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Abstract: The interaction of spatial harmonics of electrical loading and the rotor anisotropy causes torque ripple in line start
synchronous reluctance motor (a type of synchronous motor). A novel design technique for torque ripple reduction is presented
in this study. Initially, synchronous reluctance motor filled with conducting material inside the flux barrier (called cage barrier) is
optimised using a genetic algorithm (GA) technique. The optimised design is further verified using finite element analysis (FEA)
and tested. To reduce the ripple content, the rotor has been introduced with an additional d-axis cage. Six rotor structures with
an additional cage have been designed and optimised using FEA. The numerical analysis results are compared for all rotor
structures. The optimised rotor structures with and without d-axis cage are fabricated and tested. Experimental results reveal
that the fabricated rotor with an additional cage has reduced torque ripple and high efficiency. Finally, the acoustics test is
carried out for both the fabricated structures and results are compared.
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Introduction

Recently, line start synchronous reluctance motor (LSSRelM) filled
with conducting material inside flux barrier (called cage barrier)
seems to be a good alternative for fixed speed applications such as
fans, pumps, compressors etc. [1, 2]. LSSRelM has high torque
density, no rotor current losses, low rotor inertia and is costeffective [3, 4]. In spite of a few favourable things, low power
factor and high contents of torque ripple are the notable drawbacks
[5]. The torque ripple developed by the machine is due to the
interaction between the stator slots, and the rotor slots and its
magnetic reaction to the stator magneto-motive force (MMF), that
is the leakage flux, which is not synchronous, make the rotor to
oscillate [6].
Several techniques have been made to minimise torque ripples
in synchronous reluctance motor. The skewing of the rotor by a
stator slot pitch reduces the slot torque harmonic, but it also
reduces the average torque [7, 8]. It can also be diminished by
appropriate selection of flux barriers count with respect to the
stator slots count. In this event, the flux barrier edges are uniformly
spread along the air gap (equally to the stator slot distribution) [9].
The movement of the relative position relation between stator
teeth and the barrier edges of each flux barrier reduces torque
ripple [10]. When the edge of a flux barrier (M1) transfers near to
the stator open slot, its reverse side (M2) transfers far off from
another open slot of the stator (refer Fig. 1a). In this instance, a
negative torque ripple at the end of the M2 and at the same time, a
positive torque ripple at the edge of the M1 is produced. These
positive and negative torque ripples will terminate each other.

Fig. 1 LSSRelM

(a) Rotor and stator slot pitches, (b) Additional cage in d-axis
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Therefore, the total amount of torque pulsation, produced by the
contact of the stator slot and the rotor can be diminished [11].
In this paper, the proposed method to reduce torque ripple in
LSSRelM is explained in Section 2. Section 3 describes the
modelling of the proposed LSSRelM. Section 4 discusses the
geometrical parameters of LSSRelM. Section 5 deals with
optimisation using a genetic algorithm (GA) and also discusses the
features of each proposed rotor structures. Design strategies using
finite element analysis (FEA) is studied in Section 6. Further, FEA
of different rotor geometries performed under different loading
conditions is analysed and the effect of rotor geometries on
inductances, average torque, starting torque, torque ripple, losses,
and efficiency is also discussed in Section 6. Section 7 is about
prototyping and testing, which also discusses the acoustics analysis
of developed prototypes. Section 8 provides a detailed conclusion
on the proposed and fabricated rotors.

2 Proposed method
In LSSRelM, the steady-state torque is the reluctance torque or
synchronous torque. The average electromagnetic torque is
produced by the fundamental harmonic content of stator MMF
which is synchronous with the rotor. The other harmonics or
leakage flux is non-synchronous, which makes the rotor to oscillate
(called torque ripple) [12]. These leakage fluxes have a greater
impact on direct axis inductance Ld and quadrature axis inductance
Lq. These inductances are the significant parameters in rotor design
since their ratio and differences are directly proportional to
reluctance torque, power factor, and torque ripple. So, to reduce
this leakage flux an additional cage is introduced in the d-axis of
LSSRelM rotor shown in Fig. 1b. Following are the features of daxis cage
• Provides better starting characteristics by delivering prominent
induction torque.
• Positioning of the cage exhibits a larger difference in Ld and Lq.
• Reduces leakage flux in d-axis.
• Reduces the instantaneous torque harmonics by guiding the flux
path to flow through flux carriers.
• Increase in d-axis flux increases Ld, which provides good
reluctance torque with reduced torque pulsation.
1921

Fig. 2 Phasor diagram of a synchronous reluctance motor

where Rs is the stator phase resistance, Isd, Isq and λsd, λsq are the dand q-axes stator currents, and flux linkages, respectively. The
polarity of the last term in (7) and (8) represents the direction of daxis and q-axis current, respectively.
The flux linkage in the stator windings in dq is described by (9)
and (10) (where M is the mutual inductance)

Torque ripple is estimated from (1) [13]
T max − T min
.
T avg

(1)

The power factor and efficiency equations are expressed as

(10)

0 = Rrd Ird +

dλrd
,
dt

0 = Rrq Irq +

dλrq
,
dt

where Rrd = Rrd + ΔRrd this ΔRr is due to d-axis cage.
Where the entire flux flow in the rotor can be given by:

(2)

λqm = Lqm Iq,

(3)

λrd = Lrd Ird + Md Isd,

(11)

Ld = Ldm + Ls1,

(4)

λrq = Lrq Irq + Mq Isq .

(12)

Lq = Lqm + Ls1,

(5)

Power factor =

ξ−1
.
ξ+1

(6)

Saliency ratio ξ = Ld /Lq that depends on the geometry of the rotor.

Modelling of a novel rotor structure

This section explains the modelling of a line-start reluctance
synchronous rotor in the d–q reference frame. The rotor speed in
electrical radians is ωr, while ϕ represents the phase angle and γ
represents phase current angle with the d-axis represented in phasor
diagram [14] in Fig. 2. Note that Xd = 2πfLd and Xq = 2πfLq, where f
is the frequency.
Voltage equations at the terminals of the stator windings in the d
and q axes are expressed by [15]

1922

λsq = Lq Isq + Mq λrq .

λdm = Ldm Id,

where Id and Iq are d- and q-axes currents. Ldm and Lqm are d–q
axes magnetising inductances. Ld and Lq are d–q axes inductances.
Ls1 is the leakage inductance

3

(9)

Similarly, the voltages equations to rotor are expressed with
additional cage in d-axis:

Fig. 3 Rotor parameters representation

ΔT =

λsd = Ld Isd + Md λrd,

V sd = Rs Isd +

dλsd
− ωr λsq,
dt

(7)

V sq = Rs Isq +

dλsq
+ ωr λsd,
dt

(8)

The expression of the electromagnetic torque developed by the
machine is given as
T em =

3
p Ld − Lq IqId .
2

(13)

4 Rotors structures
4.1 Parameter estimation
The structure of the rotor geometry should bring about improving
the magnetic flux in d-axis and reducing the flux in q-axis. The
target is to reduce ripple content, maximise the saliency ratio, to
achieve better efficiency, high output power, and good power
factor. This occurs when there is suitable arrangement of ribs, webs
or conducting segments, size, shape by choosing an optimum flux
barriers count.
To enhance the influence of these parameters, geometrical
representation of the rotor is studied for a basic structure shown in
Fig. 3. Note that the stator structure remains the same for all rotor
structures. The design requirement details of the machine are given
in Table 1.
In this research work, the flux barrier count per pole is taken as
4 for each rotor designs. The reason is that the magnetic saliency is
not improved substantially with a barrier count per pole >4 with
relation to stator slots and the barrier geometries [16]. In addition,
average torque is also saturated and torque ripple is lesser for 4 or 5
flux barriers, further increasing the number of flux barrier >4
imposes mechanical problems with respect to rotor geometry [17].
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The size of the flux barrier has been studied by its thickness, length
and barrier shape of the rotor r and s is the thickness of the flux
guide (steel part) and flux barrier, respectively. g is the length of
the barrier perpendicular to q-axis and n is the length parallel to daxis. a indicates the barrier angle, which is in between 130° and
146° (electrical degree) [18]. Further, rd and tg represent the radial
and tangential ribs, respectively.

Table 1 Design requirements
Parameters
output power
input voltage
nominal phase current
speed
number of phases
frequency
number of stator slots
core material

Units

Values

W
V
A
rpm
—
Hz
—
—

2200
415
4.2
1500
3
50
36
M-47 26 Ga

4.2 Design strategies
This section will present the design approach for synchronous
reluctance motor with a different number of flux-barrier layers on
its electromagnetic torque and torque ripple. Rotor configuration
with round and angled barrier structure are considered with air or
copper filled barrier, which is depicted in Fig. 4.
Fig. 5 shows the average torque and torque ripple with a
different number of flux-barriers. It can be observed that R4a has
0.8% higher average torque than A4a. The torque ripple of A4c has
3.6% reduced torque ripple content compared with R4c. This is due
to reduced leakage inductances from the contact of the stator slot
and the rotor for smooth angled shape barrier. Further, the five
barrier structures (refer to Fig. 6) have almost the same average
torque compared with four barrier structure. However, considering
the same stator and flux barrier geometries, the inclusion of d-axis
cage is not recommended. This will reduce the mechanical strength
of the rotor.
The transient speed analysis is observed using FEA for copperfilled round and angled barrier structures, which is shown in Fig. 7.
At rated load condition (refer to Table 1), the R4c and A4c are
synchronised to the rated speed, while the other rotor structures

Fig. 4 Synchronous reluctance motor with

(a) Round-shaped air barrier, (b) Round-shaped copper barrier, (c) Angled-shaped air barrier, (d) Angled-shaped copper barrier

Fig. 5 Synchronous reluctance motor with
(a) Average torque, (b) Torque ripple
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Fig. 6 Synchronous reluctance motor with five barrier structure

Fig. 7 Speed comparison for copper filled barrier at rated load conditions

failed to synchronise. Further, the A4c speed characteristics are
smooth and settle earlier compared to R4c.

5 Optimisation through GA
The motor design will be a tough task to meet all the design
constraints, because more machine parameters are combined with
each other. So, we want an iterative method termed as optimisation
procedure [19].
At the time of optimisation procedure, the GA runs with a pair
of 24 possible rotor configurations (the GA population). These
LSSRelM machine structures are denoted inside the GA by their
codes having the flux barrier width and height parameters (refer to
Fig. 3)
R = y1, y2, y3, . . . , x1, x2, x3 .

(14)

To increase the average torque and reduce the torque ripple, a
common fitness function (FF) has been expressed based on [20].
Reference [21] is used in the following format:
T cal × 100 − ΔT /4 /100
(FF) =

ΔT ≤ 5%

T cal × 100 − ΔT /2 /100

5% < ΔT ≤ 10%

T cal × 100 − ΔT /100

10% < ΔT ≤ 20%

T cal × 100 − ΔT /100

ΔT > 20%

, (15)

where Tcal and ΔT are calculated mean torque and determined
ripple from numerical analysis, respectively. The rotor geometries
are randomly selected from the current GA population (major). An
arithmetical operator has been applied to get the two new ‘minor’
solution for the crossover process using the following equation
[22]:
R1n = β ⋅ S1n + 1 − β ⋅ S2n
R2n = β ⋅ S2n + 1 − β ⋅ S1n,

(16)

where n denotes the nth barrier parameter which is to be optimised.
Ri and Sj indicate the ith ‘minor’ and the jth ‘major’. β is a
randomly produced scaling factor different for each parameter n.
For each parameter n of the four GA solutions selected for the
mutation process [23]
Rn = Rn + 0.5 − β ⋅ L,

(17)

where L is a predefined mutation coefficient. After mutation, four
new rotor designs sum up to the present GA population to avoid
unrelated convergence.
1924

The machine parameters are represented in Fig. 3 with flux
barrier width and angled edge (a). GA is made as an iterative
process given in Fig. 8, used to find the optimal barrier
configuration which brings the necessary torque and ripple values.
The barrier is termed as F1, F2, F3, and F4 from the rotor outer
boundary. Moreover, the values are similar for all rotors structures
designed with angled shape barrier (refer to Fig. 9). These rotor
structures are designed with an added cage to study its influence on
machine performance. The optimised design parameters of A1 is
given in Fig. 9 and its values are tabulated in Table 2.
The optimised rotor structure of A1 is designed with an
additional cage in d-axis. Six new rotor structures are proposed
with an additional cage (with different configurations) to minimise
the torque ripple. The proposed rotors are discussed in Fig. 10 with
its salient features.

6 Finite element analysis
The optimised rotor design with d-axis cage is modelled in FEA
and analysed using transient with motion. Initially, during the preprocessing stage, analytical geometry is designed. Further, the
material is allocated and the mesh area is created.
The mesh area of the machine encloses 21,597 nodes and
38,127 elements. Based on transient with motion analysis from
FEA, the impact of starting torque, speed, torque harmonics, and
spatial harmonics are studied in the following sections.
6.1 Flux density
The rotor d-axis and q-axis are aligned with the particular stator
centre axis and inputted with rated phase current to obtain flux
density distribution. The magnetic density plot for both d- and qaxes in the space (air gap) for all rotor structures are shown in
Figs. 11 and 12.
The air-gap magnetic flux density distribution with spatial
harmonic content is plotted in Figs. 13 and 14 using the field circle
graph tool from the FEA.
6.2 Spatial harmonics and steady-state torque
Based on the air gap flux density obtained in the previous section,
the spatial harmonic is calculated using an Air Gap Flux
Calculator. The fundamental, 3rd, 5th up to 77th harmonic content
of the each designed rotor structures are compared in Figs. 15 and
16 and Table 3.
Structure A3 has better fundamental air gap flux density, which
is expected to produce good electromagnetic torque. Further, it is
observed that A3 has 29.4% lesser 5th order harmonic content than
A1, which proves that A3 has reduced leakage flux as well.
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Fig. 8 Flowchart for GA iteration process [20]

Fig. 9 Optimised rotor design of A1 structure

Table 2 Optimised design using GA for A1 structure
Parameters

Optimised values

Tavg, Nm

14.72

Tstart, Nm

129.7

ΔT, Nm
Pout, kW

0.53
2.31

Pin, kW

2.60

η, %

88.8

The torque ripple occurred because these space harmonics are
estimated using numerical analysis and tabulated in Table 4. A3
has 23% reduced ripple content than A1 due to reduced higher
order harmonic content.

power factor (refer (1) and (6)). The Ld and Lq inductances
calculated from (16) and (17) are tabulated in Table 5.

6.3 Ld and Lq inductances

In transient with motion analysis, speed versus time is obtained for
each rotor designs, which is presented in Fig. 19. The starting
transient speed characteristics of A1 is smooth compared to other
rotor structures due to higher rotor inductive reactance. The sudden
slope in the speed waveform indicates the load torque variation
(verify Fig. 19).
The speed plot confirms that all the rotor configurations are
synchronised up to 125% load. Even at 150% load, all the rotor
structures operates at synchronous speed, whereas A1 is not
synchronised. This synchronization failure occurs due to the
reduced reluctance torque compared with other rotor structures due
to the absence of additional cage.

The d- and q-axes inductance can be determined from the flux
linkage plot using (16) and (17), respectively. At first, three-phase
current sources are set as input with the maximum current of phase
A [24]. Further, the rotor is rotated from phase A centre axis to
360° (Mechanical). Finally, the maximum and minimum flux
linkage points were valued
Ld =

3 ψ max
,
2 Id

(18)

Lq =

3 ψ min
.
2 Iq

(19)

The maximum and minimum flux linkage waveform from FEA is
plotted in Figs. 17 and 18. The ψ max of A3 is 4.73, 2.43 and 5.43%
higher than A5, A2 and A6, respectively. The higher ψ max leads to
increase in d-axis inductance, reduced torque ripple, and better
IET Electr. Power Appl., 2019, Vol. 13 Iss. 12, pp. 1921-1934
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6.4 Impact on starting speed

6.5 Starting and steady-state torque
The torque characteristics of an LSSRelM machine can be divided
into three parts: (i) transient, (ii) sub-transient and (iii) steady-state
(synchronisation) [25]. During transient state, from the
electromagnetic torque waveform, it is clear that starting torque of
A1 is 3.6, 2.7, and 4.4% higher than A2, A3, and A4, respectively,
1925

Fig. 10 Proposed rotor structures

1926
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Fig. 11 FEA flux density distribution in both axes for A1, A2, A3 and A4 (Note: Flux density values represented is for d-axis)

Fig. 12 FEA flux density distribution in both axes for A5, A6, and A7 (Note: Flux density values represented is for d-axis)

Fig. 13 Air gap flux density of

(a) A1, (b) A2, (c) A3, (d) A4

whereas it is 1.1 and 2.2% higher than A6 and A7, respectively.
This is due to higher rotor resistance (refer to Fig. 10), which is
shown in Figs. 20 and 21.
The sub-transient state initialises next to the transient state and
stays up to a steady state. The sub-transient state of A1, A3, and
A6 are present until 112, 103 and 106 ms, respectively. This
reduced oscillation period of A3 is due to a significant increase in
d-axis inductance.
In the steady state, the reluctance torque pulls the rotor to run at
synchronous speed. From Figs. 20c and 21b, it is understood that
rotor A3 and A6 rotates at a synchronous speed nearly at ∼104 and
107 ms, which approves that the configuration has a better
reluctance torque.
IET Electr. Power Appl., 2019, Vol. 13 Iss. 12, pp. 1921-1934
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6.6 Efficiency curve
The major losses of an electrical machine are its core (Pcore) and
I2R losses. Table 6 delivers complete information about the
performance of the machine obtained through FEA. The efficiency
of each rotor designs is presented in Fig. 22 (attained from FEA).
At 75% load condition, A3 is 1.2% more efficient than A2,
whereas at rated output power the efficiency of A3 is 0.7 and 1.1%
higher than A1 and A2.

7 Prototyping and testing
The stator and rotor lamination of A1 and A3 is shown in Fig. 23a.
M-19 29 Gauge non-oriented silicon steel of 0.5 mm thickness
1927

Fig. 14 Air gap flux density of

(a) A5, (b) A6, (c) A7

Fig. 15 Spatial harmonics and steady state torque at full load conditions for

(a) A1, (b) A2, (c) A3, (d) A4

sheet is used to fabricate the rotor core. The steel sheet is processed
by wire cut electrical discharge machining (EDM). This procedure
uses an electric current to cut conductive materials leaving a
smooth surface that needs no additional finishing or polishing. The
steel laminations are stacked to form a complete rotor core with
four barrier structure.
End-ring is also fabricated by wire cut EDM, which is made up
of copper (Copper: 5.77e7 Siemens/meter). Brazing is a metalcombining procedure, which helps to short-circuit the flux barrier
to form a rotor cage. In this brazing process, copper fillets are used
as a filler metal.
Shaft of the machine, which is made up of cold rolled steel
(CR10: Cold rolled 1010 steel). Shearing process is done for cutoff
with bar end deformed and bottom as a burr. Face-and-centre
operation, bar-grinding, bar cutoff these process completes the
shaft using CNC turning machines. Here, stator used for the testing
purpose is a standard induction stator of IEC frame size 100L.
A built prototype for LSSRelM (A3) of flange mounted motor
is coupled with Powder Brake Dynamometer (PB) shown in
Fig. 23b. The stator of LSSRelM is supplied with an input line
voltage of 415 V using a three-phase autotransformer for a
successful start. The no-load and load test is conducted for both A1
and A3.
1928

7.1 Comparison of torque characteristics at rated load
Ni cDAQ-9174 instrument is used to analyse transient and steadystate torque characteristics of A1 and A3 at rated load conditions
(refer to Fig. 24). In transient characteristics the starting torque of
A1 is 3.82% higher than A3, this is due to higher rotor resistance.
At steady-state conditions, A3 has 21.9% reduced torque ripple
compared to A1.
7.2 Acoustic analysis
The increase in usage of electric motors in various applications and
its operational noise leads to a noisy environment [26]. It is a
necessary objective for machine designers to specify the noise level
produced by their machines. The spatial harmonics of radial
electromagnetic force produce electromagnetic vibration causing
electromagnetic noise [27].
m + p Analyser Software and m + p vibpilot are used for noise
analysis shown in Fig. 25. At first, the free three field microphone
is set with 120° angle difference from the centre of the motor. Then
the motor is supplied with rated RMS voltage using autotransformer at no load condition. The data is collected using m + p
vibrunner from the microphones and the waveform are displayed
IET Electr. Power Appl., 2019, Vol. 13 Iss. 12, pp. 1921-1934
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Fig. 16 Spatial harmonics and steady state torque at full load conditions for

(a) A5, (b) A6, (c) A7

Table 3 Air gap flux density harmonic content
Rotors
1st
3rd

5th

7th

13th

17th

19th

25th

A1
A2
A3
A4
A5
A6
A7

0.17
0.15
0.12
0.14
0.15
0.17
0.17

0.094
0.081
0.062
0.080
0.082
0.083
0.092

0.15
0.13
0.10
0.13
0.12
0.13
0.14

0.57
0.51
0.43
0.57
0.50
0.52
0.59

0.45
0.38
0.33
0.43
0.38
0.39
0.45

0.060
0.053
0.040
0.053
0.052
0.053
0.060

0.51
0.59
0.67
0.59
0.60
0.59
0.52

0.048
0.042
0.032
0.042
0.041
0.042
0.048

Bold values indicate the better output values in each rotor structure

Table 4 Torque ripple of designed rotors
Rotors

Tmax, Nm

Tmin, Nm

ΔT

19.17
18.09
17.80
18.24
17.98
18.18
17.96

11.52
13.28
13.40
13.34
13.47
13.23
10.63

0.51
0.31
0.28
0.32
0.29
0.33
0.49

A1
A2
A3
A4
A5
A6
A7
Bold values indicate the better output values in each rotor structure

for all the three channels in Fig. 26. In Table 7 the acoustic analysis
of A1 and A3 are compared.
The acoustic analysis from Table 7 infers that
• The reduced space harmonics of A3 has 21.9% reduced torque
ripple content than A1, which leads to 13.5% reduced noise
level in A3.

8 Conclusion
Six rotor structures of LSSRelM with an added cage in d-axis have
been modelled to reduce the torque ripple. The design strategy of
the machine has been discussed in detail using FEA. An optimised
rotor is obtained with the help of the GA. The optimal values of the
flux barrier geometries are presented. The optimised designs have
been developed and the performance is estimated using FEA. FEA
confirms that A3 has reduced spatial harmonics, lower torque
ripple and highly salient compared to other rotor structures.
Further, the prototype for A3 has been tested and compared with
the conventional rotor. The acoustics analyses have been performed
for both A1 and A3, respectively. Inference of the proposed rotor
structures are as follows:
IET Electr. Power Appl., 2019, Vol. 13 Iss. 12, pp. 1921-1934
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FEA results:
• The air gap flux density of A3 is 9.85% higher than A1.
• A3 has 29.4% reduced 5th order harmonic content compared to
A1.
• The d-axis flux linkage of A3 is 15.7% higher than A1.
• A3 is 15.5% highly salient than A1 due to the increase in d-axis
inductance.
• A3 has 23% reduced torque ripple content compared to A1 due
to reduced spatial harmonics.
Experimental results:
• Starting torque of A1 is 3.82% higher than A3, this is due to
higher rotor resistance.
• A3 has 13.7% higher average torque than A1 due to high
reluctance torque, which delivers high output power.
• The acoustics analysis confirms that A3 has 7.7 dB reduced
noise level compared to A1. This is due to reduced torque ripple
in A3.
1929

Fig. 17 FEM analysis result for the calculation of Ld and Lq of LSSRelM
(a) A1, (b) A2, (c) A3, (d) A4

Fig. 18 FEM analysis result for the calculation of Ld and Lq of LSSRelM
(a) A5, (b) A6, (c) A7

Table 5 d and q-axes parameters
ψ max, Wb
A1
A2
A3
A4
A5
A6
A7

1930

1.201
1.348
1.425
1.242
1.358
1.390
1.272

ψ min, Wb

Ld, H

Lq, H

Ld
Lq

cosϕ

0.236
0.242
0.229
0.231
0.233
0.235
0.240

0.296
0.297
0.321
0.277
0.304
0.336
0.279

0.0567
0.0535
0.0519
0.0517
0.0522
0.0565
0.052

5.15
5.57
6.22
5.38
5.83
5.91
5.30

0.675
0.696
0.721
0.685
0.705
0.713
0.681
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Fig. 19 Speed plot at various loads for all rotor structures

Fig. 20 Electromagnetic torque at rated load condition of
(a) A1, (b) A2, (c) A3, (d) A4

Fig. 21 Electromagnetic torque at rated load condition of
(a) A5, (b) A6, (c) A7
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Table 6 FEA outcomes for different rotor designs at rated load conditions
Rotors Tstart, Nm Tavg, Nm ΔT Ld Output power, W RMS current, A I2R, W Core loss, W Other losses, W Power factor η, %
Lq
A1
A2
A3
A4
A5
A6
A7

130.7
126.7
127.1
124.9
126.4
129.2
127.8

14.89
15.26
15.27
15.25
15.24
15.05
15.01

0.51 5.15
0.31 5.57
0.28 6.22
0.32 5.38
0.29 5.83
0.33 5.91
0.49 5.30

2339
2397
2398
2395
2393
2364
2358

6.08
6.56
6.36
6.75
6.68
6.23
6.81

234.6
254.9
225.6
280.2
268.2
225.3
285.2

15.5
17.5
15.4
18.4
15.3
15.9
15.4

35.08
36.02
35.93
35.98
35.91
35.46
35.36

0.675
0.696
0.721
0.685
0.705
0.713
0.681

89.1
88.6
89.8
87.8
88.2
89.5
87.5

Bold values indicate the better output values in each rotor structure

Fig. 22 Estimated efficiency at various load condition

Fig. 23 A3 structure with

(a) Stator and Rotor, (b) Complete test setup (Courtesy: Lucas TVS LTD, Chennai)

Fig. 24 Torque characteristics at rated load conditions for
(a) A1, (b) A3

1932

IET Electr. Power Appl., 2019, Vol. 13 Iss. 12, pp. 1921-1934
© The Institution of Engineering and Technology 2019

Fig. 25 Acoustics analysis using m + p analyser

Fig. 26 Acoustics results for all three channels of
(a) A1, (b) A3

Table 7 Acoustic analysis of A1 and A3
Results
torque ripple (%) (Test)
decibel (dB) (Test)
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