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ABSTRACT
Electric scooters are increasingly gaining popularity in India owing to rising global crude oil
prices and rising levels of vehicular pollution. Most of them are currently powered by expen-
sive in-wheel (IW) permanent magnet (PM) brushless DC motors. Owing to their simplicity, and
ruggedness while being cost-effective (since they do not employ PMs), switched reluctance
motors (SRMs) are a viable alternative. Despite these benefits, SRMs possess drawbacks such as
low torque density and inferior efficiency. Recently, a multi-teeth (MT) SRM with an improved
performance was reported. However, the design of MTSRM topologies and their electromag-
netic performance have not been explored sufficiently. In this paper, a design formula governing
the selection of the number of MT and rotor poles for MTSRMs has been proposed. Using this, a
novel four-phase 8/18 IW-MTSRM is derived and proposed for an E-scooter. The characteristics of
the proposed SRM are numerically compared with a conventional 8/10 SRM based on magnetic
characteristics, efficiencies and steady-state operation for the complete torque-speed range.
Results indicate that the proposed 8/18 MTSRM has a higher peak torque capacity, torque den-
sity, superior drive cycle efficiency and reduced torque ripple. Further, the FEAmodel is validated
experimentally on a downsized 8/18 MTSRM prototype.
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Nomenclature

m Number of phases
Ns and Nr Number of stator and rotor poles

respectively
n Number of multi-teeth per stator pole
Nm Total number of multi-tooth
θ Rotor position
βs and βr Stator and rotor pole arc angle
bsy and bry Stator and rotor yoke thicknesses
hs and hr Stator and rotor pole height
hs1 Slot depth in the stator pole
Dor Rotor outer diameter
Dos Stator outer diameter
Dsh Diameter of the shaft
g Air-gap length
Lstk Stack length
N Number of turns per phase
Taverage Static average torque
LossCu Copper loss
Rph Phase resistance
θon Turn-on angle
θoff Turn-off angle
Irms RMS value of phase current
i Phase current

Tavg Average torque calculated from tran-
sient simulation

Tripple Torque ripple calculated from transient
simulation

η Efficiency
ε Stroke angle
sf Slot fill factor
j Operating point
ηcycle Drive cycle efficiency

Acronyms

SRM Switched reluctance motor
IW In-wheel
OR Outer rotor
E-2W Electric two-wheeler
MT Multi-teeth
PM Permanent magnet
PSO Particle swarm optimization
MODO Multi-objective design optimization
SOO Single objective optimization
CCC Current chopping control
SPC Single pulse control
FEA Finite element analysis
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WMTC World harmonized motorcycle test cycle
PE Power electronic
MMF Magnetomotive force
LUT Look-up table

1. Introduction

The constantly rising global crude oil prices and a
surge in domestic demand have led India to depend
heavily on imports thereby burdening the economy.
Moreover, the alarming rates of pollution due to vehic-
ular emissions caused by internal combustion engines
(ICEs) are a concern [1]. 2-wheelers (2Ws) powered by
ICEs which constitute the majority of the total domes-
tic automobile sales have been found to contribute to
two-thirds of this emission load [2]. Hence, it is imper-
ative to find a suitable alternative to the ICEs in general
and those in 2Ws to curb pollution levels. Concern-
ing this, the Government of India has implemented
vehicle electrification schemes [3]. Due to the impe-
tus provided, a surge in electric vehicles (EVs) has
been noted recently, 90% of which is constituted by
electric scooters (E-scooters) [4]. Presently, a large pro-
portion of the E-scooters are propelled by permanent
magnet Brushless DC (PM-BLDC) motors with an in-
wheel (IW) motor configuration. The use of an IW
outer rotor motor configuration facilitates direct cou-
pling to the wheel rim saving space and eliminating the
requirement for a reducer and thereby the mechani-
cal losses incurred. However, because a reducer is not
used, working circumstances and design constraints
are more challenging for IW motors. Additionally, IW
motors need to be lightweight since their mass influ-
ences the unsprung mass and, in turn, the ride comfort
of the electric-2Ws (E-2Ws) [5]. An IW-tractionmotor
should primarily satisfy the target torque-speed enve-
lope demanded by the EV within the set geometrical
and electrical constraints. Further, it should possess a
high torque density (due to limited space inside the
wheel hub), high starting torque (for acceleration at
lower speeds), superior efficiency over a vast range of
speeds (for improved driving range), and a low torque
ripple (for better ride comfort) [6]. BLDC traction
motors hold an edge over others due to superior torque
density and efficiency, both of which are by virtue of
rare-earth PMs [5]. However, the price of PMs is exor-
bitant and fluctuant, given the volatility of the world
markets. Moreover, BLDC motors showcase poor reli-
ability owing to the sensitivity of PMs to temperature.
Additionally, they exhibit limited field weakening capa-
bilities [5,7]. To overcome all the shortcomings, it is
deemed essential to look for a PM-free motor solution.
By virtue of its simplicity, ruggedness, and ability to
operate at higher temperatures, a switched reluctance
motor (SRM) is a potential choice for IW applications.
Additionally, due to their extended field weakening

capabilities, they exhibit excellent power-speed char-
acteristics [8]. However, they have lower torque den-
sity, efficiency, and larger torque ripple as compared
to BLDC motors (within the same volume constraints)
due to high magnetic saturation in the stator and rotor
core [8,9].

To address these issues among SRMs, several IW-
SRM topologies have been evaluated and proposed to
be employed in E-2Ws. Amongst these, an 8/6 SRM
with the number of rotor poles (Nr) lesser than the
number of stator poles (Ns) was proposed to be used
in an E-scooter [10]. Vandana et al. [11] reported
that SRM configurations with Nr > Ns demonstrate
improved efficiency and are highly suitable for E-2W
applications. Increasing the rotor pole count improves
the slot area, which lowers copper loss and boosts effi-
ciency. Though an increase in Nr elevates the iron core
loss, its influence on net loss is not pronounced due
to the low-speed nature of the application. The 6/10
Nr >Ns SRM configuration first proposed by Desai et
al. exhibited higher torque density (due to an increase
in the average torque and a reduction in the motor’s
overall mass), efficiency (due to an increased slot area)
with reduced torque ripple (due to an increased num-
ber of strokes per revolution) as compared to the 6/4
SRM [12]. The SRM topologies with Nr >Ns arrange-
ment namely 6/10 SRM, 12/16 and 8/10 SRM were
adopted in E-2Ws and the merit of the proposed
idea was illustrated for the whole torque-speed range
[13,14,15]. However, the Nr >Ns SRM configurations
have reduced peak torque and field weakening abilities
due to higher levels of magnetic saturation and reduc-
tion in the saliency ratio respectively [11,12,14]. Studies
have demonstrated that segmented rotor (SR) SRMs
have improved torque density and efficiency (owing to
an increased flux linkage per turn and a shorter flux
loop). Consequently, a 12/26 SRSRM topology was pro-
posed for an E-scooter [16]. A 12/10 multi-teeth (MT)
SRM topology with a high torque density (Nr < Nm,
where,Nm is the total number ofMT) was initially pro-
posed in 1995. Though this topology required lesser
MMF to produce the desired torque, it was not fur-
ther investigated due to a smaller slot area and a high
iron core loss, which resulted in an inferior efficiency
[8]. The specific torque of the recently proposed three-
phase 6/16MTSRM topologywithNr > Nm was found
to be higher than the conventional 6/10 configura-
tion by 28% [17]. Further, in recent studies PMs were
incorporated between the adjacent stator poles in the
48/50 MTSRM topology (Hybrid SRM; HSRM), the
addition of which boosted the torque density and effi-
ciency. This was subsequently proposed to be used
in an E-bicycle [18]. The inclusion of PMs enhanced
the flux density in the air gap and decreased the sat-
uration in the stator poles. Davarpanah et al. [19]
proposed a PM-incorporated C-core modular stator
SRM with torque density and efficiency. Among the
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topologies described above, SRSRM, HSRM and mod-
ular SRMs, apart from being expensive and difficult to
manufacture, have a complicated design thereby sacri-
ficing the simplicity of the traditional SRM structure.
Additionally, including PMs in the SRM produces cog-
ging torque, which deteriorates themotor performance.
Therefore, the MTSRM (with Nr >Nm) topology is
a potential candidate for IW motor applications as it
retains the inherent simplicity and cost-effectiveness
offered by traditional SRM designs. However, there is
a lack of adequate literature detailing the design of
MTSRM topologies and their electromagnetic perfor-
mance. The MTSRM and conventional SRMs have not
been subjected to a thorough electromagnetic perfor-
mance comparison investigation that covers the com-
plete torque-speed range of an EV application. Further,
the performance of MTSRMs at higher speeds has not
been explored.

In this paper, a novel four-phase 8/18 IW-MTSRM
is presented based on the MT topology. A design for-
mula governing the selection of the number of MT and
rotor poles for MTSRMs has been proposed. Further, a
comprehensive electromagnetic comparison is carried
out between the proposed 8/18 MT and the conven-
tional 8/10 SRM. The topologies have been evaluated
over the entire torque-speed range within the same
electrical and geometrical constraints (current, voltage
and motor volume). Based on the results obtained, this
paper aims to establish the most apt SRM configura-
tion for the E-scooter application. The topologies are
analyzed using electromagnetic finite-element analy-
sis (FEA). For a fair comparison, the design variables
corresponding to the SRM topologies have been opti-
mized by applying the multi-objective particle swarm
optimization (PSO). A search algorithm-based single-
objective optimization (SOO) model has been imple-
mented in the SRM drive model (developed in MAT-
LAB/Simulink) to determine the optimized commuta-
tion angles across the entire driving range. The dynamic
torque-speed efficiency maps, which are critical from
the standpoint of an industrial application point have
also been provided. Based on the comparative evalua-
tion, a novel four-phase 8/18MTSRMwith higher peak
torque capacity, torque density, superior drive cycle effi-
ciency and reduced torque ripple has been proposed
for an E-scooter. Further, the concept of MT topology
and the FEA model used in this study are validated
experimentally on a downsized 8/18 MTSRM.

2. Theoretical background

The torque output of anMTSRM at any angular instant
can be theoretically analyzed by using the magnetic
equivalent circuit model developed by Zhu et al. [17].
The electromagnetic torque output (τ ) of an SRMoper-
ating in the magnetic linear condition (no magnetic

Figure 1. Flux path comparison of SRM configurations with (a)
n = 1 (Conventional SRM) (b) n = 2 (MTSRM).

saturation considered in the core) is given by;

τ = 1
2
i2

d
dθ

[
N2μoLstkLol(θ)n

g

]
(1)

where i denotes the phase current, θ stands for the rotor
position,N indicates the number of turns per phase,μo
stands for the permeability of free space, Lstk is the stack
length of the motor, Lol is the overlap length between
the stator and rotor pole, g indicates the length of the
air-gap and n denotes the number of teeth per sta-
tor pole. From Equation (1) it is evident that, for any
given motor size having the same overall dimensions
(Dor and Lstk) with a fixed g and magnetomotive force
(MMF), the torque output can be enhanced by increas-
ing the value of n. SRM configurations with n = 1 and
n = 2 and their corresponding flux patterns have been
shown in Figure 1. The difference in the geometry of
the MTSRM, as depicted in Figure 1(b) (each stator
pole is bifurcated into two teeth and Nr is increased
accordingly) causes the flux to distribute through each
tooth. Further, these flux lines cross the airgap and flow
into the corresponding rotor poles. This arrangement
results in a larger flux variation over a shorter varia-
tion period leading to a higher torque production per
electrical period [17].

3. Motor specifications

This section deals with the determination of the motor
specifications for the considered E-scooter. The vehi-
cle parameters pertaining to the E-scooter are given
in Table 1. Based on the WMTC [20] and the vehi-
cle parameters, the operating points of the motor are
obtained using the vehicle dynamics model delineated
by Ehsani et al. [5]. Figure 2 shows the operating points
of the E-scooter thus obtained in the WMTC driving
cycle. The idealized target peak torque profile consist-
ing of all the operating points is also depicted, assuming
a hyperbolic variation above the base speed to establish
an idealized constant power range.

Based on this, the design targets with the constraints
used for the SRMdesign are summarized inTable 2. The
SRMdesigns should primarily target tomeet the torque
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Figure 2. Operating points of the E-scooter obtained from
WMTC.

Table 1. Parameters of the E-scooter [21].

Parameter Value

Mass (kerb load / payload) (M) 200 (100/100) kg
Rolling resistance (f r) 0.01
Drag coefficient (CD) 0.7
Frontal area (A) 0.6 m2

Density of air (ρ) 1.23 kg/m3

Acceleration due to gravity 9.81 m/s2

Tire size 90/90 R12

speed trajectory with a maximum torque of at least 90
Nmuntil the base speed of 200 rpm and a power greater
than 1900 W at 600 rpm. It should be noted that the
performance requirements of the SRM obtained have
been observed to be similar to the performance specifi-
cations of the commercially available IW-BLDCmotors
of the E-scooters in the Indian market [22,23]. Within
a 12′′ wheel, the motor dimensions having an outer
diameter of 278 mmwith a stack length between 50–70
mm is a popular choice in the market [10,15]. For the
proposed IW-SRM, the stack length is fixed at 65 mm.
Given the manufacturing constraint, the air-gap length
is set to the lowest attainable value of 0.4 mm. The bat-
tery supply voltage is fixed to 48V. Based on the demand
peak load torque at the base speed, the required RMS
phase current is calculated and constrained to 75 A
(electrical constraint). For SRMs, the ratio between the
RMS phase current and the maximum peak phase cur-
rent lies in the range of 0.3∼0.75 [8,14]. Considering
a value of 0.53 in the present case, the maximum peak
phase current for chopping is accordingly set to 140 A.

4. Methodology

This section discusses the design procedure for the 8/18
MT and the 8/10 SRM topologies. This section also
includes some results for the 8/18 MTSRM wherever
relevant.

Table 2. Design constraints for the SRM.

Parameter Value

Peak motor torque > 90 Nm
Mechanical power output > 1900 W
Maximummotor speed 600 rpm
Base speed 200 rpm
Rotor outer diameter (Dor) (12′′wheel) 278mm
Stack length (Lstk) 65mm
Battery voltage 48 V
Maximum peak phase current 140 A
Maximum RMS phase current ∼ 75 A
Air-gap length (g) 0.4mm
Shaft diameter (Dsh) 35mm

Figure 3. SRM design methodology.

4.1. Electromagnetics design process

The process employed in the design of the SRM topolo-
gies is defined in five discrete stages in the flowchart
shown in Figure 3. Further, the design principles and
analysis corresponding to each stage are also discussed.
In both the SRM designs considered for comparison,
the coils on the diametrically opposite stator poles are
connected in series. Four-phase SRMs have been cho-
sen in this study over the lower-phase configurations
as they are known to demonstrate improved average
torque, power density and lowered torque ripple [8,15].
As SRMs exhibit considerable nonlinearity due to mag-
netic saturation, FEA is used in this study to accurately
analyze their electromagnetic characteristics [10].
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Figure 4. B-H curve of M270_35A [25].

4.1.1. Stage I: Selection of pole combination:
(i) Selection of Ns/Nr pole combination: The equation

governing the selection of the total number of
multi-tooth (Nm), number of multi-tooth per sta-
tor pole (n) and the rotor poles (Nr) for the
MTSRM is distinct from that followed for the con-
ventional SRMs and is expressed as;

LCM
(
Nm

n
,Nr

)
= mNr (2)

where LCM denotes the least common multiple
andm is the number of phases. The above equation
can be applied for SRM configurations irrespec-
tive of m and n. According to the above expres-
sion, for four-phaseMTSRMs, the number of rotor
poles can be any of these values, viz. 12, 14, 18,
22, 26, 30. The configuration with Ns = 8, n = 2
(Nm = 16) and Nr = 18 was chosen. Among the
conventional SRM designs, the 8/10 SRM (based
on Miller’s equation, Nr = Ns+ 2 [8]) was cho-
sen as it displayed an improved average torque,
efficiency, specific torque, and lower torque rip-
ple when compared to 8/6 SRM [24]. The sta-
tor/rotor pole combinations were chosen such that
Nr > Nm, Ns for both the topologies respectively.
Further, Nr is kept close to Nm and Ns. Any fur-
ther increase in Nris known to reduce both their
peak torque capacity and field weakening ability
correspondingly [11,14].

(ii) Selection of core material: M270_35A has been
chosen as the core material for both the SRM
topologies as it possesses an elevated saturation
flux density (2 T) and lower core loss [25]. The B-H
curve of the M270_35A is illustrated (Figure 4).

4.1.2. Stage II: Initial design
(i) Generation of initial design: The classical analytical

techniques put forth [17,26] and 2D electromag-
netic FEA were used to develop and analyze the

Figure 5. Initial design of (a) 8/18MT (n = 2) and (b) 8/10 SRM
configurations.

initial designs for both the SRM topologies (Figure
5(a,b)). Constraints to this process include spa-
tial limitation (Dor and L) and g. The different
design variables corresponding to both the SRM
topologies are indicated in Figure 5. A description
of the design variables has been provided in the
nomenclature section of this paper.

(ii) Fixing the number of series turns per phase (N):
The number of turns per phase for both the SRM
topologies was adjusted to satisfy the peak torque-
speed envelope within the constraints of maxi-
mum RMS phase current and battery voltage. The
procedure put forth by Bilgin et al. [27] was used to
achieve this, and it has been illustrated for the 8/18
MTSRM. The static characteristics of the initial
design of the 8/18 MTSRM with a varied num-
ber of turns per phase (N = 38–44) are obtained
using FEA (ALTAIR FLUXTM [28]). These char-
acteristics (i.e. static torque and flux linkage), as
lookup tables (LUTs) are then put into the SRM
drive model (Figure 8) to determine the opti-
mized commutation angles (θon and θoff ). The
optimized θon and θoff are obtained using a search
algorithm-based SOO intended to maximize the
average torque at various speeds. The dynamic
results are shown in Figure 6. For operating speeds
lesser than the base speed, it is noted that with the
increase in N, the dynamic torque also improves
(owing to an increase in the MMF). Beyond the
basic speed, these trends, however, reverse because
of an increased effective back-emf [29]. Although,
it is preferable to use N = 38 or 40 (as the motor
exhibited an optimum behaviour i.e. high peak
average torque below and above the base speed
respectively), N = 42 was selected; the rationale
for this is discussed in section 5.1.1.

4.1.3. Stage III: Multi-objective design optimization
(MODO) using PSO
For a fair comparison, MODO was performed for both
the SRM topologies to determine the optimized values
of the design variables. This was executed by coupling
the PSO with a Kriging model constructed using the
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Figure 6. Influence of the number of turns per phase on the
dynamic torque of the 8/18 MTSRM.

design of experiments (Figure 7) [30]. The methodol-
ogy of the same has been detailed in the author’s pre-
viously published work [15]. In the present study, the
optimization was intended to maximize the static aver-
age torque and minimize the copper loss. Considering
a practical range of dimensions of the design variables
(depicted in Figure 5) for an optimal design, a Latin
hypercube design (LHD) was employed in designing
the experiments. With the number of turns per phase
fixed for each design candidate, the number of strands
is maximized to attain a practically attainable slot fill
factor of 0.6 [14]. The static average torque (Taverage) for
each design candidate at the maximum peak phase cur-
rent (Ip) is evaluated using 2D electromagnetic static
FEA. Taverage is expressed as [8];

Taverage = mNr

2π
∂W (3)

where, ∂W is the magnetic co-energy.
Peak copper loss (LossCu) is calculated using the

expression [15];

LossCu = mIp2Rph (4)

where, Rph is the phase resistance for each design can-
didate.

Based on the results obtained, Kriging models were
generated for both Taverage and LossCu respectively.

The constraints adopted for design variables in the
optimizationwere based on SRMdesign principles pro-
vided [17,26]. The slot fill factor was constrained to 0.6.
The MODOmodel was formulated, wherein the objec-
tive function consists of the weighted sum of individual
objectives given as;

min
x
z(xr) = w1

Taverageb

Taverage
+ w2

LossCu
LossCub

(5)

where, w1 and w2 are the weight factors for average
torque and loss such that w1 + w2 = 1; Taverage and
LossCu indicate the average torque and copper loss

Figure 7. Flowchart of the Multi-objective design optimiza-
tion.

respectively. Taverageb and LossCub correspond to the
baseline values of the average torque and copper loss
respectively. w1 and w2were assumed to be 0.6 and 0.4.
A slightly higher weightage is given to average torque as
compared to copper loss, to account for the high start-
ing torque requirement in low-speed hill climbing and
urban start-stop traffic for the E-scooter application.
PSO was employed to determine the optimal solution
of Equation 5.

4.1.4. Stage IV: Single-objective firing angle
optimization:
To obtain the dynamic characteristics namely the aver-
age torque (Tavg), efficiency (η) and torque ripple
(Tripple) of the optimized SRM, it is important to accu-
rately determine the optimized values of commutation
angles (θon and θoff ) across the torque-speed range
[27]. The static characteristics of both the SRM topolo-
gies (optimized in stage III) from FEA were fed into
the SRM drive model developed inMATLAB/Simulink
(Figure 8).More details regarding the SRMdrivemodel
are provided in [31]. The optimized values of θon and
θoff were determined from the SRMdrivemodel by for-
mulating a search algorithm-based SOO to maximize
the Tavg[31]. To fully characterize the SRM’s dynamic
torque-speed profile, the process was repeated for all
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Figure 8. Optimization of commutation angles (θon and θoff)
using SRM drive model.

the evenly spaced reference current and speed points
within the torque-speed range.

During optimization, an RMS phase current limit
(Irms_lim) of 75A (Table 2) was one of the constraints
(non-linear) considered.

Irms ≤ Irms_ lim (6)

An additional constraint of maintaining a positive Tavg
magnitude at all operating speeds and phase currents
was also incorporated.

Tavg > 0 (7)

The boundaries of the commutation angles (linear
constraint) are also listed below;

− 90◦ ≤ θon ≤ 90◦ (8)

90◦ ≤ θoff ≤ 180◦ (9)

In the present study, the maximum phase conduc-
tion angle is set to 120 electrical degrees for both
topologies to have an appropriate comparison. The
LUTs showing the optimized θon and θoff obtained
from the above optimization for the 8/18 MTSRM are
depicted in Figure 9.

4.1.5. Stage V: Transient 2D FEA
The optimized commutation angles (θon and θoff )
obtained for various values of reference currents at dif-
ferent operating speeds determined in stage IV for both
the SRM topologies were fed into the transient 2D FEA
[28] to determine the Tavg, η and Tripple respectively.
η is calculated using the expression;

η = Pout
Pout + Ploss

× 100 (10)

where Pout denotes the output power. The loss compo-
nent (Ploss) consists of both the copper (PCu) and iron

Figure 9. LUTs of optimized (a) θon (b) θoff of the 8/18 MTSRM.

core (Pironcoreloss) losses which are given as;

Ploss = PCu + Pironcoreloss (11)

PCu is expressed as [14];

PCu = mI2rmsRph (12)

Pironcoreloss, is accurately determined using the loss sur-
face model employed in the transient 2D FEA solver
[28].

5. Results and discussions

The optimized design variables and other parameters of
both, 8/18 MT and 8/10 SRMs are provided in Table 3.
It should be noted that the number of turns per phase
(N) for the 8/18 MTSRM is 42 while that of the 8/10
SRM is 72. The significant reduction in N for the 8/18
MTSRM was mainly due to the MT geometry (n = 2)
which produced the desired target torque at a lower
MMF (as discussed in Section 2) and is evident. In
this section, a comprehensive performance comparison
between the two models is drawn based on the results
obtained using 2D electromagnetic static and transient
FEA.

5.1. Magnetic characteristics

5.1.1. Static torque
The static torque curves obtained from electromag-
netic static FEA for the two topologies at varied phase
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Figure 10. Static torque of the 8/18 and 8/10 SRM at varied currents (a) i = 20 A (b) i = 60 A (c) i = 100 A (d) i = 140 A.

Table 3. Parameters of the two optimized SRMs.

Parameter 8/18 MTSRM 8/10 SRM

Rotor outer diameter (Dor) (mm) 278 278
Stack length (Lstk) (mm) 65 65
Air-gap length (g) 0.4 0.4
Rotor yoke thickness (bry) (mm) 23.1 20.5
Rotor pole arc angle (β r) (degree) 7.9 15.1
Stator bore diameter (Dos) (mm) 218.6 215.5
Stator yoke thickness (bsy) (mm) 40.5 35.5
Stator pole arc angle (β < s) (degree) 6.7 14.1
Slot depth in stator pole (hs1) (mm) 8.51 -
Number of turns per phase (N) 42 72
Wire gauge 18 SWG 18 SWG
Number of parallel strands 8 9
Slot fill factor (sf ) 0.59 0.58
Phase resistance (Rph) (Ω) 0.019 0.031

currents are illustrated in Figure 10. In this simula-
tion, the currents are maintained constant between the
unaligned (0 electrical degrees) and aligned positions
(180 electrical degrees). It can be noted that 8/10 SRM
produces higher instantaneous torques for a current of
20 A in comparison to the 8/18 MTSRM. The instan-
taneous torques for 60 A were similar in both designs.
However, at higher currents i.e. 100 A and 140 A, 8/18
MTSRM produced higher instantaneous torques.

The average static torque per revolution is calculated
fromEquation 3. The calculated co-energies (∂W) from
the flux linkage curves of the 8/10 and 8/18 MTSRMs
were 18.8 and 11.65 J respectively (Figure 11). Though
the co-energy represents the mechanical output per

Figure 11. Flux linkage curves of the 8/18 MT and 8/10 SRM.

stroke, average static torque is dependent on the num-
ber of strokes per revolution (m × Nr in Equation 3).
Accordingly, the comparison of average static torque
for both designs at varied phase currents is depicted
(Figure 12). The 8/10 design was observed to produce a
higher average torque for all values of currents until 50
A. However, a reversal in the trend is noted above 50 A.

An assessment of the flux densities in the magnetic
core of both the SRM topologies at the partially over-
lapped rotor positions at 20 A and 140 A can be used
to explain this behaviour (Figure 13). It is known that
adequate saturation of the SRMmagnetic core, particu-
larly the corners of the stator and rotor poles is essential
to enhance the co-energy increment and thereby boost
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Figure 12. Average static torque of the 8/18MTand8/10 SRMs.

its torque production capability [32]. At 20 A, the aver-
age operating flux densities in the stator pole of the 8/10
SRM were higher (∼1.38 T) than the 8/18 MTSRM
(∼0.73 T) (Figure 13(a)). The reduced flux density in
the 8/18 MTSRM was due to lower MMF (42 × 20 =
840AT) which was insufficient to cause an adequate
saturation of the pole corners in contrast to the 8/10
model (72 × 20 = 1440AT). The 8/18 MTSRM is thus
led to operate in the linear region (0.1–1.2 T) of the B-H
curve (Figure 4) resulting in decreased co-energy incre-
ment and the average static torque subsequently owing
to ineffective use of the iron [33]. This can also be deci-
phered in the flux linkage curves wherein the 8/18 MT
and 8/10 SRM begin to saturate at a current of 30 A
and 20 A respectively (Figure 11). Hence, to improve
the saturation level of the 8/18 MTSRM, the number
of turns per phase had been maximized to 42 (to max-
imize the MMF) as compared to 38 and 40 in section
4.1.2, also ensuring that the desired torque-speed enve-
lope is satisfied. At 140 A, 8/10 SRM is under deep
magnetic saturation (Figure 13(b), led to operate in the
ineffective use of the current region in the B-H curve)
in comparison to the 8/18 MT design thereby resulting
in decreased average static torque. The higher average
magnetic flux density in the stator pole of 8/10 SRM
causes a major part of the MMF to be utilized to push
the flux through this segment (due to increased reluc-
tance). This depletes the MMF available to push the
flux through the airgap thereby arresting the increase
of average torque with increasing current [33,34]. On
the other hand, compared to the 8/10 design, the 8/18
MTSRM at 140 A produced a higher average torque
due to lower magnetic saturation levels in the stator
pole (Figure 13(b)), indicating that they can demon-
strate higher peak torque capacity. The characteristic
of MTSRM showing resistance to magnetic saturation
as compared to conventional SRM at higher excitation
currents was reported by Prasad et al. [35] A reduced
magnetic saturation in the 8/18 MTSRM at 140 A indi-
cates that it can be downsized. This can enhance the

Figure 13. Flux density of the 8/18 MT and 8/10 SRM at the
midway position at (a) 20 A and (b) 140 A.

torque density, a very important consideration for IW
motor applications [6].

5.2. Dynamic performance

Though the comparison of the static performance as
elucidated previously can indicate the performance to
a certain extent, it is imperative to assess the dynamic
performance for a comprehensive understanding of
the overall characteristics. Moreover, the static analysis
considers the phase currents to be constant through-
out the half electrical cycle which is not in accord with
the practical scenario. In this segment, the dynamic
performance of the two SRMs is presented.

5.2.1. Efficiency
The efficiency maps along with their respective cop-
per and iron core losses and RMS currents for both the
SRM topologies are depicted in Figures 14–17. It was
observed that both the designs satisfy the torque-speed
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Figure 14. Comparison of efficiencymaps (a) 8/18 MTSRM and
(b) 8/10 SRM.

envelope as demanded by the E-scooter (Figure 2)
within the constraints mentioned in Table 2. The 8/18
MTSRMproduced a higher peak torque at lower speeds
i.e. below 250 rpm, as they showed higher resistance to
magnetic saturation. However, their peak torque output
was lower at higher speeds (>250 rpm) as compared to
the 8/10 SRM. This was mainly due to the higher num-
ber of turns per phase considered (N = 42) for the 8/18
MTSRM which led to an increase in the effective back-
emf (Figure 6). This limited the rise of the RMS phase
current and correspondingly the peak torque above this
speed [29]. 8/18 MTSRM exhibited the best efficiency
i.e. > 90% between 300 - 600 rpm above 15.5 Nm. The
efficiency at the base speed of 200 rpm for the 8/18 SRM
was 81.9% while that of the 8/10 SRM was 72.1%. This
difference was mainly due to the higher peak average
torque (94.1 Nm) and reduced copper loss (363 W) of
the 8/18 MTSRM in comparison to the 8/10 SRM (90.9
Nm, 671W). The phase resistance of the 8/10 SRMwas
higher (Table 3) owing to a higher number of turns per
phase considering the available slot area, which led to a
higher copper loss. Throughout the envelope, the iron
core loss of the 8/18 MTSRM was higher as compared
to 8/10 SRM due to an increased stroke frequency. The
iron core loss did not have a pronounced effect on the
efficiency at the base speed. The 8/18 MTSRM demon-
strated superior efficiency than the 8/10 SRM for higher
torques for speeds lower than 400 rpm primarily owing
to a reduced copper loss.

Figure 15. Comparison of copper loss maps (a) 8/18 MTSRM
and (b) 8/10 SRM.

Figure 16. Comparison of Iron loss maps (a) 8/18 MTSRM and
(b) 8/10 SRM.
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Figure 17. Comparison of RMS current maps (a) 8/18 MTSRM
and (b) 8/10 SRM.

On the other hand, the 8/10 SRM exhibited its max-
imum efficiency i.e. > 90% in the operating region of
350 - 600 rpm and 11–55 Nm. In comparison to the
8/18 MTSRM, the 8/10 SRM exhibited superior effi-
ciencies in the lower torque ranges (< 11 Nm) across
a wide operating speed range. The inferior efficiency of
the 8/18 MTSRM in this torque range can be ascribed
to its reduced output average torque for lower currents
because of inadequate magnetic saturation as discussed
previously in Section 5.1.1 and shown in Figure 13. It is
well known that SRMs perform best in terms of output
power and efficiency when the stator and rotor poles
are sufficiently saturated [33]. An inadequate pole sat-
uration in the 8/18 SRM augmented the RMS current
requirement (Figure 17) to obtain the desired output
average torque, significantly elevating the copper loss.
An increased copper loss coupled with a higher iron
core contributed to a decrease in the efficiency of the
8/18 MTSRM in this operating range. The above dis-
cussion suggests that, within the torque-speed enve-
lope, the 8/10 SRM exhibits favourable efficiencies for
lower torque duty cycles whereas the 8/18 MTSRM is
more efficient for operating points with larger torque
requirements.

Although the 8/18 MTSRM showed higher efficien-
cies than the 8/10 SRM in most regions of the torque-
speed range, a comparison of their drive cycle efficien-
cies is necessary to discern the suitable SRM topology
from an efficiency standpoint for the E-Scooter. The

drive cycle efficiency (ηcycle) can be evaluated by divid-
ing the summation of the output power and the sum-
mation of the input power at each operating point (j) of
the driving cycle, which is expressed as [36];

ηcycle =

K∑
j=1

Pout,j

K∑
j=1

Pout,j + Ploss,j

(13)

where, K indicates the number of operating points,
Pout,i and Ploss,i indicates the output and the total loss
at each operating point j. Accordingly, the ηcycle are cal-
culated by running both the SRM topologies over the
WMTC (Figure 2). A gridded interpolation is carried
out in MATLAB over the operating speed, phase cur-
rent, and losses to determine the losses at each operat-
ing point. The drive cycle efficiency of the 8/18MTSRM
was calculated to be 89.75%while that of 8/10 SRMwas
87.94%. Although the difference in ηcycle is not partic-
ularly substantial, an improvement of just 1.81% can
significantly reduce energy consumption.

5.2.2. Steady-State characteristics of themotors
In this segment, the steady-state characteristics of the
two motors have been compared at 200 and 600 rpm
using transient FEA simulation. The vital performance
parameters of both the motors obtained are enlisted
(Table 4). The torque and current waveforms for both
the SRM configurations with current chopping con-
trol (CCC) at the speed of 200 rpm are depicted in
Figure 18. The chopping current was set to 140 A and
the optimized commutation angles determined previ-
ously (Section 4.1.4) were used for simulation (θon =
0.15°,0.71° and θoff = 6.82°,12.71° mechanical angles
for the 8/18 MT and 8/10 SRM respectively). The con-
duction angles of the two SRMs were set to 120 elec-
trical degrees for a fair comparison. Of the two design
topologies evaluated, the average torque (Tavg) was
higher in the 8/18 MTSRM (∼3.52% higher) due to
a lower saturation which also corroborates the static
performance trends described in Section 5.1. Figure 19
shows the torque and current waveforms with single-
pulse control (SPC) at the maximum speed of 600
rpm (θon = −2.35°,−5° and θoff = 4.32°,7° mechani-
cal angles for the 8/18 MT and 8/10 SRM respectively).
The 8/18 MTSRM produced a lower average torque
owing to an increased effective back-emf as compared
to the 8/10 SRM (delineated in Section 5.2.1). A drop in
the RMS phase current and the corresponding torque,
caused by an increased effective back-emf for the 8/18
MTSRM can be noted (Table 4). The 8/18 MTSRM
exhibited higher power and specific torque at lower
speeds. While, at higher speeds, the 8/10 SRM show-
cased better power and specific torque characteristics.
Further, the 8/18MTSRMdemonstrated a lower torque
ripple (Tripple) (25.46%) as compared to the 8/10 SRM
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Figure 18. Torque and current waveforms operating on CCC at
200 rpm.

Figure 19. Torque and current waveforms operating on SPC at
600 rpm.

Table 4. Comparison of steady-state performance of two SRM
topologies.

8/18 MTSRM 8/10 SRM

Control method CCC SPC CCC SPC

Speed (rpm) 200 600 200 600
Average torque, Tavg (Nm) 94.1 30.42 90.9 34.32
RMS current, Irms (A) 68.69 30.8 71.19 33.21
Torque per ampere (Nm/A) 1.37 0.99 1.27 1.04
Specific torque (Nm/kg) 3.88 1.26 3.69 1.39
Output power (W) 1972 1911 1904 2156
Torque ripple, T ripple (%) 25.46 123.7 41.61 127.1

(41.61%). The decreased torque ripple exhibited by the
8/18 MTSRM is mainly due to the increased number
of strokes per revolution which reduces the torque dips
during commutation between the phases (also evident
from instantaneous torque profiles in Figures 18 and
19).

For the E-scooter application, the 8/18 MTSRM was
chosen as it offered an optimum balance between start-
ing torque (higher peak torque at lower speeds), drive
cycle efficiency and torque ripple. Although its peak
torque output is lower at higher speeds (>250 rpm)
as compared to the 8/10 SRM, it satisfied the desired
torque-speed envelope as demanded by the E-scooter.

Figure 20. 2D FEA thermal model of the 8/18 MTSRM.

5.3. Thermal analysis

The thermal capability is the second most vital con-
straint following their electromagnetic performance.
The thermal performance of the chosen 8/18 MTSRM
configuration has been determined by using a 2D FEA
thermal model built in ALTAIR FLUX [28] at the base
speed (200 rpm) for the maximum operating current.
The stator slot in the FEA model comprises of slot
liners, impregnation, and copper wire along with its
insulation (Figure 20). The heat sources namely the
copper loss (being dominant) and iron loss obtained
from the transient FEA carried out previously are the
load inputs for this simulation. The initial motor tem-
perature is fixed at 40°C. The temperature constraint of
thewindings is set to be 120°C (“Class E”wire is consid-
ered in this analysis). The simulation result presented
in Figure 21 shows the time required for the windings
of the chosen 8/18 MTSRM to attain the peak temper-
ature of 120°C at the base speed. Under such highly
loaded conditions, the peak temperatures of the wind-
ings in both motors can remain below 120°C for about
five minutes which is quite adequate [14]. Consider-
ing this, the thermal performance of the 8/18 MTSRM
can be concluded to be satisfactory. The temperature
field model of the 8/18 MTSRMs after five minutes of
running at 200 rpm at the maximum phase current is
shown in Figure 22. It can be observed that the tem-
perature of the windings was the highest among all the
machine segments.

6. Experimental validation of the FEAmodel

For experimental validation of the FEA model used in
this study, a downsized prototype of the 8/18 MTSRM
(Figure 23) wasmanufactured, and its specifications are
listed in Table 5. 3-D FLUX analysis of the design is car-
ried out, wherein winding end-turns and the axial field
fringing effects are considered. The 3D-FEA model for
the aligned position is depicted in Figure 24.

The flux linkage characteristics of the 8/18 MTSRM
prototype were experimentally validated using the
methodology described by Song et al. [37]. The exper-
imental platform depicted in Figure 25. The rotor was
clamped at the unaligned and the aligned position using
a mechanical locking system and a current pulse was
injected into one of the phases at different current
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Figure 21. Temperature rise of the windings for peak torque
condition at 200 rpm.

Figure 22. Temperature distribution of the 8/18 MTSRM after
five minutes of running at 200 rpm.

Figure 23. (a) MT Stator (b) MT Stator with the phase coils and
rotor (c) Assembled 8/18 MTSRM prototype.

Figure 24. 3D-FEA model of the downsized 8/18 MTSRM.

Table 5. Parameters of the 8/18 MTSRM prototype.

Parameter 8/18 MTSRM

Rotor outer diameter (Dor) (mm) 180
Stack length (Lstk) (mm) 25
Rotor yoke thickness (bry) (mm) 15
Rotor pole arc angle (β r) (degree) 7.8
Stator bore diameter (Dos) (mm) 137
Stator yoke thickness (bsy) (mm) 19
Stator pole arc angle (βs) (degree) 7.0
Slot depth in stator pole (hs1) (mm) 5.5
Shaft diameter (Dsh) (mm) 30
Air-gap length (g) (mm) 0.5
Number of turns per phase (N) 80
Core material M270_35A

amplitudes using a DC power supply. The position-
ing of the rotor at the unaligned and aligned position
was incorporated using a stepper motor mechanically
coupled to the SRM shaft. The precision of this pro-
cess was ensured by measuring the angular position
of the rotor by employing an absolute rotary encoder
mounted on the stepper motor shaft and connected to
NI-9401 DAQ. For each rotor position and the phase
current, the rising current and the corresponding phase
voltage (Figure 26(a,b)) were measured using a current
probe (Tektronix A622) connected to NI-9215 and NI-
9227 voltage DAQs respectively. The flux linkage (ψ)
was computed using the expression [26];

ψ(θ , I) =
∫ t1

0
(V − iR); θ is fixed (14)

where, V corresponds to instantaneous voltage across
the phase winding, t1 corresponds to the time instant
when the magnitude of current reaches the value i and
R is the phase resistance.

Figure 26(c) shows the comparison between the 3D
FEA simulated andmeasured phase flux linkages of the
8/18 MTSRM at the unaligned and the aligned rotor
positions. Themeasured flux linkages at these positions
are marginally lesser than that of 3D FEA primarily
because of manufacturing deviations of the prototype
motor. However, the percentage error between the 3D-
FEA simulation and the measured flux linkages is less
than 5%, thus indicating the correctness of the FEA
model.
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Figure 25. Experimental platform for determining the flux link-
age of the 8/18 MTSRM prototype.

Figure 26. Measured current and voltage at (a) Unaligned, (b)
Aligned position and (c) 3D FEA simulation and measured flux
linkages for the 8/18 MTSRM.

7. Conclusion

In this paper, a comprehensive electromagnetic per-
formance comparison has been carried out between a
novel four-phase 8/18 MT and the conventional 8/10
SRMs within the same geometrical and electrical con-
straints across the full torque-speed range. Both the
SRM designs were compared based on magnetic char-
acteristics, efficiency and steady-state operation. For
a fair comparison, the design variables of the SRMs
were optimized using multi-objective PSO. Further,
to accurately optimize the commutation angles across
the torque-speed plane, a computationally efficient
SRM drive model was employed. Based on the results
obtained, the following conclusions can be drawn;

• Thenumber of turns per phase required to satisfy the
torque-speed envelope for the 8/18MTSRMwas sig-
nificantly lesser compared to the 8/10 SRM (71.45%
lesser). A reduction in the number of turns per phase
indicated that the 8/18 MTSRM required a lower
MMF to produce the target torque. These findings
corroborated the concept of MT topology.

• Owing to a reduced MMF, the average static torque
of the 8/18 MTSRM in comparison to the 8/10
SRM was lower for phase currents below 50 A
majorly due to inadequate magnetic saturation of
the pole corners. Above 50 A, a reversal in the
trendswas observed. At themaximumphase current
(140 A), 8/18 MTSRM exhibited a higher average
static torque (11.21% higher) which was attributed
to lower magnetic saturation levels in the stator pole
as compared to the 8/10 SRM, thus indicating higher
peak torque capacities. This indicates that the pro-
posed design can be downsized to boost its torque
density, a design consideration paramount for an IW
motor.

• Within the geometrical and electrical constraints,
both the proposed 8/18 MT and the conven-
tional 8/10 SRMs satisfied the torque-speed envelope
demanded by the E-scooter application. Since the
8/18 MTSRM was highly resistant to magnetic sat-
uration, the topology produced a higher torque at
lower speeds (below the base speed). Above the base
speed, their torque output was lower owing to a
higher effective back-emf.

• The 8/18 MTSRM exhibited superior efficiencies
at operating points with higher torque duty cycles
while the 8/10 SRM demonstrated its highest oper-
ating efficiencies in the lower torque range. 8/18
MTSRM illustrated a greater drive cycle-oriented
efficiency (∼1.81% higher) than the 8/10 SRM.

• Results from the steady-state analysis indicated that
the 8/18 MTSRM exhibited higher average torque
(3.52% higher) and specific torque (5.15% higher) at
the base speed.While at the maximum speed, it pro-
duced a lower average torque (7.17% lower) and spe-
cific torque (5.18% lower) due to a higher effective
back-emf. The above results indicate that the 8/18
MTSRM is suitable for greater torque drive cycles
and lower speeds while the 8/10 SRM is favoured
for lowered torque requirements and higher speeds.
Further, the 8/18 MTSRM demonstrated a lower
torque ripple percentage (38.8% lower) at the base
speed.

• For the E-scooter application, the 8/18 MTSRMwas
chosen as it provided an optimum balance between
peak torque capacity, drive cycle efficiency, and
torque ripple along with acceptable thermal perfor-
mance.

• Further, the FEA model used in this study is vali-
dated experimentally on a downsized 8/18 MTSRM
prototype with less than 5% error.
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• The obtained results indicate that the 8/18 MTSRM
is a novel solution as it exhibited a higher peak torque
capacity, torque density and superior efficiencies in
most operating regions with a reduced torque rip-
ple. This makes it a strong contender for in-wheel
applications in the future.
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