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ABSTRACT Double-stator switched reluctance motors (DSSRMs) with single-tooth winding topology
possesses high torque density when compared to conventional switched reluctance motors (SRMs). However,
their inherent high torque ripple is still an issue for industrial applications. In SRMs, the torque shared by the
outgoing phase reduces significantly in the commutation region. However, at the same time, the incoming
phase does not achieve sufficient torque generation. This results in a high torque ripple in this region. In this
paper, several design procedures are discussed to improve the performance of the radial flux DSSRM with
single-tooth winding topology. Firstly, the pole arc equations of stator pole and rotor segments for the higher
difference between aligned and unaligned inductance are derived for high output torque and based on this,
the selection of the number of stator slots/rotor segments is discussed. Furthermore, the influence of winding
polarities on the core loss and output torque of DSSRM is discussed. Finally, the design modification
in rotor structure is proposed with an angular shift in the alternate rotor segments in the direction of
rotation to mitigate the torque ripple. To investigate the effectiveness of the proposed design modification,
a finite-element model of a 3-phase 12/10/12 pole radial flux DSSRM is developed in ANSYS/MAXWELL
software, and simulation results are presented. It is observed that a 40% reduction in the torque ripple is
achieved in the case of the proposed motor. The proposed design modification improves the torque generating
capability of the incoming phase in the commutation region, which reduces the torque dip in this region and

subsequently reduces the torque ripple.

INDEX TERMS Electrical machine, finite-element analysis, switched reluctance motor, torque ripple.

I. INTRODUCTION

In the growing demand of high-performance -electrical
machines (EMs), permanent magnet (PM) machines cur-
rently prevail as a primary choice because of their high
torque/power density and high efficiency [1]-[3]. How-
ever, because of their limited resources, unstable cost
and fault-tolerant issues, the researchers are interested in
an attractive alternative to PM based motors. Switched
reluctance motors (SRMs) are gaining much attention in
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several applications because of their simple construction,
fault-tolerant capability, ability to work in harsh environ-
ments, absence of PM and wide speed range [4]-[8]. The
advances in power electronics circuits further increase their
suitability for a wide variety of applications such as agricul-
tural applications [9], aircraft applications [10] and house-
hold appliances [11], [12]. However, the issues of lower
efficiency, lower torque/power density and high torque ripple
demand further improvements for their adoption in indus-
trial applications. To improve these performance parameters,
several research articles have been reported in the earlier
literature works [13]-[15]. The use of high-quality iron steel
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and a high slot fill factor improves efficiency by 6% [13].
P. Desai et al. [14] reported that in toothed SRM (TSRM)
higher torque is generated with a higher number of rotor
poles than stator poles. B. C. Mecrow et al. [15] have eval-
uated the performance of segmented rotor SRM (SSRM)
with single-tooth winding topology and reported that this
machine has a compact size, lower copper volume, increased
flux linking per turn; and subsequently improves the torque
output as compared to full-pitch winding SRMs. There
have been several patents filed which highlight the con-
tinuous improvements and potentiality of SRMs technol-
ogy [16]-[18]. In patent [16], a segmented external rotor
SRM has been claimed with the objectives of a hub motor
for an electric vehicle having advantages of high torque,
high efficiency, compact size and a suitable substitute for
brushless DC motor. In patent [17], a simple and improved
SRM drive with 2-phase 30/45 poles low flux path pattern has
been claimed for the application of hybrid electric vehicles.
In patent [18], an SRM with permanent magnets mounted
between the adjacent stator poles has been claimed with
improved efficiency with lower back EMF. Double-stator
SRMs (DSSRMs) emerges as a new SRM topology with two
stators which exhibits further improvement in torque to active
weight ratio, lower vibration and lower acoustic noise. Some
recent research works provide further performance improve-
ments and comparisons in DSSRM. The winding topology
suggested in [15] is further extended to DSSRM in [19],
which improves the efficiency and lowers the heat losses
because of which high efficiency in the wider speed region
is plausible. E. Bostanci et al. [20] analysed the performance
of DSSRM having single-tooth winding and found it compet-
itive with the interior PM (IPM) motors for electric vehicles
application. To extend the wide speed operation with less fric-
tional loss, bearingless SRM is suggested in [21]. To solve the
coupling problem of DSSRMs, a new double-stator bearing-
less SRM is proposed in [22] which has the self-decoupling
property between torque and suspension system that ulti-
mately improved the torque/suspension output.

Due to the doubly salient structure and discrete excitation
of phases, SRMs generally have high torque ripple. To reduce
the vibration, acoustic noise and torque ripple, skewing of
stator and rotor surface by an angle of 22.5° for a 12/8 pole
TSRM have been reported [23]. It has been reported in
research that increasing the phase number reduces the torque
ripple [24], [25]. In [24], for low torque ripple, a 6-phase
SSRM is considered with standard VSI for its drive circuit.
However, this system requires 6 extra diodes connected with
its phase windings. A new drives system has been proposed
in [25] to reduce the torque ripple in a 6-phase SRM, which
does not require any additional component as compared to the
conventional half-bridge converter. In [26], various shifting
techniques of adjacent PMs are investigated to reduce the
torque ripple due to cogging in an axial flux PM (AFPM)
motor. In an axial flux dual-rotor, single-stator SRM [27]
and an axial flux double-sided SRM [28], the adjacent rotor
segments/poles are shifted in the opposite direction to reduce
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the torque ripple. However, the axial flux machines have
higher manufacturing complexity and cost as compared to the
radial flux machines. In [29], the arc angles of stator and rotor
poles of a 12/8/12 pole DSSRM are optimized for 15° rotor
position range through static parametric analysis for torque
ripple reduction and high torque output. N. Tojima et al. filed
a patent [30], with a DSSRM with salient poles on inner and
outer stators and both sides of the rotor surfaces. It has been
claimed that if the phase shift is given with half of the stroke
angle either between inner and outer stator poles or the poles
of inner and outer rotor surfaces, torque ripple is reduced.

As compared to the previously reported works in [31]
and [32], several design techniques have been suggested and
investigated in this study to further improve the performance
of DSSRM. In this study, an analytical design procedure for
single-tooth winding DSSRMs has been presented whose
characteristics include higher fault-tolerant capability and
compact structure in relative to full pitch windings motors.
Moreover, the stator and rotor pole arc angles are derived
for obtaining the higher difference between aligned and
unaligned inductance to increase the output torque. Based on
these criteria, the selection of the number of stator pole/rotor
segments is discussed. The influence of winding polarities
on the flux density of different motor parts is presented and
its effects on core loss and output torque of the motor are
investigated. Finally, the methodology to reduce torque ripple
through the shift of alternate rotor segments is suggested and
investigated. The effect of segment shift on flux distributions
and its influences on motor performance as well as a radial
force have also been examined. A detailed analysis of this
technique is carried out for a 3-phase 12/10/12 pole radial flux
DSSRM. In order to investigate the effectiveness of the pro-
posed design modification, a finite-element method (FEM)
based model is developed in ANSYS/MAXWELL software
and simulation results are presented.

The paper is organized as follows: constructional details
of DSSRM with single-tooth winding are discussed in
Section II. Section III deals with the analytical design pro-
cedure of DSSRM. The selection of the number of stator
poles/rotor segments combination is presented in Section IV.
The influence of winding polarities on core loss and output
torque are detailed in Section V. The schematic of torque
ripple reduction through rotor segments shift in the proposed
motor is elaborated in Section VI. FEM modeling and sim-
ulation results are presented in Section VII. Subsequently,
the conclusions are provided in Section VIII.

Il. SRM TOPOLOGY

A. CONVENTIONAL SRM TOPOLOGY

The construction of conventional SRMs is one of the sim-
plest configurations among all the electrical machines (EMs).
Fig. 1 shows a 3-phase 12/8 pole SRM with only phase A
windings shown. Phase B and phase C windings will be
30° and 60° mechanically apart from phase A, respectively.
The windings are present on each stator pole viz. P41, Ppi,
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FIGURE 1. Conventional 12/8 pole SRM with phase A winding.

Pci, ... Paa, Ppa, Pcyq respectively. Therefore, each stator
slot places the conductors of two adjacent phases. The posi-
tion of the rotor, as in Fig. 1, is in a completely unaligned
condition with that of phase A. If phase A is energized,
the rotor will try to align with the magnetic field with this
phase. If the phases are energized in the sequence of ABC,
the rotor will start rotating in the counter-clockwise direction.

B. SINGLE-TOOTH WINDING DSSRM TOPOLOGY

DSSRMs have higher torque/power density as compared to
conventional SRMs because of better utilization of machine
volume with the insertion of the segmented rotor and sec-
ondary stator. In a radial flux DSSRM, a segmented rotor
is placed between two stators; inner and outer, and shares
the magnetic fluxes of both. Fig. 2 shows the structure of
a 3-phase 12/10/12 pole DSSRM with single-tooth winding
topology. Fig. 2 (a) shows the its cross-sectional view with
only phase A windings shown. Fig. 2 (b) shows its exploded
view. As the name suggests, each stator has 12 stator poles
and the rotor has 10 segments. The stator poles are cate-
gorized into two types which are exciting poles (viz. Py,
Ppi1, Pc1, ...Paa, Ppa, Pcs) and auxiliary poles. The phase
windings are only wound on the exciting poles whereas no
windings are present on the auxiliary poles. The auxiliary
poles only provide the return paths for the flux generated by
the exciting poles. The poles of inner and outer stators are
in face alignment. The rotor is made of discrete segments
that are magnetically isolated from each other and embedded
into a nonmagnetic isolator. In Fig. 2, it can be seen that
in single-tooth winding topology each stator slot contains
the conductors of only one phase, subsequently, this winding
topology has a compact structure and thus, expresses more
fault-tolerant capability. The polarity of the inner stator and
outer stator coils of a phase is selected in such a way that they
create flux cancellation characteristics near the unaligned
rotor position. This characteristics of the machine decreases
the unaligned inductance and increases the output torque.
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FIGURE 2. Structure of 3-phase 12/10/12 pole DSSRM with single-tooth
winding. (a) Cross-sectional view with only phase A windings.
(b) Exploded view.

In Fig 2 (a), the rotor is shown in an unaligned position with
phase A and also defined as 0° mechanical position. For each
phase excitation, 4 different rotor segments come into the
magnetic influence of it (viz. S1, S2, S6 and S7 for phase A),
and rotor will try to magnetically align with the excited phase.
Hence, the rotor can start rotating in the counter-clockwise
direction if the phases are energized in the sequence of ABC.

Fig. 3 shows the magnetic flux distributions of the DSSRM
for unaligned and aligned rotor position, respectively, for an
excited phase. The magnetic flux flows from the exciting
stator poles and returns through the adjacent auxiliary poles
passing via rotor segments. The flux paths are shorter in
this structure, therefore increases the electrical utilization of
the machine. Furthermore, the figure also represents the flux
cancellation characteristics near the unaligned rotor position,
which reduces the unaligned inductance.

1Il. DESIGN PROCEDURE OF DSSRM
In this section, the design methodology of the single-tooth
winding DSSRM has been presented. The SRMs show a
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FIGURE 3. Magnetic flux distributions of DSSRM. (a) Unaligned position.
(b) Aligned position.

non-linear variation in its performance with respect to the
variation in its design parameters. Therefore, FEM based sim-
ulation study is utilized to yield an accurate design procedure.

A. TORQUE EQUATION

The instantaneous torque developed in an SRM as given
by [33]

1,dl
t= WP 1)
The average torque developed in the motor is as given below
Tavg = %Ilz —(La e L) 2
(Nr @)
or
TmzL 2L <1—11>Nq (3)
8 4 P L.) "

where I, is the peak value of phase current, L, and L, are
the unaligned and aligned phase inductances respectively, N,
is the number of rotor segments and ¢ is the total number of
phases. The per-phase inductance at the aligned position is
given as

Npp Bg A
L, = Sph g ol 4)
Ip
The air-gap flux density B, at the aligned rotor position is
Npn 1
Y = ph Ip KO (5)
8 xmxl,
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where N, is the number of turns per phase, I, is the length of
inner and outer air-gaps and m is the multiplicity of the motor.

Substituting Eq. (4) in Eq. (3); the average torque of the
DSSRM is expressed as

1 L
Tavg = E Nph Ip Bg Aol <1 - f) Ny gq (6)
a

The overlap area A,; between the stator poles and rotor seg-
ments surfaces in aligned position is

Aol = (Aal inner + Aol outer)
7 (Dyi + Dyo) X l
App = ———————
N, q
2 x D, x [

Ay = ———— 7
ol qu ()

Substituting Eq. (7) in Eq. (6) we obtain
1
Tag = 3 Ny 1, Bg (1 — —) D, 1 ®)

1
Tavg = 5 Ny Ip By k Dy 1 ©)

where D, = (D,;+D,,)/2 is the average diameter of the rotor,
[ is the axial length of the motor and k = (1 — L,,/L,) which
can be calculated by FEM based simulation results.

It is seen in Eq. (8) that for a given MMF and magnetic
loading By, the average torque depends on the average diam-
eter of rotor (D, ), axial length (/) of motor and the aligned
and unaligned inductances of the phase windings. The value
of D, is dependent on the outer diameter of motor and pole
heights the stators. It is clear that a higher output torque
is obtained for a higher value of aligned inductance and
lower value of unaligned inductance. Therefore, during the
design procedure, the proper selection of these parameters is
essential to obtain the higher output torque.

B. SIZING PROCEDURE

Fig. 4 shows the half cross-sectional view and a cut view
of an approximated linear model of a DSSRM showing the
different dimensions and parameters of the machine. Fig. 4 (a)
shows the outer and inner diameter of the motor (D,, D;),
the average diameter of rotor (D,), stator and rotor pole
pitch angles (B, Bpr), stator and rotor slot opening angles
(Bso» Bro) and arc angles of exciting, auxiliary poles and rotor
segments (Bexc, Baux,> Br)- Fig. 4 (b) shows the dimensions
of different magnetic parts of stator and rotor. Since the
yoke of inner and outer stator bear nearly the same level
of magnetic flux density, they have the same width of Ay;.
As seen in Fig. 3, the flux passing through an exciting pole of
a stator is distributed between two adjacent auxiliary poles.
Therefore, the width of the exciting poles (W) is twice
the width of the auxiliary poles (wg,,). Moreover, the flux
passing through the yoke of a stator subsequently passes
through the auxiliary pole and thereafter half of the height of
the rotor segment (h,,). The above field distribution reveals
the following conclusions:

Wexe = 2 hyx (10)
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FIGURE 4. (a) Half section of the 2-D view. (b) Cut view of approximated
linear model.

Waux = hys (1D
and

Bpr = 2 Iy (12)

From the above equations, it is observed that the selection of
height of stator yoke (hy,) is very important for the design
as other parameters are linearly dependent on it. To increase
the output torque of the machine, the MMF/slot should be
increased ensuring that the maximum flux density in different
parts of the machine is within the maximum permissible
limit, Bjyqy. This requires to increase the value of Ay, with
the increase in MMF/slot. To share equal torque and power
by inner and outer stators, the MMF/slot for inner and outer
stator slots should be same. This will also reduce the radial
force on rotor segments because nearly equal and opposite
radial force will be exerted on the rotor segments. As the
inner stator has an enclosed surrounding, poor heat dissi-
pation condition may prevail which can affect its thermal
stability and hence, the power density. Therefore, a better
cooling arrangement is required to impart thermal stability.
The problem of heat dissipation in inner stator can be reduced
by decreasing the current density in its windings. This will
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require higher conductor cross-sectional area and higher slot
area for inner stator windings for a given MMF. An increase
in the slot area will require increase in the pole height of
the inner stator (f,;). Increasing the pole height will further
lead to an increase in the motor weight which will reduce
the torque/power density of the motor. However, this arrange-
ment will reduce the heat dissipation issue and will improve
the thermal stability of the machine. In higher outer diameter
machines there is more flexibility to increase the height of
inner stator poles. Therefore, in such machines, the lower
current density in inner stator windings can be adopted to
improve its thermal stability.

C. CALCULATION OF STATOR POLE/ROTOR SEGMENT ARC
ANGLES

The output torque of an SRM is high for the higher value of
the difference between aligned and unaligned inductances.
For minimum unaligned inductance, the nonmagnetic sepa-
ration between two adjacent rotor segments (8,,) should not
be lesser than the stator slot opening angle (8,,). Moreover,
the arc angle of rotor segments () should not be greater
than the arc angle of exciting stator poles (Bexr). Therefore,
the minimum unaligned inductance can be assured by the
following two conditions:

Pro = Bso (13)

and

IBr = ﬁexc (14)

The graphical representation for the minimum unaligned
inductance condition is given in Fig. 5 (a). The condition
of maximum aligned inductance can be achieved when the
rotor segments overlap area with the exciting and auxiliary
poles are equal in aligned rotor position. The graphical rep-
resentation for this condition is provided in Fig. 5 (b). In this
case, the arc AB and arc PQ have equal span at the aligned
condition. This condition can be assured by the following
expression:

Bexe — Baux =2 x (360°/N, — Bps) (15)

Another geometric relationship between the exciting and aux-
iliary pole arc angles for a given stator slot opening angle of

Bso 1s:
lgexc + ﬂaux =2x (3600/Ns - ﬁsa) (16)

where B¢y and B, are in degree; N, and Ny are the number
of rotor segments and stator poles respectively. Considering
the above constraints the values of By, Baux and B, are as
follows:

Bexe = lgpr — Bso (17
Baux = zﬂps - ,Bpr — Bso (18)

and
IBr = ,Bpr - ,3s0 (19)

VOLUME 9, 2021



T. D. GUPTA et al.: Design Modification in Single-Tooth Winding Double-Stator Switched Reluctance Motor

IEEE Access

ﬁ‘l"ﬂ = ﬂSﬂ

(a)
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FIGURE 5. Condition for minimum unaligned and maximum aligned
inductances. (a) Minimum unaligned inductance condition. (b) Maximum
aligned inductance condition.

During the design of DSSRM, the height of stator yoke /1y
and pole height of inner and outer stator can be calculated
by FEM base simulation study in such a way that maximum
flux density in different parts of the machine should be
within By,.x. In this paper, By is considered within 1.8 T
and flux density in various magnetic parts of the motor in the
aligned position is in the range of 1.7 T. The dimensions of
other parts of DSSRM can be calculated using Eq. (10)-(12)
and Eq. (17)-(19). The flowchart for the design procedure of
DSSRM is shown in Fig. 6.

TABLE 1. Valid slot/segment combinations for 3-phase DSSRM with
single-tooth winding.

No. of phases ~ Multiplicity ~ Slot/segment combination
(@) (m)
3 1 6/4,6/5,6/7 etc.
3 2 12/8,12/10,12/14 etc.

IV. SELECTION OF THE NUMBER OF STATOR
SLOTS/ROTOR SEGMENTS

To select the number of stator pole and rotor segments for
a 3-phase DSSRM, the valid slot/segment combinations are
listed in Table 1. The combinations with unity multiplicity
(m = 1) are not considered because of unbalanced magnetic
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segments (N, N,.) and initial parameters
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FIGURE 6. Flowchart for the design procedure of DSSRM.

TABLE 2. Initial design parameters for rated operation.

Parameter Value
Number of phases (q) 3
Outer diameter(D,) 200 mm
Maximum axial length (I,,,) 90 mm
Rated power (Py) 2.5 KW
Rated Speed (V) 600 rpm

Rated torque (Tgvg) 40 N-m

forces on the stator surfaces. The combinations of 12/8,
12/10 and 12/14 poles with twice multiplicity are consid-
ered for comparison in the view of axial length requirement,
unaligned/aligned inductances and total active weight of the
machine. Table 2 lists the rated operating condition for the
comparison of considered slot/segments combinations with
the constraints as given in Eq. (17)-(19).

The stator slot opening angle S, is considered in the range
of 5°- 6°. The value of g, for 12/8 and 12/10 pole combina-
tions is 6°. However, because of the increase in the number
of rotor segments in 12/14 pole combination, 8, reduces con-
siderably. This will reduce the overlapping of rotor segments
with exciting and auxiliary poles at the aligned condition and
reduces the aligned inductance. Therefore, to increase the
aligned inductance, the value of By, is reduced to 5° for this
combination. The performance comparison of the different
combinations has been done for a 5 A/mm?2 of average phase
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current with slot fill factor (SFF) of 0.43. In the concern of
current density, the same average current density has been
provided to each motor by providing a trapezoidal current
wave of 35° (elec.) rising and falling period and 110° (elec.)
period of rated value which is 26 A for each motor. The same
MMF/slot and same conductor cross-section are considered
for inner and outer stator windings. The frequency of current
switching per revolution for 12/8, 12/10, and 12/14 pole
motor taken are 24, 30, and 42, respectively; and results are
listed in Table 3.

TABLE 3. Comparison between different slot/segment combinations of
DSSRM.

Parameter 12/8 12/10  12/14

pole pole pole

Torque Tyvg in N-m 40.7 40.3 40.5
Axial length (I) in mm 106 85 94

Unaligned inductance(L,,) in mH 4.39 3.39 4.85
Aligned inductance (L) in mH 25.80 21.10 17.39

Iron weight in kg 1436 11.61 12.54
Copper weight in kg 3.23 2.76 3.10
Total active weight in kg 17.59 1437 15.64

It is observed that the axial length required for the rated
torque generation in 12/10 pole combination is 85 mm which
is nearly 8/10 times of the 12/8 pole combination. This
is because of the higher number of strokes per revolution
in 12/10 pole combination as compared to 12/8 pole, which
increases the torque density in it. This is the same case
as in conventional SRM where the output torque increases
with the increase in the number of rotor poles. Furthermore,
because of the higher axial length, the value of L,, L, and
total active weight is high in 12/8 pole machine as com-
pared to 12/10 pole combination. With the further increase
in the number of rotor segments, in 12/14 pole combination,
the condition as given in Eq. (13) is violated, subsequently the
assurance of minimum inductance and maximum reluctance
at unaligned position diminishes. The value of L, increases
and torque density reduces. Therefore, the benefit of a higher
number of strokes per revolution becomes ineffective in this
case. The axial length required for rated torque generation
increases to 94 mm in this case, subsequently, the total active
weight of the machine also increases. Therefore, for the rated
operation, 12/10 pole combination has better performance
over others and is considered for further analysis in this paper.

V. INFLUENCE OF WINDING POLARITY ON DSSRM
PERFORMANCE

In SRMs, two phases are excited at the same time during
the commutation period to increase the output torque and
to reduce torque ripple. However, the excitation patterns of
two consecutive phase windings have different influence on
its performance. Fig. 7 shows the possible winding polarities
for 12/10 pole DSSRM. Fig. 7 (a) shows the aiding flux
winding polarity in which the fluxes of two adjacent phases
are in the same direction in the auxiliary pole and it carries
the summation of the fluxes. This winding pattern has no flux

19084

Fluxes are
Subtracted

(b)

FIGURE 7. Simultaneous excitation of two phases. (a) Aiding flux winging
polarity. (b) Subtracting flux winding polarity.

reversal in the auxiliary poles, which reduces the core losses.
However, there may be saturation in the auxiliary poles which
reduces the output torque. Fig. 7 (b) illustrates the subtracting
flux winding polarity in which the fluxes of two adjacent
phases are in opposite direction in the auxiliary pole and it
carries the difference of the fluxes. This winding pattern will
reduce the saturation condition in the auxiliary poles, but
there is flux reversal when motor commutates from one phase
to the next phase. This flux reversal will increase the core
losses in the motor. Therefore, to select the suitable winding
polarity for rated operation, further analysis has been done in
this paper.

Fig. 8 shows the variation of the magnetic flux density in
the different parts of the DSSRM at rated speed. To mea-
sure the flux density in the different part of the 12/10 pole
DSSRM, the mid-point or center point of the respective parts
are considered which is shown in Fig. 8 (a). It can be seen that
the flux density waveforms are periodic and non-sinusoidal
in the different parts of the motor. The frequency of the flux
waveforms in the exciting pole, auxiliary pole and stator yoke
is 100 Hz, while in rotor segments it is 60 Hz and 30 Hz
for aiding and subtracting flux winding polarities, respec-
tively. Therefore, determining the sinusoidal components of
these loss-causing flux density waveforms is essential [34].
Table 4 deals with this data. It can be observed in Fig. 8 (b)
and Fig. 8 (d) that the flux reversal in the exciting pole and
stator yoke of the machine is absent. Also, the machine with
aiding flux winding polarity has a higher dc component in
the auxiliary pole. However, in the case of subtracting flux
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FIGURE 8. Flux density variation in different parts of DSSRM.

(a) Geometry points for flux density calculation. (b) Exciting pole.

(c) Auxiliary pole. (d) Stator yoke. (e) Rotor segment.
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TABLE 4. Magnitude of the different harmonics of flux densities in
different part of DSSRM.

Flux density (T)

Harm. Exc.pole  Aux.pole Stator yoke Rotor segment

order WI W2 W1 W2 WI W2 Wl W2
0.59 059 1.08 0.05 059 059 0 0
078 078 070 124 0.78 078 1.05 0.98
024 024 024 046 024 024 045 0
0.15 0.5 016 0.03 0.15 015 025 0.29
0.07 007 0.11 0.08 0.07 007 022 0
0.03 003 005 0.01 0.03 0.03 0 0.59

Lll-lkwl\)r—‘g

W1- aiding flux winding polarity, W2- subtracting flux winding polarity

TABLE 5. Comparison between aiding and subtracting flux winding
polarities.

Parameter Aiding flux ~ Subtracting flux
Torque Tyvg in N-m 40.0 40.1
Axial length (I) in mm 87.5 86
Core loss in W 50 53
Iron weight in kg 11.96 11.75
Copper weight in kg 2.81 2.78
Total active weight in kg 14.77 14.53

winding polarity, flux reversal exists as shown in Fig. 8 (c),
which eventually increases the core losses. The performance
comparison of the DSSRM with aiding and subtracting flux
winding polarities for the rated output torque is made and the
results are listed in Table 5. It is observed that the aiding flux
winding polarity has slightly lower core losses, however, for
the rated output torque, it requires higher axial length and
active weight as compared to the subtracting flux winding
polarity. It is also observed that there is a less margin to differ-
entiate between the performance of these polarities to make
a versatile conclusion on these. The result may be affected as
per the machine’s operating condition, for instance, change
in operating speed, change in a material property of the core.
However, as per the considered operating condition and rated
speed, subtracting flux winding polarity is considered for
further analysis in this paper.

VI. TORQUE RIPPLE REDUCTION THROUGH ROTOR
SEGMENTS SHIFT

The main region of torque ripple generation in SRMs is
during the commutation of the outgoing phase. During this
period, the torque shared by the outgoing phase reduces
significantly. However, at the same time, the value of dL/d6
is less for the incoming phase. Because of this, the torque
generated by the incoming phase is less in this region. This
phenomenon results in a large torque dip and subsequently
large torque ripples in this region. Fig. 9 shows the picto-
rial representation of this phenomenon. Fig. 9 (a) shows the
typical torque profiles of two consecutive phases; phase A
and phase B (solid lines) which are separated by the stroke
angle Oy . At the start of the commutation of phase A,
the torque contributed by this phase becomes negligible.
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FIGURE 9. Schematic for torque ripple reduction. (a) Phase torques.
(b) Sum of phase torques.

At the same time, phase B does not achieve sufficient torque
generation. Fig. 9 (b) shows the sum of these torques (solid
line) with the consideration of the commutation effect. It is
seen that a large torque dip occurs in this region which results
in a high torque ripple in the motor. However, if the structural
modification is accomplished in the machine in such a way
that the incoming phase has increased torque in this region,
the torque dip will reduce, which subsequently will reduce the
torque ripple. The figures of the proposed phase torques and
sum of the phase torques after modification are represented
in Fig. 9 (a) and Fig. 9 (b), respectively, with dot-dash lines.
It can be seen that in the case of a modified structure if the
incoming phase has increased torque generation, the torque
dip can reduce which can further reduce the torque ripple.

In [26], various methods of PM grouping and shifting
techniques are discussed to reduce the torque ripple due to
the cogging effect for AFPM motor. In this study, the angular
shift of rotor segments is analysed to reduce the torque ripple
in DSSRM. In FEM based simulation study, it is observed
that shifting of all the rotor segments does not provide a
significant reduction in the torque ripple. Therefore, shifting
of the alternate rotor segments with an angle of § in the
direction of rotation is discussed here. This design modi-
fication is implemented in the rotor of DSSRM which is
illustrated in Fig 10. Fig. 10 (a) highlights the placement
of the rotor segments in case of an original motor in which
the adjacent rotor segments have uniform separation of 8;,
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(b)

FIGURE 10. Proposed design modification in rotor. (a) Rotor without
segments shift (before modification). (b) Rotor with segments shift (after
madification).

FIGURE 11. Structure of DSSRM after segments shift with respect to
consecutive exciting poles of a phase.

between them. In the proposed motor, the alternate rotor seg-
ments viz. S2, S4, S6, S8 and S10 are shifted in the direction
of rotation with an angle § from their original position as
shown in Fig. 10 (b). Fig. 11 shows the structure of the
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proposed DSSRM after segments shift with respect to the
exciting poles of the motor. It is seen that for two consecutive
exciting poles of a phase, the separation between the adja-
cent rotor segments is decreased and increased respectively.
Therefore, the proposed design modification is only valid for
the machines with even multiplicity (m = 2, 4,...etc.) with
the number of rotor segments N, = m(4n £ 1); where n is a
positive integer number. For the slot/segments combinations
as discussed in Section IV, this design modification is only
valid with 12/10 and 12/14 pole combinations. It has been
already observed that the 12/10 pole combination has better
performance over 12/14 pole machine and has already been
considered for the analysis in this paper. In the case of pro-
posed DSSRM with the segments shift, the inductance profile
is modified and the value of dL /d@ increases for the incoming
phase. This increases the torque shared by the incoming phase
in the commutation region which reduces torque dip and
torque ripple in this region.

TABLE 6. 12/10 pole DSSRM design specifications.

Parameter Value
Outer and inner diameters (Do, D;) 200 mm, 54 mm
Average diameter of rotor (D) 140.5 mm
Axial length (1) 86 mm
Stator yoke iron width 8.5 mm

Stator slot opening angle (8so) 6°

Arc angle of exciting and auxiliary poles (Bexc, Bauz) 30°, 18°
Rotor segments arc angle and separation angle (3, 8ro) 30°, 6°
Inner and outer air-gap length (lg) 0.4 mm
Number of conductors per slot 54
Phase resistance 0.471 Q
Rated DC link voltage 170V
Peak phase current 26 A

VII. FINITE ELEMENT MODELING AND SIMULATION
RESULTS

Table 2 and Table 6 gives the details of the design specifica-
tions of the 3-phase 12/10 pole DSSRM. The 2-D FEM simu-
lation model is established in ANSYS/MAXWELL software
to obtain the electromagnetic performance of the DSSRM.
The basic steps followed for the analysis are modelling,
assigning material properties, assigning boundaries, mesh-
ing, providing excitation and analysis set-up and finally,
the response is simulated. The basic governing equations
used for simulation are Maxwell’s equations. Backward Euler
solver is used in this analysis. The core material selected
for stator and rotor is ‘steel-1008° which is imported from
the software library. To calculate the core losses 0.4 mm
thickness of laminations is considered. In meshing, triangular
mesh elements of maximum 2 mm size for stator and rotor
core material and 1 mm for copper material are considered.
The zero vector potential boundary is considered at the outer
surface of the model so that the flux does not move outside of
this surface. To obtain the dynamic response of the machine,
a conventional 3-phase asymmetric half-bridge converter is
used. The phase conduction period considered for each phase
is between 0°-14.5° (mech.). To maintain the phase currents,
hysteresis current control is used with the hysteresis band of
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4 0.4 A and the reference current of 26 A. To calculate the
torque ripple and the efficiency of the motor, Eq. (20) and (21)
are used, respectively.

Tripple = (Timax — min)/ Tavg (20)

n = P/(P+ Pr + Pcu) (21)

where Ty, Tinin and Ty are the maximum, minimum and
average value of the output torque respectively. 1, Pr, and

P, are the efficiency, iron loss and copper loss respectively,
and P is the total output power without mechanical loss.

24 ¢ 0 et e e e

- iy o
hS] (=] o

Phase inductance [mH]
[e=]

E-Y

Phase torque [N-m]

Rotor position [deg]

(b)

FIGURE 12. Static inductance and static torque profiles with variation of
segments shift angle (§). (a) Static inductance. (b) Static torque.

A. INFLUENCE OF ROTOR SEGMENTS SHIFT ON STATIC
INDUCTANCE AND TORQUE PROFILES

Fig. 12 shows the static inductance and static torque profiles
of the DSSRM for rated current with the segments shift
angle § between 1°- 4°. It is observed in Fig. 12 (a) that
the value of unaligned inductance and the value of dL/df
increase near the unaligned position (here in this case 0° rotor
position) with the increase in §. However, the value of aligned
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inductance and the value of dL/dO reduces near aligned
position (here in this case 18° rotor position) with the increase
in 8. In Fig. 12 (b), it is observed that the phase torque of
the machine increases near the unaligned position with the
increase in 6. However, with the increase in §, the phase
torque also reduces near the aligned rotor position because
of the decrease in dL/d#6 in this region.

] w I w
o =} o o
1

Sum of phase torques [N-m]
S

Rotor position [deg]

FIGURE 13. Sum of the static phase torques with the shift of the rotor
segments showing reduction in torque dip in commutation region.

Fig. 13 shows the sum of the static phase torques of phase A
and phase B which are separated by the stroke angle (12° in
this case) for the value of § between 1°-4° considering the
commutation effect. The phase commutation angle taken is
14.5° (mech). It is assumed that after the commutation of the
outgoing phase, the torque contributed by that phase becomes
negligible. It is seen in the figure that with the increase in &
between 1°-3°, the torque dip occurring in the commutation
region reduces. This is because the torque of the incoming
phase increases with the increase in §, consequently, the sum
of phase torques increases. However, it is also observed that
for 5§ = 4° the torque dip becomes more as compared to
6 = 3°. This is because in this case the reduction in torque
of the outgoing phase near aligned rotor position becomes
more dominant over the increase in the torque of incoming
phase and subsequently, the sum of phase torques reduces.
Therefore, it can be concluded that the value of § for min-
imum torque dip and minimum torque ripple lies between
2°-4°. To obtain the condition of minimum torque ripple
and the value of § for this, the dynamic response of the
proposed machine is further analysed through FEM in the
next subsection.

B. DYNAMIC RESPONSE AND ANALYSIS OF TORQUE
RIPPLE REDUCTION

The dynamic response of the DSSRM is obtained through
FEM based simulation analysis for the value of &
between 0°-4°. The variation in the output torque and torque
ripple with the variation § is shown in Fig. 14 for rated speed.
The output torque and torque ripple for the DSSRM without
segments shift (§ = 0°) are 40.1 N-m and 78.5% respectively.
With the shift of the rotor segments, the torque ripple starts
decreasing. The minimum value of torque ripple is obtained
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FIGURE 14. Variation of torque ripple and average output torque with
rotor segments shift angle §. (a) Torque ripple. (b) Average torque.

for the shift angle 6 of 2.5°. The torque ripple, in this case,
is 46.8% with an output torque of 39.3 N-m. Consequently,
the torque ripple reduces by nearly 40%, however, the output
torque also reduces by 2%. For the further increase in &,
the torque ripple starts increasing and the output torque also
reduces considerably. Therefore, the optimal value of § for
the proposed machine is 2.5°.

Fig. 15 shows the flux density plot of the half section of the
FEM model of DSSRM in unaligned and aligned rotor posi-
tions, respectively for § = 2.5°. The peak MMF considered
is 1404 AT per slot. Fig. 16 and Fig. 17 show the dynamic
variation of phase currents and output torque for the DSSRM
without and with rotor segments shift, respectively, at the
rated speed. To obtain the dynamic performance, the phase
current overlap technique is used to increase the output torque
and to reduce the torque ripple [35] in both cases. From
Fig. 16 (b), the average torque, peak-to-peak torque ripple
and % torque ripple is found to be 40.1 N-m, 31.5 N-m and
78.5%, respectively, for the DSSRM without segments shift.
The above values change to 39.3 N-m, 18.4 N-m and 46.8%
respectively for the DSSRM with segments shift (§ = 2.5°)
as shown in Fig. 17 (b). Table 7 compares the performance
data of these. It is seen that the torque ripple is reduced
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FIGURE 15. Flux density plot of the FEM model of DSSRM with rotor
segments shift (§ = 2.5°). (a) Unaligned position. (b) Aligned position.

TABLE 7. Performance comparison of DSSRM without and with rotor
segments shift.

Parameter Without segment shift ~ With segments shift
(6 =0° (6 =2.5°
Output torque 40.1 N-m 39.3 N-m
Peak-to-peak torque riple 31.5 N-m 18.4 N-m

Torque ripple 78.5% 46.8%

Unaligned inductance 3.53 mH 3.77 mH
Aligned inductance 21.85 mH 21.07 mH
Reduction in torque ripple - 40%
Reduction in output torque - 2%
Core loss 53 W 60 W
Copper loss 362 W 362 W
Rated efficiency 85.8% 85.4%

by 40% with the shift of rotor segments by 2.5°. However,
the output torque is also reduced by 2%. The rated efficiency
of the proposed machine is 85.4%, which is comparable
with the baseline machine. The total active weight of the
proposed DSSRM is 14.53 kg with torque to active weight
ratio of 2.70 N-m/kg. Fig. 18 compares the dynamic torque
of the DSSRMs without and with the rotor segments shift.
It is seen that the torque dip occurring in the commutation
region reduces in the case of the proposed motor and there-
fore, the torque ripple decreases. Fig. 19 shows the simulated
torque-speed characteristics for the proposed DSSRM. It is
observed that the machine has nearly flat torque profile till
the rated speed which is one of the primary requirements in

VOLUME 9, 2021

30 -
=
o 20 Phase A Phase B Phase C
g
w
:
2 10 -
o
|
=~

0 . . .

36 42 48 54 60 66 72
Rotor position [deg]
(@
60

= Torque without segments shift (6=0°)

Output torque [N-m]

36 42 48 54 60 66 72
Rotor position [deg]

(b)

FIGURE 16. Phase currents and torque variation with rotor position for
DSSRM without segments shift. (a) Phase currents. (b) Dynamic torque.

direct drive electric vehicles. Therefore, this machine can be
regarded as a suitable candidate for such applications.

C. HARMONIC ANALYSIS OF TORQUE RIPPLE
FREQUENCIES

The torque dip and torque ripple are reduced in the case of
DSSRM with the alternate rotor segments shift which can be
observed in Fig 18. The harmonics spectrum of various fre-
quencies of the dynamic output torque without and with rotor
segments shiftis shown in Fig. 20. The average or DC value of
the output torques are 40.1 N-m and 39.3 N-m, respectively,
without and with rotor segments shift which are same as in
the previous subsection. The fundamental frequency of torque
ripple for both the machines is 300 Hz (as shown in Fig. 18)
which is the most dominant harmonic also in this case. The
magnitude of this harmonic is 28.5% and 19.8% of the output
torque without and with the rotor segments shift, respec-
tively. Therefore, there is an 8.7% reduction in fundamental
torque ripple in the proposed motor. For the second harmonic,
these values are 16.3% and 4.7%, respectively, which shows
an 11.6% reduction for this harmonic. It is observed that
the low-frequency torque ripples are reduced in the case of
shifted rotor motor.

D. SUITABILITY FOR REVERSE MOTORING

Because of the symmetrical structure of the rotor with respect
to the CCW and CW orientations, the proposed motor is also
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FIGURE 18. Comparison of dynamic torques showing the reduction in
torque dip in commutation region in proposed DSSRM.

suitable to reduce the torque ripple for the reverse direction
of rotation. However, in the case of reverse motoring, the def-
inition of 0° rotor position for the proposed motor changes to
(36° xn —2.5°) of the forward motoring, where n is a positive
integer number. The performance of the proposed motor is
simulated through FEM for the reverse direction of rotation
atrated speed and the results are given in Table 8. In this case,
the output torque and torque ripple for the proposed motor is
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FIGURE 20. Comparison of torque ripple harmonics showing the
reduction in lower order torque harmonics in proposed DSSRM.

TABLE 8. Performance data for reverse motoring.

Parameter Without segment shift ~ With segments shift
(6 =0°) (6 =2.5°
Output torque 40.0 N-m 39.3 N-m
Peak-to-peak torque riple 31.4 N-m 18.5 N-m
Torque ripple 78.5% 47.1%
Reduction in torque ripple - 40%
Reduction in output torque - 2%
Core loss 53 W 60 W
Copper loss 362 W 363 W
Rated efficiency 85.8% 85.4%

39.3 N-m and 47.3%, respectively, with approximately 40%
reduction in torque ripple. These values are nearly the same
as in the case of forward motoring for the same motor (as
given in Table 7). The losses and rated efficiency are also
comparable in both the cases i.e. for CCW and CW rotations.

E. VARIATION IN FLUX DISTRIBUTION AND ITS AFFECTS

In this subsection, the effect of the segments shifts on the
flux distribution in the rotor segments as well as air-gaps is
analysed and discussed. Fig. 21 (a) shows the variation in
the maximum flux density occurring in the rotor segments
with §. The shifting of the rotor segments results the adjacent
rotor segments becoming closer, therefore, the leakage flux

VOLUME 9, 2021



T. D. GUPTA et al.: Design Modification in Single-Tooth Winding Double-Stator Switched Reluctance Motor

IEEE Access

200 05 10 15 20 25 30 35 40
Segment shift angle & [deg]
(a)

2
=

Core loss [W]
E o w (=23 (=]
& &8 & 8 &
o \

w
=3
S
=Y

05 10 15 20

5 3.0
Segments shift angle & [deg]

1.10
E10s
% 1.00
= 095
= 090
&
G085
B
- 0.80

00 05 10 15 20 25 30 35 40
Segment shift angle § [deg]
(©

Aligned inductance [mH]
S om NN N
2 8 8 ¥ X R

S &5 5 & B

ot
=3

05 1.0 15 20 25 30
Segment shift angle & [deg]

(d)

w
o
~
o

Unaligned inductance [mH]
O )
o o o o w o

o
=Y

05 10 15 20 25 30
Scgment shift angle 5 [deg]

(e

w
23
S
=Y

w
B
S

o
o

Copper loss [W]
©  w ow W
@ A O o
s 8 & 3
w

o
~
o

05 1.0 15 20 25 30
Segments shift angle & [deg]

86.5
860
=
855
2
8850
=
“Lﬁ‘ 845

84.0

00 05 1.0 15 20 25 30 35 40
Segments shift angle & [deg]

FIGURE 21. Variation in the parameters of DSSRM with . (a) Variation in
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VOLUME 9, 2021

increases in these segments. This increases the maximum
flux density in the rotor segments. As shown in the figure,
the maximum flux density in the segments is 1.43 T for
8 = 0° which increases to 1.65 T for § = 2.5°. With
further increase in 8, the saturation effect becomes more
significant and flux density becomes nearly constant in the
rotor segments. With the increase in flux density, the core loss
increases. Fig. 21 (b) shows the variation in core loss of motor
with §. The core loss increases with the increase in § because
of the increase in the flux density in rotor segments.

Fig. 21 (c) shows the variation in air-gap flux density
with §. The air-gap flux density shown is the average value
of inner and outer air-gaps. With the increase in §, the air-gap
flux density near an excited rotor segment decreases. It is seen
that the decrease in air-gap flux density is more rapid for &
greater than 2°. As it is seen in Eq. (4), the aligned inductance
is directly dependent on the air-gap flux density and it also
decreases with the increase in §, as shown in Fig. 21 (d).
Fig. 21 (e) show variation in the unaligned inductance with §.
It is seen that with the increase in §, the unaligned inductance
increases. This is because, with the increase in §, the leak-
age flux in the rotor segments increases at the unaligned
condition. As given in Eq. (8), the decrease in air-gap flux
density and aligned inductance, and the increase in unaligned
inductance will result in the reduction of the output torque
for the higher value of §. In Fig. 14 (b), it can be observed
that the output torque reduces more rapidly for § above 2.5°.
The increase in unaligned inductance further reduces the rate
of increase of the phase currents. Therefore, the RMS value
of phase current and the copper loss starts decreasing above
the value of § = 2.5°, as shown in Fig. 21 (f). However,
the decrease in phase current will further reduce the output
torque and power.

It is observed that for the higher values of §, above 2.5°,
the decrease in air-gap flux density and aligned inductance;
and increase in unaligned inductance is significant which will
reduce the phase current and output torque. The reduction in
torque and power leads to the reduction in efficiency as shown
in Fig. 21 (g).

The electromagnetic forces in an electric machine results
due to the interaction between normal and tangential compo-
nents of air-gap flux density. The tangential and radial force
densities in the air-gap can be expressed as [23]

1

fi = 5,2 2BaB (22)
1

fr= %(BZ —B}) (23)

where f; and f; are the tangential and radial force densities
in air-gap, respectively; B, and B; are the normal and tan-
gential components of air-gap flux density, respectively. The
tangential force density, f; is responsible for the generation of
torque in the machine, while radial force density, f; leads to
the generation of radial force and mechanical vibration in the
machine.
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FIGURE 22. Variation of (B;B;) in inner and outer air-gaps of 12/10 pole
DSSRM just after the start of commutation of phase A. (a) Inner air-gap.
(b) Outer air-gap.

The value of (B,B;) in inner air-gap of the 12/10 pole
DSSRM is shown in Fig. 22 (a), without and with rotor
segments shift between -90° to 270° mechanical position
of motor (referred from Fig. 2 (a)). This value is shown
in Fig. 22 (b) for outer air-gap. The rotor position considered
is 15° (mech.), just after the start of the commutation of
phase A. With the excitation of phase B, the segment S3,
S4, S8 and S9 go into its magnetic influence. It is seen
in Fig. 22 (a) and Fig. 22 (b) that the value of (B,B;) in the
inner and outer air-gaps, near the segments S4 and S8 region,
is increased in the case of shifted segments. Therefore,
more tangential forces are exerted on these segments which
increase the torque of the motor in the commutation region.
Because of this, the torque dip and subsequently, the torque
ripple reduces in this region.

F. EFFECT OF SEGMENTS SHIFT ON RADIAL FORCE AND
VIBRATION

It is seen in Eq. (23) that the radial force density is directly
dependent on the value of (Bfl - Btz) in the air-gap. In Fig. 23,
the value of (B2 — B?) in the inner and outer air-gaps of the
12/10 pole DSSRM for § = 0° is shown between -90° to
270° mechanical position of motor (referred from Fig. 2 (a)).
The rotor position considered is 90° (elec.) with phase A
excited with the rated current. It is seen in the figure that the
air-gaps near the S1, S2, S6 and S7 segments region have
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FIGURE 23. Variation in (B} — B?) in the inner and outer air-gaps
of 12/10 pole DSSRM for § = 0° with 90° (elec.) rotor position.

higher value of (B2 — B?) in the inner and outer air-gaps.
The values are greater in the inner air-gap as compared to the
outer air-gap for the respective segments. Therefore, resultant
attractive radial forces are created on the segments towards
the inner stator direction. The average values of (B2 — B?)
are calculated between -90° to 90° for the inner and outer
air-gaps of the motor which have the values of 0.0665 T
and 0.0528 T2 respectively. These value for 90° to 270°
position range are 0.0665 7% and 0.0527 T? respectively. The
difference between these pair of values is approximately the
same. Therefore, it is concluded that the segments S1 and
S6 bear the same but opposite radial force towards inner stator
direction. Similarly, S2 and S7 bear the same but opposite
radial force towards inner stator direction. Because of these
equal and opposite forces, the rotor has a balance condition
and have the least vibration for § = 0°. Fig. 24 shows
the static radial force working on segments S1, S2, S6 and
S7 between 0°-18° rotor position with phase A excited with
the rated current. It is seen that the magnitude of the attractive
radial forces on S1 and S6 is the same, similarly, it is same
for S2 and S6.

80r 4 Sepment-S1
70

A Segment -S6 Segment-52 % Segment-57

60 |
50
40
30
20
10

Static radial force on segments [N]

0 3 6 9 12 15 18
Rotor position [deg]

FIGURE 24. Static radial force on the segments of 12/10 pole DSSRM for
§ = 0° with phase A excitation.

With the shift of rotor segments, the angular separation
between S1 and S2 reduces, whereas for S6 and S7 it
increases. Fig.25 shows the variation in the value of (B2 — B?)
in the inner and outer air-gaps of the 12/10 pole DSSRM
for 6 = 2.5° It is observed that the difference in
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FIGURE 26. Static radial force on the segments of 12/10 pole DSSRM for
§ =2.5° with phase A excitation.
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FIGURE 27. Dynamic unbalanced magnetic force on the rotor
of 12/10 pole DSSRM with § = 2.5°.

(Bﬁ - Btz) for inner and outer air-gaps increases in the region
of S1 and S2 as compared to the region of S6 and S7.
Therefore, S1 and S2 bear higher radial forces as compared to
S6 and S7. Because of the unequal forces on the segments of
the opposite sides of the rotor, a resultant force is created on
it. Fig. 26 shows the static radial force working on segments
S1, S2, S6 and S7 between 0°-18° rotor position with phase
A excited with the rated current for § = 2.5°. Itis seen that the
magnitude of the attractive radial forces on S1 and S6 are not
same, similarly, it is not same for S2 and S7. Fig. 27 shows the
dynamic variation of the unbalanced magnetic force on the
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rotor for § = 2.5° in the case of rated operating condition.
The average value of the unbalanced force on the rotor for
6 = 0° is negligible and has a value of 0.7 N. However,
a small unbalanced force exists on the rotor of an average
value of 33.9 N for § = 2.5°. The average value of this
unbalance force per cm of axial length is 3.94 N/cm. This
small value will not cause any bending effect on the shaft,
however, this force will lead some increase in mechanical
vibrations in the motor.

,,-_i.---.-.

K Im ...... '
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FIGURE 28. Structure of the rotor of 12/10 and 24/20 pole DSSRM with
shifted segments. (a) 12/10 pole DSSRM. (b) 24/20 pole DSSRM.

The unbalanced magnetic force created on the rotor of
a 12/10 pole DSSRM is primarily caused by the unequal
non-magnetic separation between the adjacent rotor segments
at opposite sides of the rotor, as shown in Fig. 28 (a). This
creates unequal radial force densities at opposite sides of
the rotor. In the case of a 24/20 pole DSSRM, the number
of stator and rotor poles becomes twice. Unlike 12/10 pole
DSSRM, in 24/20 pole DSSRM, the non-magnetic separation
between adjacent rotor segments becomes same at the oppo-
site sides of the rotor, as shown in Fig. 28 (b). Because of this,
the radial force densities in the air-gaps of opposite sides of
the rotor become equal. This inherently omits the problem of
unbalanced condition on the rotor and reduces the mechanical
vibration in the motor. Fig. 29 shows the variation of output
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FIGURE 29. Dynamic torque and force profiles for 24/20 pole DSSRM.
(a) Dynamic torque. (b) Unbalance magnetic force on rotor with § = 1.5°.

TABLE 9. 24/20 pole DSSRM design parameters.

Parameter Value
Outer diameters (Do) 292 mm
Average diameter of rotor (D) 229.5 mm
Axial length (1) 86 mm
Stator yoke iron width 8.4 mm
Stator slot opening angle (Bso) 3.5°
Arc angle of exciting and auxiliary poles (Bexc, Bauz) 14.5°, 8.5°
Rotor segments arc angle and separation angle (8r, Bro) 14.5°, 3.5°
Inner and outer air-gap length (I4) 0.4 mm
Number of conductors per slot 42
Peak phase current 23 A

TABLE 10. Performance data for 24/20 pole DSSRM without and with
rotor segments shift.

Parameter Without segment shift ~ With segments shift
(6 =0° (6 =1.5°
Rated speed 600 rpm 600 rpm
Output torque 81.3 N-m 80.2 N-m
Torque ripple 108.4% 65.9%
Reduction in torque ripple - 39.2%
Reduction in output torque - 1.4%
Unbalance force on rotor 0.6N 05N
Core loss 297 W 334 W
Copper loss 394 W 396 W
Rated efficiency 88.0% 87.3%

torque without and with rotor segments shift and the dynamic
unbalance force on the rotor for a 3-phase, 5 kW, 24/20 pole
DSSRM. In the case of shifted segments, the % reduction in
torque ripple is 39.2% and the unbalanced force on the rotor
is 0.5 N which is negligible. Table 9 and Table 10 contains
the design and performance data for this motor.
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VIil. CONCLUSION

In this paper, several design procedures to improve the perfor-
mance of the radial flux DSSRM with single-tooth winding
topology are discussed. Firstly, the equations of the stator
and rotor pole arc angles for low unaligned and high aligned
inductances for high output torque are derived and based on
this, the selection of the number of stator slots/rotor seg-
ments is analysed. It is observed that for 3-phase DSSRM,
12/10 pole combination has better torque density over
12/8 and 12/14 pole combinations. In 12/10 pole combina-
tion, higher torque is achieved as compared to 12/8 pole
combination because of the higher number of strokes per
revolution; however, in 12/14 pole combination, the benefit
of the higher number of strokes per revolution becomes inef-
fective because of the significant increase in unaligned induc-
tance. Furthermore, the influence of winding polarities on the
performance of DSSRM is investigated. It is observed that
unlike subtracting flux winding polarity, aiding flux winding
polarity has no flux reversal in auxiliary poles; therefore,
it has lower core loss. However, it has lower torque density
as compared to subtracting flux winding polarity because of
saturation in auxiliary poles. As per the considered operating
condition, subtracting flux winding polarity is considered in
this paper. Finally, the design modification in the rotor struc-
ture is proposed with the angular shift in the alternate rotor
segments in the direction of rotation to mitigate the torque
ripple. A detailed analysis of the proposed technique is car-
ried out for the 3-phase 12/10/12 pole DSSRM. A FEM based
model is developed and simulated in order to investigate the
effectiveness of the proposed design. It is observed that with
this design modification, the torque generating capability of
the incoming phase increases, which reduces the torque dip
in the commutation region. Subsequently, the torque ripple
is reduced by nearly 40% as compared to baseline DSSRM.
It is also observed that unlike 12/10 pole DSSRM; 24/20 pole
DSSRM is supine to the shift of rotor segments in the view
of mechanical vibration in the motor. The parameters of the
motor will be optimized for the prototype machine and it will
be built in the future.
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