysis is required
to determine the demagnetization at different temperatures as it was emphasized in Shu et al. [12].
Especially, the maximum torque improved, sufficient mechanical power and more efficiency can be
obtained by proper alignment of the magnets for an outer rotor PM Synchronous Motor (OR-PMSM)
while keeping the minimum value of cogging torque and low torque ripples [13].

Neither the IMs nor the SMs can meet the needs of the EVs up to now. As a different solution
to provide these needs, a new line-start synchronous motor (LSSM) was designed to combine the
advantages of IM and PMSM. For this purpose, many studies have been carried out in the literature
on inner rotor LSSM. It was reported that the power factor and efficiency of LSSM are higher
than the IM’s [14]. Also, the opportunities and design challenges of the motor have been covered.
Despite higher cost and synchronization problems, LSSM has a high efficiency, high power factor
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and high-power density when compared to other motors [15]. Better performance at the startup and
rapid synchronization have been achieved with the low magnetizing inductance [16]. The impact of
the structure of the squirrel cage on the motor synchronization showed that the asymmetrical cage is
useful to improve the startup performance [17]. Research has been conducted on motor efficiency and
production cost by using different magnet materials [18]. Another solution for initial synchronization
problem is to take deep bar replacement into account [19]. In a recent study, the effect of the skew
angle on synchronization performance and torque ripples was also presented [20]. In the literature, to
handle with the LSSM problems, several design studies have been carried out on inner rotor LSSM,
and different methods for the magnet alignments to improve the design have been examined. In
these studies, the simplest method is to add magnets to the inner rotors of the conventional induction
motors. The other method is to implant a squirrel cage on the rotor of the SM [21]. Unlike the
modification of existing motor types, a new design can be made. In general, to design a new motor, it
is necessary to determine the geometry, calculate the stator parameters, and define the rotor type and
their design parameters. However, the motor designed with initial design parameters may have a bad
performance. Therefore, optimization of the parameters is required for the desired performance. There
are several studies done for this objective in the literature related to the line start PMSM with inner
rotor. In ref [22], torque density was increased by performing an optimization technique involved
response surface methodology on the magnets size. Another study employed the genetic algorithm
to improve the efficiency, power factor and starting performance [23]. Preferring a neural network
based imperialist competitive algorithm is one of the other options to achieve optimum values of the
rotor-slot parameters, such a study was presented in ref [24]. Design procedure and optimal guidelines
for overall enhancement of steady-state and transient performances of line start permanent magnet
motors with inner rotor were presented successfully in ref [25]. Proposed rotor type in that study
includes embedded four-magnet and conventional rotor bar cage. The study was introduced with
wholly parametrical analysis. On the other hand, stochastic optimization considering both steady state
and dynamic capability of the designed motor was used to improve the maximum synchronous torque
capacity [26]. One of the recent studies published on this issue declared that Taguchi-based regression
rate method improved the steady-state and the transient synchronization performance [27].

Another option for improving the design is to figure out effects of the design parameters on the
motor characteristics by the parametrical analysis. The first study on the line start PMSM with an outer
hybrid rotor was presented in ref [28]. Where, this type motor called as outer rotor LSSM (OR-LSSM)
by the authors, and introduced the synchronization performance of the OR-LSSM with three different
hybrid rotor types under the unloaded condition. The results of the study showed that most of the line
start inner rotor structures can be applied on the outer-rotor LSSM on condition optimizing the magnet
size and the rotor bar with different alignments yielding better performance.

Importance of the outer hybrid rotor is that while the outer rotor maintains desired torque at
synchronous speed, embedded rotor bars provides a soft starting to the motor and holding the motor
stable in variable load-up system. In this study, a novel outer hybrid rotor configuration for the
permanent magnet synchronous motors was presented. Considered comparison in introduction section
of this study explains the differences between the others. All of the existing studies are on the inner
rotor and their different configurations. Nevertheless, using in electrical vehicle, axial length of the
tires and wheel rims are short and radial diameter is large. Therefore, outer rotor structure must be
taken into account to provide necessary torque for the EV according to the tire dimensions. For this
purpose, in this study four different outer hybrid rotor types were design and analyzed by FEM. The
first three configuration introduced in this study (magnet alignments and bar replacements in Type-A,
B and C) have been already processed for the inner hybrid rotors in the literature. In addition to these
configurations a new hybrid outer rotor type (Type-D) was proposed and analyzed together with the
others. One of these configurations, Type-D was selected to implement for the experiments because
of its better performance. All of the experimental results validate the simulations for the proposed
configuration in every aspect.



Energies 2019, 12, 3174 4 0of 20

The paper is structured as follows. Firstly, Section 2 describes the design of inner stator and
outer hybrid rotor, alignment of the magnets and replacement of the rotor bars. Section 3 presents the
performance analysis of the designed motor types by FEM. Prototype implementation and experimental
studies are given in Section 4. Finally, the conclusions are summarized in Section 5.

2. OR-LSSM Design

In the research, IM and PM motors have been used as the basis for hybrid motor design.
Many analytical calculations related to IM design are available in the literature, and their structures
are almost identical to the LSSMs. However, in this study, since the motor was designed to be
completely non-standard main dimensions for the electric vehicle, stator, a rotor bar with several
magnet configurations and their parameters (dimension, alignment types, the skew angle of the
rotor-bar together with rotor laminations) were considered respectively.

In general, to design and implement a motor, sufficient volume is firstly calculated for the desired
power by taking the limitations into account. Then, the motor length is determined in accordance
with the wheel diameter of an electric vehicle to be used. After calculating the length and diameter
of the motor, the air gap is determined according to these dimensions to reduce unloaded speed
oscillations and torque ripples. The conductors” material, slot types and numbers in the stator and
rotor as considering their configurations are identified depending on the pole-pair and motor power.
In addition to that, cross-sectional area and number of turns of the conductors are estimated by some
equations considering fill factor in the slots and saturation in the core due to stator winding and
rotor bar current. Finally, the magnets are configured to insert into the outer rotor as to provide
synchronization and minimize the losses in the steady-state operation. The design procedure is shown
in Figure 1 as a flowchart.

(s ]

Define the main dimensions cnnsidiring constraints of the EV,
look up Table 1

Calculate stator parameters , Squarial Cage design,
look up Table 2 look up Table 3

Analyze the motor
cHaracteristics by FEM

Design and alligment
of PM, Type A-B-C-D

Start-up performance;

cogging torque and
Synchronization capability
acceptable?

Sufficent toque and power?
Acceptable performance in
loaded condition?
Synchronous or AsynchronousZ

Yes

Finish Report

Figure 1. Design procedure of an OR-LSSM.

After determination of the initial motor dimensions, optimization and parametric analysis by
FEM is used to define the best parameters to achieve better efficiency, sufficient torque and good
synchronization performance at low and high speed. If the motor does not produce sufficient torque,
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it is necessary to change the motor dimensions. In addition, it is essential to determine the proper
magnet parameters to provide optimum synchronization.

One of the goals of these configurations, if any abandoning of synchronization occurs,
asynchronous mode holds the motor at sub-synchronous speed without collapse for high load
angle of PMSM in case of overload operation. The other goal is that, under conditions of nominal load
transition, magnets in the rotor recovers the speed up to the synchronous.

2.1. Main Dimensions of the Machine

In general, the initial value of B,y is selected in the interval of 0.35-0.6 Tesla [29]. Selecting a
higher value of B,y gives some benefits such as reducing the size of the motor, decreasing the cost and

increasing overload capacity. The flux in the air gap per pole, ¢, is given depending on the motor
parameters and By, as given in Table 1.

Table 1. Fundamental parameters of motor design.

Parameter Definition Description Eq.
f . %};L Frequency (1)

av. 7T . .
) B Flux in the air gap per pole 2)
Tph % Number of turns per phase (3)
DL PO%E:VA] Power per rps related to per volume degree “4)
Co 1.11 X 72 X Kyy X Bay X ac x 1073 Esson’s constant (5)

Where, B,y is the average flux density in the air gap, D is the motor diameter, L is the motor axial
length, ns is synchronous speed (rps), L, is phase current, Ky, is winding factor and p is the number
of poles.

The highest current capacity, as reducing the motor mass, results in more copper losses and increase
the temperature. The proper value of current carrying capacity per square meter of conductor, ac, can
be selected in the interval of 1000—4500. In addition, the number of turns per phase, Tph, is defined by
Equation (3) in Table 1.

The relationship between D and L has great importance in terms of the characteristic behavior of
the motor. The considered EV determines the most accurate detections for these parameters.

2.2. Inner Stator Design

The stator of the motors with both inner and outer rotor consists of a core and slots. Types of the
slots, such as open slot and semi-closed slot, have an impact on the power factor and manufacturing.
Assembly of semi-closed slots has some difficulties compared to the open slots. However, the motor
characteristic behavior is better than the other one.

In Table 2, M is the number of phases, Es is the supply voltage per phase, g, is number of slots per
pole per phase and s is current density of a conductor (about 3-5 A/mm?).

Table 2. Definition of the stator parameters.

Parameter Definition Description Eq.
Is —Power[k;ﬁ] x 1000 Stator current per phase (6)

as é—" Cross-sectional area of the conductors (7)

Ss 2M X g X p Total number of slots (8)

Yes 7;—? Stator slot pitch )
Zss 6 X Tpn Total number of the conductors (10)

Ss
Lg 0.2+2+/(DL) Air gap length (mm) (11)
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2.3. Outer Rotor Design

Considering the placements of the magnets in the rotor laminations for the studied models, the
core slots are determined according to the slot pitch and number of slots per phase, by Equations (12)
and (13) respectively, as given Table 3. In this table, the S; parameter is the number of the slots on
the rotor.

Table 3. Definition of the rotor parameters.

Parameter Definition Description Eq.
Yer 7;—? Rotor slot pitch (12)

4 ZS—I’) Number of slots per phase (13)
Rotor MMF (0.85) x Stator MMF Rotor magneto-motor force (14)
Ib.% (0.85) x (3 x Ig X Tph) Current per rotor conductor bar (15)

Ap é—b Cross-sectional area of the rotor bar (16)

Ie % End ring current 17)

Ae é—“e (mmZ) Cross-sectional area of the rotor bars’ end ring (18)

It is assumed that the rotor magneto-motor force (MMEF) on the flux route is accepted about 0.85
times to that of the stator. In addition, rotor current per conductor bar is calculated by Equation (15).
Related to the current density in the rotor bar, 8, which is about 4-7 A/mm?, cross-sectional area of the
rotor bar is obtained by Equation (16). End ring current per pole is calculated by Equation (17). After
that, the cross-sectional area of the rotor end ring is obtained by Equation (18) corresponding to the
current density in the rotor end ring, 8¢, which is about 5-8 A/mm?. For detailed information about the
equations in Tables 1-3 was referred to ref [30], the closely related references therein.

2.4. Orientation of the Magnets

All research introduced to date, although many magnet alignment types have been proposed for
the LSSM including inner rotor, only a few of them are suitable for outer rotor design as well because
of the limited structural area of the rotor. In this study, LSSM models with 4 different types of magnet
alignments for a medium voltage, low power electric vehicles were analyzed in the same inner stator
configuration. All of these types analyzed by FEM are shown in Figure 2. Results obtained by the FEM
analysis are evaluated and discussed in the next section.

Figure 2. Cont.
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Figure 2. Rotor types for different alignments and orientations of the magnets with bars. (a) Type-A:

Axial alignment., (b) Type-B: Radial alignment, (c) Type-C: Cross alignment, (d) Type-D: Axial alignment
with bar in-lined.

3. 2D-FEM Analysis of the Outer Rotor Types

For evaluation of the analysis results, the performance of the structure types is discussed in
many aspects. First, there is importance of the synchronization capability and startup performance
related to the magnet alignments with different dimensions and placement of the bars. As better
and fast synchronization reduces the rotor copper losses while keeping the speed at the desired
value. The second aspect is the torque ripples which causes noises, torque harmonics and mechanical
stress. Finally, the most important design criteria considered are holding at synchronous speed and
asynchronous recovery without abandoning at high load angle of the PMSM. All of the analyses for
all rotor types are realized by the same motor and load parameter, and these parameters are given in
Table 4.

Table 4. Design parameters for all types.

Parameter Value
Rated Power at synchronous speed 1.0 HP, 750 rpm
Asynchronous Peak Power 1.2 HP, 500 rpm
Rated speed 750 rpm
Pole-Pair 4
Operational Mode (Duty class) S1
Rated Torque 10 Nm, 750 rpm
Overload Asynchronous Speed 400 rpm

The 2D mesh model of the D-type motor consists of a total number of 33,526 elements. While 9841
elements are located in the rotor; 7789 elements exist in the stator. Each bar and magnet consists of 90
and 100 elements, respectively. The rest of the elements are located in the defined windings, band,
inner-outer region and shaft region. Figure 3 shows the resulting mesh model of the Type-D motor.
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Magnet
Thickness

Bar Radius

Figure 3. Motor design descriptions, (a) 2D mesh model of the Type-D, (b) definition of the bar and
magnet dimensions.

3.1. Line-Startup Performance and Synchronization Capability

The magnets of different sizes for various rotor geometries were examined in terms of
synchronization and line-startup performance at 110-V DC supply. When driving the motor by
the inverter designed for this study, this supply voltage provided 77-V rms (phase to phase) without
filters for delta connection of the stator winding.

As shown in Figure 4, the rotor Type-A with different magnet sizes settles at near synchronous
speed. The startup performance of this type for each magnet size is low. Especially, it looks, a bad
starting-up occurs under load. In addition to that, magnet length and thickness have no significant
effects on startup and synchronization. The rotor Type-B with some magnet sizes settles at synchronous
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speed by oscillations and instability. The startup performance of this type for each magnet size is
low, especially in large sizes. In addition, a bad starting-up and settling at synchronization under
load with no stability. Where, magnet length and thickness have more notable effects on the transient
and steady-state behavior. While the dimensions of 20-2/ 20-4/20-6 magnets result better performance
in terms of keeping at synchronous speed, overshoot points at these magnets are higher than the
weakness magnets ones. The rotor Type-C with some magnet sizes does not settle at synchronous speed
in an acceptable time. Besides, the performance of the line-start depends on magnet size effectively.
Start-up performance for the magnets in large sizes is low. In particular, the cogging torque effect of
the large-size magnets appears to be dominant at start-up. However, small magnet sizes are suitable
for this application, which is similar to the Type-A. The rotor Type-D for all magnet sizes reaches
synchronous speed although having difficulties at low speed. In addition, start-up performance is the
best in all sizes. While starting up, it has no negative speed oscillation and no instability. However, a
drive system with control even open-loop may be needed to get a smooth response without overshoots
and to get low oscillation without compromising a good synchronization. When the behaviors of these
types under load are examined, which is given in next subsection, the rotor type of D gives good results
for both synchronization and start-up with less cogging torque and better asynchronous recovery.
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Figure 4. Cont.
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Figure 4. Performance of the motor types for different magnet sizes. (a) Type-A, (b) Type-B, (c) Type-C,
(d) Type-D.

3.2. Asynchronous Recovery and Torque Ripples

All rotor types were analyzed under the rated load for line-start operation. In this analysis, the
magnet size giving optimum result was selected in all types for a more realistic comparison. All of
the simulation results by FEM are introduced in Figures 5 and 6 for both transient and steady state
behaviors of the motors.
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Figure 5. Simulation results for line-start and steady-state operation under the rated load (10 Nm) for

optimum magnet size of each configuration. (a) Type-A, (b) Type-B, (c) Type-C, (d) Type-D.

Figure 5 shows the results of the rated load operation and Figure 6 shows the results of the
relative overload operation. From these figures, it is observed that the Type-D motor is better than

the others in terms of start-up performance, stability in steady-state behavior with low torque ripples
and holding up the synchronization. Therefore, an OR-LSSM with the Type-D rotor was preferred
to be implemented as a prototype. Although start-up performance of the Type-B was bad, it gave a

relatively good performance with respect to the Type-A and Type-C. However, the Type-B motor has
more oscillation at a synchronous speed and more torque ripples for a relative overload operation.
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4. Prototype Implementation and Experimental Studies

Due to the start-up performance, stability in steady-state behavior with low torque ripples and
holding up the synchronization, the Type-D motor was selected to make a prototype. For this purpose,
the design parameters given in Table 4 were considered.

Firstly, inner stator laminations were processed and windings with pole pairs of four were
placed into slots. Terminal cables were pulled out through the fixed shaft. Afterwards, outer
rotor core laminations were prepared according to the preferred magnet and rotor bar alignment.
Figure 7 shows all parts of the proposed design. The implemented parts of the outer rotor and inner
stator are shown in Figure 8. In prototype implementation, 24-magnet (length: 20 mm, thickness:
2 mm) and 24-bar (diameter: 8 mm) were used. Also, magnets and rotor bars were positioned as
N-bar-N-bar-N-bar-S-bar-S-bar-S-bar, per pole.

stator and rotor ba_lr and rotor core
windings end rings
X R

N,

*,
~,

kY A
outer body maagnets .
cover 9 wheel rim wheel tire

Figure 7. All parts of the proposed motor design.

(b)

Figure 8. Prototype motor for the Type-D configuration (a) outer rotor (b) inner stator.

In order to carry out all experimental studies, a test platform including a power analyzer, electronic
controlled load unit coupled with an alternator, switch mode power supply (SMPS) based direct
current (DC) supply, torque and speed sensors coupled with the common shaft was prepared, as
shown in Figure 9. An adaptive V/f based alternative current (AC) motor drive unit was designed, and
implemented in this study for EVs.
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Figure 9. Experimental setup.

4.1. Line-Start Operation without AC Drives

In general use, the proposed OR-LSSM can be used at low speed and high torque without a
gearbox or at high speed and low torque with a load-bearing gear system. Therefore, this motor type
must start-up easily with no load or under load. For this aim, the selected Type-D motor was started
without any load until reaching synchronization speed. When the system reached stability, the rated
load was applied for a while. Where the reference load torque was 10-Nm. For nominal loading, the
system kept the speed at synchronous mode while producing the necessary torque. However, the
motor did not meet the overload torque and a significant decrease in speed has also been observed.
Since the motor could not remain in synchronous mode, it maintained asynchronous mode operation
successfully. Also, when the overload was off, system settled to the synchronous speed similar to the
rated loading. Obtained results from these operations, experimentally, are introduced in Figures 10
and 11.

In Figure 11, the experimental result shows three operation parts: line start with no load, keeping
synchronous speed under rated load and the last part is the rescue from the load. Since the rated load
behavior tested before, at the end of the experiment, behavior of the proposed motor in transition from
overload to the idle was presented. The aim of the operation is to observe the transient behavior of the
sudden rescue from the load. So, it is seen that the proposed motor recovers itself and does not cause
any oscillation while reaching to the synchronous speed.
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Figure 10. Experimental results of the Type-D rotor configuration for both no load and under rated
load. (a) Line-startup with no load operation. (b) Application of 10 Nm for rated power.
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Figure 11. Synchronous operation at the rated load and asynchronous operation mode under overload.
4.2. Operation with AC Drives

It is essential to use an AC motor drive if this motor is used in an electric vehicle, which must be
supplied from the battery. Therefore, it is necessary to test the proposed and prototyped motor with
an AC motor drive. In this study, an adaptive boost voltage supplied V/f based AC motor drive was
designed and realized for the experiments, as shown in Figure 9. The design details of this AC motor
drive are not provided here in order to not distract the focus.

The speed and torque responses of the motor tested with the AC drive are presented in Figure 12.
In addition, phase-to-phase stator voltage and phase current without any filter in delta connection are
given in Figure 13. In this process, the torque reference was fully followed, and the speed was held at a
synchronous speed without compromising. In this sense, the performance of the motor in terms of
considered criteria was found to be in accordance with the proposed model design. Prototype motor
provided synchronous speed for the load up to 10 Nm.

—— Speed Torque

800 ' ' ' ' ' ' ' ' " 14
700 r12
< 600 ' E
£ 500 - (g =
S 400 4 8
§3oo- L2 g
o 200 0
100 - —-i

5 -
100 « [ -6

00:00 00:33 01:06 01:39 02:12 02:45 03:18 03:51 04:24  04:57
Time (mm:ss)

Figure 12. Experimental results for loading up to the rated torque: Speed and torque response of the
motor controlled by AC motor drives.

In Figure 13, rms value of the line current for unloaded condition is about 12-A in line voltage of
77-V like full reactive operation without rotor bar loses, and for relatively over loaded condition more
about 20% is about 17-A at the same line voltage during mechanical power transformation. The power
factor was able to increase up to 0.88 under the rated output power while it was low about 0.45 in
unloaded operation. Also, the efficiency under the rated power was able to improve up to 87%.
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Figure 13. Line-to-line stator voltages and line currents wave throughout the AC motor drive. (a) with
no load condition. (b) under the relatively over load more about 20%.

5. Conclusions

In this paper, instead of commonly used motors in electric vehicles, four different types of the
outer rotor LSSM, which do not require any sensor and have no trouble in startup like a PMSM, have
been designed and analyzed by FEM. The proposed novel motor model prototype which is the best
model was implemented and experimental studies are presented.

All motor types have been analyzed in terms of synchronization performance, starting performance
and torque ripples with no load and under load. According to the findings obtained in this study, with
no load, in terms of starting performance, the Type-D motor was 20% faster than the Type-B and C, but
the same as the Type-A. When the motors were running under load, although the Type-D motor was
the same as the Type-A, it was twice as fast as the B and C types, in terms of the settling time. Based on
the torque ripple amplitude in steady-state, the Type-D motor had the lowest ripple amplitude with a
low frequency. Although the Type-A motor was not stable, the torque ripple amplitude and frequency
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were three times higher than the Type-D. The Type-B and Type-C motors produced 70% lower torque
ripple amplitude and frequency than the Type-A when continuously operating under load.

The obtained results from both the simulations and the experiments show that the proposed
Type-D motor gives good performance at startup and produces fewer torque ripples by keeping the
speed at the synchronous in case of working at the rated power. Under overload, the motor remained
in asynchronous mode, thus ensuring the continuity of the system. This study demonstrated that the
newly proposed outer rotor LSSM has the advantages of both synchronous motors and asynchronous
motors. Thus, based on the above analysis and discussion, the proposed model can be used for
EVs applications.
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