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Abstract

Three-phase Induction Motors (TPIM) are prevalent in industrial applications due to
their numerous advantages. However, TPIM has comparatively lower efficiency than
modern motor technologies like permanent magnet synchronous motor(PMSM),
synchronous reluctance motor(SynRM), or switched reluctance motor(SRM). The
expensive rare earth material and the inability of line starting operation discourage
the replacement of TPIM with these modern energy-efficient motors. This research
proposes a novel conversion of TPIM into Line Start SynRM (LS-SynRM) to cause a
cost-effective and compatible performance solution. The proposed design
modifications are carried out on the existing 0.5HP TPIM rotor and analyzed using
finite element analysis (FEA) software. The parametric analysis determines optimum
barrier parameters such as barrier end width, barrier position, barrier width, and rib
width. The considerable effect of barrier dimensions on motor performance is
evident from the analysis.
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1. Introduction

The share of electricity utilization by industrial drives and motors is nearly 40% of world
electrical power generation. Almost 70% of industrial power consumption is due to electric
motors [Anibal T. de Almeida et al.2014] used in the industries. Climate change around the
globe urges new environment-friendly, energy-efficient motor technologies.

The three-phase induction motor (TPIM) technology has predominantly been focused so far
due to its simple structure, low cost, and low maintenance requirement. However, a rotor
cage claims power losses (about 20% of total losses) which leads to a temperature rise of the
rotor [Anibal T. de Almeida et al.2014]. Therefore, to deal with the global warming challenges,
energy-efficient motors such as Permanent Magnet Synchronous Motors (PMSM), Switched
Reluctance Motors (SRM), and Synchronous Reluctance Motors (SynRM) are recommended.
The addition of active material in A. G. Yetgin et al.2014 and Carlos Verucch et al. 2017, such
as slits in the stator and rotor structure and magnetic wedges in the slots, improves the
efficiency of the induction motor up to 1.5%. However, it hampers the starting performance.
Using nanomaterial in the winding significantly reduces the joules losses [Lieutenant J.,
Ganesan, et al. 2013] at the cost of increased capital. Some research studies suggest optimized
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designs of the motor structures to avoid the need for active materials and advanced materials
that lead to higher costs [Pritish Kumar et al. 2020]. Aluminum cast cage rotors are light and
economical compared with die-casted copper cage rotors. However, the copper cage rotors
perform better. It encourages the machine makers to opt for copper cage rotors for higher-
end applications [Mallard V et al. 2019 and Zhang, Q et al. 2018].

Although there have been numerous attempts in the literature to address efficiency
improvements of induction motors, modern motor technologies like PMSMs, SRMs, and
SynRMs are also under consideration by many research studies. The parallel research with
these new technologies mainly aims to replace inefficient three-phase induction motors. The
efficient operation, high power, torque density, and broader operating speed range make
PMSMs popular [Kong Y et al. 2020]. However, the volatile market price added with the need
for high-density permanent magnets (PM) and its demagnetization issues diverted the
attention of researchers towards PM-free motors [Pellegrino et al. 2016]. SRMs and SynRMs
avoid the rotor cage bars and PMs. They have many superior features like high efficiency,
simple and rugged motor structure, and low cost.

Despite these features, the line starting ability of these motors has been a serious concern.
These motors demand an expensive and sophisticated converter. The direct online operation
of SRM with a simple rectifier circuit results in considerable performance degradation [K.
Vijayakumar et al.2008 and Manuel Pereira et al. 2019 and Yasuei Yoneoka et al. 2011].

The study by Infineon, a motor manufacturer [Cimens et al. 2019], compared traditional IMs
with SynRM to claim SynRM as an energy-efficient motor. The original research in [J. K. Kostko.
1923] proposes novel rotor geometry for enhanced performance. During the last two decades,
the researchers have been focusing line starting ability of SynRM to make it more versatile like
IMs. The effect of barrier and its shape, insertion of small PM sections in the barrier, on the
performance of Line Start SynRM (LS-SynRM), has been addressed in [Samad et al. 2015]. The
rotor parameters optimization has been proposed in [Alessandro et al. 2019] to improve line
starting ability and steady-state performance. The study proposed in [Hyunwoo Kim et al.
2020] uses a hybrid combination of permanent magnets and SynRM to boost performance.
These types of motors are labeled PM-assisted SynRM. Even though the optimum
dimensioning of barrier and PMs has not been carried out by [Hyunwoo et al. 2020], the PM-
assisted LS-SynRM has shown efficiency improvements. In [Nezih Gokhan et al. 2019], the
designs and prototypes of three differently rated IMs compared with compatible LS-SynRMs.
Further studies on LS-SynRM reported in Boroujeni et al. 2011, and Liu et al. 2017 suggested
LS-SynRM as a better substitute for induction motor (IM) considering its operational
advantages.

However, in the pursuit of better performance by LS-SynRM, a new rotor is needed that
demands an assembly line set up for rotor manufacturing. It leads to high capital
requirements. Hence this research proposes a viable and inexpensive solution to the problem.
It suggests a novel approach to existing TPIM rotor structure modification. It alters TPIM to
LS-SynRM, which remains overlooked in the literature. This remodeling of the rotor exhibits
negligible cage losses at synchronism that leads to better efficiency. The authors in [Mandar
et al. 2021] presented a similar analysis for single-phase LS-SynRM.

The governing equations of the three-phase line start SynRM given in Section 2 of the paper.
Section 3 describes the proposed design procedure, and the simulation model of the three-
phase line start SynRM. Section 4 addresses the benchmark three-phase 0.5HP induction
motor simulation in Ansys Maxwell™ for rated load condition. Section 5 discusses the FE-based
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sensitivity analysis results of rotor structures for different parameters. Conclusions are
reported in Section 6.

2. Three Phase Line Start Synchronous Reluctance Motor

In line start SynRM, the cage develops the starting torque and synchronism achieved by the
reluctance torque caused due to saliency created by cut-out and barrier [M. Gamba et al.
2015].

Quadrature axis (g-axis)

b- phase axis

Direct axis (d-axiz)

a- phase axis

Stator winding

c- phase axis

Figure 1: Model of Three phase LS-SynRM
The equations concerning (Figure 1) in rotor reference frame for three phase line start
synchronous reluctance motor are given by (1)-(10) [Nicola Bianchi. 2005], where, vd, vq, id,
ig and ¥d, Yq are the d- axis and g-axis voltages, currents and flux linkages respectively. Rs is
the stator resistance per phase and w is the electrical speed. Voltage and current equations in
dg- axis are represented by equations (1)-(4).

vg = Rsig + dcl/;td +owg (1)
vq = Rsig + dcl/l/tq +oyg (2)
ig= %[iacosé? +ipcos(6 - 27”) +iccos(0 — 47”)} (3)
iq = _Tz[iasinﬁ +ipsin(6 - 27”) +icsin(6 — 47”)} (@)

where, ia, ib, and ic are stator currents of phase a, phase b, and phase c, respectively. 8 is the
electrical angle between showing the position of the d-axis with respect to the a- phase axis.

The dg- axis flux linkages are demonstrated by equations (5) and (6)
vq = %[wacosé +ypcos(0 - ZT”) +wecos(0 - 47”)] (5)

Ve = %Z[Wasme +ypsin(@0— 25 yesin(0 - A2 } (6)

After computing flux linkages and currents, the direct and quadrature axis inductances are
calculated by equations (7) and (8).
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_Ya

Lg= p (7)
_Yq

Lq = o» (8)

The electromagnetic torque developed by line start SynRM is expressed by following
equations.
Te =Tcage + Ty (9)

mp Ly mp( )
I,=————L i, +——\L,—-L,)i;i 10
€=, ma Ty, \Md T )dy (10)

where, Tcage and Trel are cage and reluctance torque, respectively, m is the number of
phases, where the value of mis 3, p is the number of poles, Lm and Lr are the magnetizing and
rotor inductances, respectively.

The mechanical power developed is calculated as equation (11), where w is the angular speed
in rad/sec.

Frnech =Te X @ (11)

Total losses are determined by adding core losses (Pcore), copper losses (Pcu), and extra
losses. Extra losses are friction windage and stray losses. Friction windage losses are taken as
1.2% of output power, and stray losses are considered to be 1% [Boldea. 2020].

The electrical power input is then determined as

P

Pelect =bB oent F.ore + By + Extra Loss (12)

Finally steady state efficiency, n is calculated as equation (13)

_ Bmech

= 13
Felect (13)

3. Proposed Design Procedure for Three Phase LS-SynRM
This section describes detailed design procedures and design parameters under consideration.

3.1. Design Method

The proposed converted three-phase LS-SynRM must conform to the two significant tests. It
must have line starting and synchronization at full load, in addition to the high efficiency at
rated load. For proposed LS-SynRM stator structure and winding are kept the same as that of
the three-phase induction motor. The structural modifications in cut-out and barrier are
carried in the rotor only. The cut-out and barrier affect the reluctance torque developed due
to saliency caused by the same. However, it has also been determined in Mandar et al. 2021
that mere cut-out on the rotor does not lead to significant performance improvement. Hence,
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the work focuses on barrier design, keeping the same cut-out dimension. A simple line angled
barrier is introduced in the rotor and analyzed. Barrier parameters such as barrier end width
(Bew), barrier position (Bpos), barrier width (Bw) and, rib width (Rw) are taken for parametric
sensitivity analysis and described in (Table 1). A Total of 25 models are created and analyzed
for the performance of the proposed LS-SynRM.

bN:rr:il;i: of Barrier end width, Bew | Position of barrier, Byos | Width of barrier, Bw Eb width,
0
3mm 12mm 2mm 0.25mm
One barrier | 2.5mm 14mm 3mm 0.5mm
2mm 15mm 4mm 0.75mm
1.5mm 16mm Smm Imm
bN;lrrrril:resr of | Barrier end width, Bew Position of barrier, Bpos | Width of barrier, Bw E;l; width,
0
3mm 12mm 2mm 0.25mm
One barrier | 2.5mm 14mm 3mm 0.5mm
2mm 15mm 4mm 0.75mm
1.5mm 16mm Smm Imm

Table 1: Design parameters under consideration

Figure 2: Rotor structure with barrier parameters

The proposed modified rotor is as shown in (Figure 2). Also, the summarized design procedure
in the chart is described in (Figure 5).

3.2. Simulation Model

Magnetic equivalent circuit analysis and finite element analysis (FEA)[Wang X et al. 2006 and
Lee et al. 2009] are the two general approaches for designing electromagnetic components.
The magnetic equivalent circuit analysis approach uses the modeling of the magnetic circuit
path with ampere-turns. Later, the network theory techniques are applied to solve the circuit.
The rotor structure of SynRM is complex to analyze with the magnetic circuit analysis
technique. In such cases, the finite element analysis approach is suitable for design [Lee B et
al. 2012 and Li N et al. 2019]. The FEA accurately solves complex electromagnetic structures.
It can also take into account time-varying fields and non-homogeneous materials. Also, flux
distribution affected by structural modifications and material is taken into account precisely
by FEA.

U.Porto Journal of Engineering, 9:1 (2023) 104-121

108



Design and Performance Analysis of Three Phase Line Start Synchronous Reluctance Motor Using Finite Element Analysis
Mandar Chaudhari, Anandita Chowdhury

FEA divides the domain into finite elements and solves it by Maxwells' equations. It considers
triangle elements for 2D analysis and tetrahedron elements for 3D analysis, as shown in
(Figure 3a) and (Figure 3b), called mesh. The accuracy of the solution is highly dependent on
the number of meshes in the region. The analysis region has constrained by the set boundaries
for the definite result [Nicola Bianchi. 2005].

~/

a) Two dimensional Finite element-Triangle b) Three dimensional finite element-Tetrahedron
Figure 3: Finite element for 2D and 3D

FEA follows, in general, the step by step procedure to solve the electromagnetic field
problems-

. Geometrical modeling

. Assigning material properties to each part of the model

. Meshing

. Solver setup setting

1
2
3
4. Assigning boundary conditions
5
6. Analysis

7. Solution

The geometrical model of the three-phase induction motor was created in ANSYS Maxwell FE
software and then assigned with the materials. The magnetic cores and cage conductors
respectively use JFE_Steel 50JN1000 and aluminum. For mesh generation, it uses length-
based mesh and adaptive meshing techniques. The mesh models for TPIM and proposed LS-
SynRM are shown in (Figure 4a) and (Figure 44b), respectively. The number of mesh for TPIM

is 4024 and for LS-SynRM is 4196.

a) TPIM b) Three phase LS-SynRM
Figure 4: Mesh Models
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Figure 5: Systematic design procedure for three phase LS-SynRM
Maxwell's model of the motors is excited with an external coupled circuit. The supply voltage
to the motor kept three-phase 415V, and the time step given to analyze setup is 20ms. A
software model of TPIM analyzes motor geometry and excitation for rated load conditions.
Further, the cutout and barrier were introduced and analyzed for the rated load. The analysis
accounts for synchronizing ability, efficiency, and torque. However, the non-compliance of the
results repeats the design procedure.

4. Benchmark Motor Performance Analysis
A 0.5Hp, 415V, 50 Hz, three induction motor with geometrical parameters given in Table 2 is
taken as a benchmark motor and analyzed.

Parameter Dimension
Stator outer diameter 105mm
Bore Diameter 63mm
Stack Length 75mm
Air gap length 0.35mm
Rotor outside diameter 62.65mm
Number of stator slots 24
Number of rotor slots 18
Number of poles 4

Table 2: Three phase induction motor geometrical parameters
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The motor rotor is aluminum die-casted with stainless steel shaft. (Figure 6) shows the
geometry of the three-phase induction motor. The stator winding resistance per phase is
13.64 ohm. The moment of inertia was 0.00103 kg- m2.

Figure 6: Ansys Maxwell geometry of three phase induction motor
Geometrical dimensions and winding distribution data are taken from the practical motor and
simulated in FEM software. Transient 2D simulation results of a three-phase induction motor
with a rated load are as shown in (Figure 7a) to (Figure 7d). Core losses, stator copper losses,
and rotor copper losses, respectively, were determined as 11.22W, 51.37W, and 23.8W.
Additional losses are 8.5W. The output mechanical power developed is 383.73W with a rated
torque of 2.6N-m and a speed of 1410rpm. The calculated full load efficiency of TPIM is 80.1%.

12.00 1500.00
10.00 - 1250.00
8.00 1000.00
E 6.00 E 75000
= ] = R
2 ] .
S 4.00 % 500.00
= ] & ]
2.00 250.00
0.00 0.00 -
20 44— ——— 250.00
0.00 50.00 100.00 150.00 200.00 0.00 5000 10000 15000 20000
Time [ms] Time [ms]
a) Torque b) Speed
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Figure 7: Performance results of TPIM

5. Results And Discussions

The three-phase line start synchronous reluctance motor has been analyzed to investigate the
performance through barrier design. The proposed design method analyzes the effect of
barrier parameters like barrier position, width, end width, and rib width. The analysis uses
barrier variations to examine synchronizing ability, efficiency, and torque performance.

5.1. Parametric Analysis on Barrier End-width (Bew)

The study investigates optimized barrier dimensions through parametric analysis. The barrier
end widths have varied from a maximum of 3mm to 1.5mm in steps of 0.5mm.

Bew | TOrque | Pmech Pelect Pcu Pcore | Extra loss | Efficiency La/L
(mm) | (Nm) | (W) (W) (W) | (W) (W) (%) )
3.00 2.53 | 398.75 | 705.16 | 274.50 | 23.14 8.77 56.55 2.46
2.50 2.53 |394.64 | 482.72 | 66.00 | 13.40 8.68 81.75 1.68
2.00 2.53 |397.78 | 492.72 | 72.38 | 13.81 8.75 80.73 1.70
1.50 2.53 |396.43 (494.88 | 75.69 | 14.04 8.72 80.11 1.71

Table 3: Motor performance of variations in barrier end width
Table 3 describes the performance with a barrier position of 14mm and a barrier width of
3mm. It shows inferior results for the 3mm end width. However, the 2.5mm end width
performance results in the highest efficiency of 81.75% among all the designated variations.
It has also revealed that a further decrease in end width from 2.5mm exhibits poor
performance due to increased losses. Moreover, the end width does not affect the developed
torque of the motor.

The torque ripples for 2.5mm end width has been 11% and 19.6% less than 2mm and 1.5mm,
respectively. The saliency ratio in terms of direct axis and quadrature axis inductance has a
marginal effect for variations between 2.5mm to 1.5mm end width. However, identical barrier
width and end width cause the highest saliency ratio. It is because the direct axis part of the
rotor flux, in this case, is utilized adequately. Also, it is clear from (Figure 8a) and (Figure 8b)
that the overcrowding of flux at 3mm end width leads to non-uniform flux distribution
compared with 2.5mm.
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Figure 8: Flux density plots

5.2. Parametric Analysis on Rotor Barrier Position and Barrier Width

Different barrier positions and widths affect synchronizing ability and saliency ratio, and
(Table 4) mentions the results. The synchronization capability of the investigated models for
four different barrier widths at each of the prescribed barrier positions reports that nine
models successfully synchronized among the sixteen models. However, none of the models at
barrier position 12mm successfully synchronized. Moreover, the barrier position of 16mm at
a width of 3mm leads to the highest saliency.

U.Porto Journal of Engineering, 9:1 (2023) 104-121 113



Design and Performance Analysis of Three Phase Line Start Synchronous Reluctance Motor Using Finite Element Analysis

Mandar Chaudhari, Anandita Chowdhury

Position Width

h izati Ld/L
(mm) (mm) Synchronization d/Lq
2.00 NO 2.51
12.00 3.00 No 2.22
4.00 No 2.70
5.00 No 2.39
2.00 No 2.04
3.00 Yes 1.69

14.00
4.00 No 2.46
5.00 No 2.44
2.00 Yes 2.41
3.00 Yes 1.70

15.00
4.00 Yes 1.73
5.00 Yes 1.78
2.00 Yes 1.85
3.00 Yes 1.86

16.00
4.00 Yes 1.79
5.00 Yes 1.63

Table 4: Effect of barrier position and width on the synchronizing ability and
saliency ratio

The successfully synchronized nine models have further taken up for the performance
analysis. It has been evident from the results, as given in (Table 5), that 14mm barrier position
and 3mm barrier width result in the highest efficiency. Also, (Table 6) reports a detailed
analysis of the total losses. Shifting the barrier away from the center of the shaft results in
poor performance due to increased losses. It has also been observed that copper losses are
the major contributor to the total losses. It is due to saturation in the rotor and subsequent
increase in the current. Also, the reduced iron material in the proposed LS-SynRM rotor may
increase the reactive power required to magnetize the LS-SynRM. However, the core losses at
steady state are also affected by the barrier position and width, shown in (Figure 9a) to (Figure
9¢). The core losses and the core loss harmonics increase as the barrier position shifts away

from the center.

Position | Width | Torque | Pmech Peect | Total Loss | Efficiency
(mm) | (mm) | (Nm) (W) (W) (W) (%)
14.00 3.00 2.53 | 394.64 | 482.72 88.08 81.75
2.00 2.51 | 394.25 | 498.77 104.52 79.04
3.00 2.52 | 395.43 | 489.23 93.80 80.83
1500 4.00 2.53 | 397.46 | 491.11 93.65 80.93
5.00 2.52 | 394.89 | 495.22 100.33 79.74
2.00 2.52 | 396.23 | 500.78 104.55 79.12
3.00 2.52 | 396.01 | 495.50 99.49 79.92
16.00 4.00 2.52 | 396.55 | 499.57 103.02 79.38
5.00 2.52 | 395.30 | 515.89 120.59 76.62

Table 5: Motor performance of synchronized models
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Position Width Pcore Pcore-s Pcore-r I Pcu Extra loss
(mm) (mm) (W) (W) (W) (A) (W) (W)
14.00 3.00 13.40 11.18 2.23 1.27 66.00 8.68
2.00 14.49 12.03 2.46 1.41 81.35 8.67
3.00 13.80 11.50 2.30 1.32 71.30 8.70
1500 4.00 13.61 11.35 2.26 1.32 71.30 8.74
5.00 13.71 11.39 2.32 1.38 77.93 8.69
2.00 14.48 12.04 2.44 141 81.35 8.72
3.00 13.98 11.64 2.34 1.37 76.80 8.71
16.00 4.00 14.09 11.71 2.38 1.40 80.20 8.72
5.00 14.85 12.28 2.57 1.54 97.05 8.70
Table 6: Losses of synchronized models
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c) Barrier position 16mm and width 3mm
Figure 9: Core loss at steady-state for different barrier positions and barrier widths
The developed torque is found consistent for all the synchronized models. However, the stator
mmf harmonics and rotor structure interaction result in torque ripples. The 17% lesser ripples
for 14mm barrier position and 3mm width than that for 15mm and 16mm barrier positions at
the width of 3mm were observed. It is also observed that as barrier width increases, the
torque ripple reduces. Approximately, 40% reduction in torque ripple was noted as the width
changed from 2mm to 5mm for barrier positions of 15mm and 16mm.

Considering the significance of the reluctance torque, the variation in barrier positions and
widths has been investigated. (Figure 10) describes the reluctance torque developed by the
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motor for different barrier positions. The barrier position of 16mm results in the highest
reluctance torque (Figure 10c). It is approximately 20% more than that at 14mm and 15mm.
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Figure 10: Reluctance torque
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d) Barrier position 14mm and width 4mm

As observed from (Figure 10) and (Figure 11), the rotor attains synchronism in 170ms, 150ms,
and 130ms for barrier positions of 14mm, 15mm, and 16mm, respectively. It indicates that
16mm barrier position yields better induction and reluctance torque. The model with a barrier
position of 14mm and a width of 4mm does not synchronize due to insufficient reluctance
torque, seen in (Figure 11d).
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a) Barrier position 14mm and width 3mm
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Figure 11: Speed plots for various barrier positions

The analysis of synchronizing ability, developed torque, and torque ripples are further taken
forward to study the significant performance index as efficiency. The efficiency at various
loading conditions for the barrier position of 14mm, 15mm, and 16mm for the width of 3mm
was analyzed. (Figure 12) shows efficiency at different loading conditions, and the highest
efficiency of 81.91 % was recorded at 75% of full load among all the investigated models. At
75% loading, the model with a 14mm barrier position is 1.01% and 2.08% more efficient than
that barrier position of 15mm and 16mm, respectively. Speed plots for different loading
conditions, as shown in (Figure 13), delivered maximum starting transients at no-load;
however, it decreases as the load torque increases.
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Figure 12: Efficiency at various load condition
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Figure 13: Speed at various load condition for barrier position of 14mm

5.3. Parametric Analysis on rib width

Therib is the iron part in the middle of the barrier, as seen in Figure 2. The larger the rib width
more is the mechanical strength of the rotor. To investigate the effect of variation of rib width
on the performance, rib width was varied from Omm to 1.00mm in steps of 0.25mm as
illustrated in (Table 7), keeping barrier position and width at 14mm and 3mm, respectively.
The rib width of 0Omm and 0.25mm motor does not yield synchronism. However, for the width
of 0.5mm, and more, the efficiency decreases. Rib width of 0.5mm records the highest
efficiency. The efficiency dropped by 1.34% for the increase in the rib width from 0.5mm
to1.0mm. It is due to an 8% increase in copper losses and 3% in core losses. The increase in
the rib width, however, affects the torque ripples. The torque ripple in the case of rib width
of 0.75mm and 1mm is 3.84% and 11.53% more, respectively, compared to 0.5mm rib width.

Rib Width Pmech Pelect Pcore-s | Pcore-r I Pcu Extra loss TI::Z:I Efficiency

(mm) (W) (W) (W) | (W) | (A) | (W) (W) (W) (%)

0.00 Could Not Synchronize

0.25
11.1 1.2 66.0

0.50 401.21 491.61 8 2.23 7 0 8.68 88.08 81.75
114 1.3 71.3

0.75 397.98 491.74 2 2.29 2 0 8.76 93.76 80.93
11.5 1.3 73.4

1.00 397.50 493.62 7 2.33 4 8 8.75 96.12 80.53

Table 7: The effect of rib width on the performance

5.4. Material Consumption

(Table 8) presents the comparison of materials in p.u for the TPIM and the proposed LS-
SynRM. The proposed conversion to LS-SynRM claims 18% less active material than
conventional TPIM. It will lead to an 18% reduction in the weight of the motor. However, the
barrier in the rotor will also act as a ventilating duct resulting in better cooling of the rotor.
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Material TPIM LS-SynRM
Magnetic Material (pu) 0.87 0.72
Conducting material(pu) 0.13 0.1
Total(pu) 1 0.82

Table 8: Consumption of material in p.u.

6. Conclusions

The research work presented in the paper addresses a viable and cost-effective design method
for realizing LS-SynRM from the conventional TPIM. The performed analysis results in terms
of barrier end width, barrier position, width, and rib width showcased the improved
performance of LS-SynRM.

The parametric analysis taking into account barrier end width demonstrated that a model with
an end width of 2.5mm has better efficiency and torque profile than the other designated
models. It has been noted that the further decrease in the end width (below 2.5mm) leads to
the rise in power losses and inferior performance. However, the end width variation does not
affect the developed torque.

Further analysis of barrier position and its width variation demonstrated a significant influence
on the overall motor performance. The investigations among the entire successfully
synchronized model have outlined the optimum barrier position of 144mm from the center of
the shaft with a barrier width of 3mm. The maximum efficiency noted, in this case, was 81.75
% which is 2.5 % higher than the average efficiency of the other analyzed models. However,
the ripples in the torque were found 17% less in this case, compared to the other barrier
positions. Moreover, it was seen that shifting the barrier away from the center of the shaft
results in increased losses. The increase in barrier width reduces ripples at the cost of
increased line current (IL) and subsequent losses. The time required to attain steady-state
operation of the motor also depends on the barrier position. Farther the barrier from the shaft
lesser the time required for successful synchronism.

The motor performance is also a function of rib width. The analysis of variation in the rib width
has shown that the absence of rib width results in the non-synchronous operation of the
motor. However, 0.5mm rib width earmarked maximum performance improvements. The
proposed conversion of TPIM to LS-SynRM has proven 2% higher efficiency with reduced
material requirements. However, introducing the barriers may also provide better cooling of
the rotor. The proposed converted three-phase LS-SynRM can be suitable in low-power
constant speed applications.
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