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Abstract——In this study, the design and analysis of multi-layer
fully pitched winding switched reluctance motor (MFP-SRM) for
general use (submersible pump, electric vehicles, etc.) have been
performed. It is seen that the multi-layer switched reluctance
motor (SRM) has higher output power when compared to the
single-layer SRM. In multi-layer SRM, the motors in the layers
are electromagnetically independent of each other although they
are identically the same motors with the same characteristics in
terms of performance and geometry. Each layer of the MFP-SRM
which is designed in this study consists of a 6/4 pole fully pitched
SRM (FP-SRM) and these motors are magnetically independent of
each other. In the MFP-SRM, which is designed as a double layer,
there is a 15� phase difference between the rotor position angles
and torque profile curves of each layer. With the phase difference
that changes depending on the number of layers, each layer
contributes to the total torque production of the profile, ensuring a
smooth profile. According to the results of the 3D FEM analysis,
it is seen that the proposed multi-layer motor structure has high
starting torque and low torque ripple properties. In the analysis
carried out in the range of 3–15 Amperes, the torque ripple of the
traditional FP-SRM varies between 31.99% and 38.19%, while the
torque ripple of the proposed MFP-SRM only varies between
3.23% and 7.11%.

1. INTRODUCTION

Switched reluctance motors consist of stators and rotors like
conventional electric motors. SRMs generally have advan-
tages such as low cost, reliability, durability, and high fault
tolerance [1, 2]. These features ensure that SRMs are widely
preferred in many applications such as wind turbines, elec-
trical aircraft, and electric vehicles (EVs) [2]. Besides, they
have been considered as a strong candidate for adjustable
speed applications [3]. Even the SRMs are structurally similar
to the stepper motors, on the contrary, they have fewer num-
ber of poles, larger stepping angles, and higher output power
profiles [2]. Since SRM’s stator and rotor structures have sali-
ent poles, they are also known as salient or double-salient
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motors [4].The main difference between their stator and rotor
structure is that the phase windings are installed only at the
stator poles. There are no windings or permanent magnets on
their rotor [4]. This difference between rotor and stator consti-
tutes the main structural principle of SRM. The fact that there
is no winding used in the rotor of the SRM, it is shown that
less copper is used, and there are fewer copper losses com-
pared to other electrical machines [5]. SRMs have been
shown as one of the alternative traction motors in EVs due to
the absence of permanent magnets on their rotors [6, 7]. It has
been reported that the amount of the production of EVs is
increasing nowadays. This situation poses a future concern
for the automotive industry due to the scarce supply of rare-
earth permanent magnets [6]. Besides, demagnetization of the
permanent magnets at high temperatures is a general problem
for all motors which have magnets in their structure [8]. For
these reasons, the main trend in traction motor selection has
turned into the reduced magnet or permanent magnet-free
motors, especially for automotive manufacturers [7]. Also,
SRMs are more robust, easier to manufacture, and have lower
cost rather than permanent magnet motors (PMM) which con-
tain permanent magnets in their structure [4].

On the other hand, SRMs also have some disadvantages.
High torque ripple is one of the major disadvantages of
SRMs due to their high nonlinearity in torque production
[9]. Since the stator and rotor of SRMs have salient poles,
very high torque ripple phenomena occur during the phase
commutation period. Consequently, these higher torque rip-
ples produce acoustic noise, oscillations, and oscillation-
oriented problems in SRMs [10, 11].

The problem of torque ripples has been greatly
improved with the studies that have been carried out in
recent years. SRMs torque ripple control methods can be
divided into two groups: one is based upon machine design
optimization and the other one is based upon control algo-
rithms [3, 12]. In the first group, optimization studies are
carried out on the geometric structure of the electric
machine. To improve the magnetic characteristics of
SRMs, geometric parameters (such as the stator and rotor
pole arcs, air–gap length, number of poles, modifying the
shape of rotor’s or stator’s salient poles) are adjusted to
reduce the torque ripples [13, 14].

In the second group, different control techniques have
been applied to reduce torque ripples [13, 14]. In the litera-
ture, there are different control methods such as instantan-
eous torque control, intelligent methods (fuzzy, neural
network, etc.), and passivity-based adaptive sliding mode
controllers that have been implemented to the system to
reduce torque ripples [3, 15]. In this group of studies, there

are not any modifications in the geometry of the electric
machine.

Studies to improve the performance of SRMs have
always been an area of interest for researchers. The most
important point among these studies is based on the winding
structure. The phase windings, which are wounded as short
pitched per stator pole in conventional SRMs, are placed in
full pitch by being distributed into the grooves in fully
pitched SRMs. Although fully pitched SRMs have higher
copper loss than conventional SRMs, due to their winding
structure and working principle, they have higher torque
density compared to conventional SRMs at an equivalent
copper loss [16–18]. Approximately 20–30% more torque
can be produced in a typical industrial frame [19]. However,
the control algorithm of Fully pitched SRMs is more com-
plex than conventional SRMs [20]. Despite this bottleneck,
developments in control methods in recent years also
increase the interest in fully pitched SRMs, which produce
higher torque than conventional SRMs. Therefore, FP-SRM
structure was preferred in this study.

This study aims to reduce the torque ripples of FP-
SRMs and to obtain a smoother torque profile. For this
purpose, a multi-layer fully pitched SRM (MFP-SRM)
structure is proposed and the results of the numerical ana-
lysis for this structure are presented. Numerical methods
are one of the well-known methods used to determine the
magnetic field distributions of electrical machines [21].
When compared with the results obtained from analytical
methods, it is seen that the results obtained from the
numerical methods have higher accuracy. Therefore,
numerical methods are more preferable tools by the
researchers. The finite element analysis (FEA) tool is one
of the most widely used numerical methods in electrical
motor design [22].

The organization of this paper is as follows: In Section 2,
basic concepts for traditional and fully pitched SRMs are
given. In Section 3, the multi-layer SRM literature review
and the proposed model MFP-SRM design are introduced.
The working range of each layer of the proposed model
MFP-SRM is determined in Section 4. In Section 5, magne-
tostatic analyzes which performed according to the deter-
mined working topology of MFP-SRM, and the results are
presented. Finally, the evaluation of the study and the com-
ments are given in the conclusion section.

2. CONVENTIONAL AND FULLY PITCHED SRM

Phase windings of SRMs are wounded as "short-pitched"
around each stator pole as seen in Figure 1(a). Therefore,
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conventional SRMs are also known as "Short Pitched-
SRM" (SP-SRM). There are phase windings on each stator
pole, and they are connected in series with the phase wind-
ing of the mutual stator poles. In this way, two stator poles
create one phase of the motor [23]. As the number of stator
poles increases in SRMs, the number of motor phases also
increases.

In FP-SRMs, the phase winding is wrapped as "Fully-
Pitched" as seen in Figure 1(b). A fully pitched winding
structure was first proposed by Mecrow [23]. Mecrow
changed the short-pitched winding structure to the full
pitch to obtain higher torque than traditional SRMs.
Proposed FP-SRM produces higher torque than traditional
SRMs due to the fully pitched winding structure. While
SP-SRMs are based on single-phase transmission, the FP-
SRMs are based on two-phase transmission at the same
time [17]. In FP-SRMs, the torque is produced by mutual
inductance change between the phases in transmission [16,
23, 24]. Therefore, FPSRMs are also known as Mutually
Couple Switched Reluctance Motor (MCSRM) [16, 23].
Figure 1 shows the 3-phase, 6/4-pole SP-SRM, and FP-
SRM in 2D view. Also, Figure 2 shows the 3D view sta-
tor–rotor structure respectively for both motors.

For torque generation in SRMs, when any single phase
is energized, the rotor moves in a direction that decreases
the reluctance of the circuit. Continuity of rotor movement
is provided by energizing the stator windings sequentially.

The electrical torque (Te) produced by a single phase in
SRMs depends on co-energy (Wc), and rotor position angle
(h). The expression of the electrical torque is given in
Eq. (1) [17].

Te ¼ @WC

@h

����
i¼const

(1)

In a linear magnetic system, half of the electrical energy
input is transformed into mechanical energy, also known as "co-
energy", which is responsible for the generation of the mechan-
ical torque. The other half, also known as "field energy", is
stored on magnetic circuitry. In Figure 3, the current–flux link-
age curve is given for linear magnetic systems [17].

As seen in Figure 3, co-energy, which expresses half of
the electrical energy input in linear magnetic systems, is
expressed with the equation given in (2) depending on the
flux linkage (k) and, current (i) [17].

Wc ¼ 1
2
ki (2)

If it is assumed that two phases (a–b) are excited at the
same time in the system, the co-energy expression given in
Eq. (2) turns into Eq. (3) [17].

Wc ¼ 1
2

ka Ɵ, ia, ibð Þia þ 1
2

kb Ɵ, ia, ibð Þib (3)

Flux linkages containing self-inductances and mutual
inductances can be expressed as a function of phase cur-
rents, and rotor position. ka and kb are vary depending on

FIGURE 1. 2D view of 3 phase 6/4 pole motor: (a) SP-
SRM, (b) FP-SRM.
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phase currents, self-inductance, and mutual-inductance
given in Eqs. (4) and (5), respectively [17].

ka Ɵ, ia, ibð Þ ¼ iaLa þ ibMab (4)

kb Ɵ, ia, ibð Þ ¼ ibLb þ iaMab (5)

Here, La, Lb are the self-inductances of phases a and b,
respectively, and Mab is the mutual inductance that occurs
between phases a and b. If the ka and kb equations given in

(4) and (5) are replaced in Eq. (3), the co-energy expres-
sion turns into the equation given in (6) [17].

Wc ¼ 1
2

Lai
2
a þ Lbi

2
bþ2iaibMab

� �
(6)

If the co-energy expression given in Eq. (6) is replaced
in Eq. (1), the torque expression is obtained as given in (7).
If three phases (a, b, c) are assumed to be in a conduction
state, the electrical torque term turns into (8). Here, Lc refers
to the self-inductance of the c phase, Mbc refers to the
mutual inductance between phases b and c, and Mca refers
to the mutual inductance between phases c and a [17].

T ¼ 1
2
i2a
@La
@h

þ 1
2
i2b
@Lb
@h

þ iaib
@Mab

@h
(7)

T ¼ 1
2
i2a
@La
@h

þ 1
2
i2b
@Lb
@h

þ 1
2
i2c
@Lc
@h

þ iaib
@Mab

@h
þ ibic

@Mbc

@h

þ icia
@Mca

@h
(8)

In FP-SRMs, to obtain mutual inductance between
phases, each phase contributes 2/3 of the energization
period for effective torque generation, since two-phase
windings must be energized at the same time [23]. This
situation also makes it difficult to control FP-SRMs.
However, this problem has been resolved to a great extent
with the control methods developed in recent years. In FP-
SRMs, the torque equation takes the form given in Eq. (9)

FIGURE 2. 3D view of 3 phase 6/4 pole motor: (a) SP-
SRM, (b) FP-SRM.

FIGURE 3. Flux linkage–current for a linear magnetic sys-
tem [19].
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because self-inductance is neglected [16].

T ¼ iaib
@Mab

@h
þ ibic

@Mbc

@h
þ icia

@Mca

@h
(9)

Since each phase contributes 1/3 to the torque produced in
SP-SRM and 2/3 in FP-SRM, copper losses are expressed
with Eq. (10) for SP-SRM and Eq. (11) for FP-SRM. FP-SRM
phase resistance is 59–62% higher than SP-SRM. If this ratio
is accepted as 62%, the resistance coefficient Rfp ¼ 1:62Rsp

can be written [25]. Here, Rsp represents the phase winding
resistance of the SP-SRM and Rfp represents the phase wind-
ing resistance of the FP-SRM. Equations (10) and (11) should
be equalized to each other to make comparisons in equivalent
copper losses. The equation given in (12) has been obtained
with Eqs. (10) and (11) by using the resistance coefficient.

Psp ¼ 1
3
i2spRsp (10)

Pfp ¼ 2
3
i2fpRfp (11)

ifp ¼ 0:559isp (12)

In these equations, Psp represents the copper loss, isp
represents the phase current of the SP-SRM, Pfp represents
the copper loss and ifp represents the phase current of the
FP-SRM for unipolar excitation. As can be seen from
Eq. (12), FP-SRMs show higher performance at a lower
current (equivalent copper loss) than conventional SRMs.

3. MULTI-LAYER SRMS

Multi-layer structure is an approach used to reduce the tor-
que ripple of SRMs. In recent years, several SRM studies
with different multi-layer structures have been conducted
[26]. Multi-layer SRMs consist of multiple layers that are
completely independent magnetically from each other but
have the same performances and properties. Motors in each
layer contribute to the output torque in different positions.
When the literature is examined for multi-layer SRMs, a
fully pitched winding structure is not encountered. In the
study conducted by Seshadri et al., it is stated that the
multi-layer structure helps to reduce torque ripple by 23%
[27]. Vahedi et al. [28] presented a fast and simple mag-
netic equivalent circuit (MEC) model for single-layer clas-
sical SRM. It has been suggested that this presented model
can be used in multi-layer SRMs. In the study, 2, 3, 4, and
5-layer 6/4, 8/6, and 12/8 SRM structures were examined.
In the simulation studies performed for the 2-layer 6/4
SRM structure, it was observed that the torque ripple value

decreased from 155.34% to 43.1%. In the study conducted
by Siadatan et al. where a seven-layer 4/4 pole classical
SRM with high torque/volume density called septi segment
SRM (SSSRM) [29]. Afjei et al. have conducted a model-
ing and prototype study for a motor structure called quintu-
ple-set SRM (QSSRM) for high torque/ripples and high
torque/volume applications [30]. They used the five-layer
4/4 pole classical SRM structure in the proposed structure.
In the study of Siadatan et al., a double layer 6/4 pole clas-
sic switched reluctance motor/generator (SRM/G) structure
was designed [31]. The most important point of the study
is that it offers a hybrid operating mode with both motor
and generator modes. A novel three-phase seven layers
switched reluctance motor (SLSRM) was designed in the
study conducted by Afjei et al. [32]. The motor used in the
study has 4/4 poles and has a classical SRM winding in
each layer. In the study conducted by Torkaman et al. high
torque and low-flux-leakage SRM models were proposed
[33] The model subject to the study is called DLPISRM
(double-layer-per-phase-isolated SRM). In the study per-
formed by Dalbadan et al. double-layer MSRM (multi-layer
switched reluctance motor) was designed by using a
6/4 pole classical SRM structure [34] According to the test
and simulation results obtained, it has been shown that the
multilayer motor structure has high starting torque, less
acoustic noise, and a smooth torque profile. Due to the
reduction in the torque ripple, the acoustic noise values of
the motor have decreased. Classical SRM noise pressure is
measured between 72.54 and 56.55 (dBA) for different
operating speeds up to 3000 rpm, while the recommended
multi SRM is measured between 70.43 and 52.88 (dBA).
In 2002, a study conducted by Afjei and Toliyat [35] was
reported as the first multi-layer SRM design [34] A three-
layer structure has been proposed in the work they carried
out. All layers in the proposed structure have a conven-
tional winding structure. Similarly, the classical SRM
structure was used in the studies performed in [36–41].

As can be seen from the literature review carried out, FP-
SRMs with full pitch winding structures were not used in
multi-layer designs. One of the most important reasons for this
is that FP-SRMs are difficult to control due to the two phases
being activated at the same time. However, control techniques
developed in recent years significantly exceed this challenge.

3.1. Description of the Proposed MFP-SRM (Multi-
Layer Fully-Pitched Switched Reluctance Motor)

The proposed model has a double-layer FP-SRM structure
with 6/4 poles on each layer. The 6/4 combination is the
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most basic structure in SRM. Therefore, it is the most suit-
able combination of slots/poles for the theoretical evalu-
ation of a new design [42]. The proposed structure of a
two-layer, fully-pitched switched reluctance motor (MFP-
SRM) is given in Figure 4. In the MFP-SRM model, all
layers are connected on the same shaft and contributing to
the output torque in their operating range. Since all layers
have the same geometric dimensions, the geometric param-
eters of FP-SRM in the layers in Figure 5 are given in 2D.

As given in Figure 5, br represents the rotor pole arc
(degree), bs is the stator pole arc (degree), ts is the stator
pole width, tr is the rotor pole width, ds is the stator pole
height, dr is the rotor pole height, ys is the stator yoke
thickness, yr is the rotor yoke thickness, and g is the air–
gap length. Geometric dimensions of FP-SRM are given in
Table 1. Also, nominal parameters of MFP-SRM are given
in Table 2. Matlab GUI based SRM design program was
used to find motor parameters [43].

4. DETERMINING THE WORKING RANGE OF
MFP-SRM LAYERS

In this section, to determine the working range of the
layers, firstly, the torque profile of FP-SRM in each layer
has been obtained. Since different layers have the same
performances in multi-layer SRMs, it is sufficient to exam-
ine a single layer for motor performance prediction. For
this, magnetostatic analysis of FP-SRM in a single layer
for different current values using the finite element method
was performed. Accurate estimation of motor performance
is very important in design optimizations. However, due to
the inherent nonlinearity of SRMs, it is very difficult to
obtain a practical mathematical model. Therefore, various
methods such as the finite element method (FEM),

magnetic equivalent circuit (MEC), neural networks, and
fuzzy inference systems are used to improve the approxi-
mation accuracy of nonlinear features [44]. Although a full
electrical model and control system is needed to evaluate
the dynamic behavior, the verification of the model accur-
acy is also obtained by using the FEM method [45].
Furthermore, FEM analysis is essential in SRMs because
of their double salient structure and the intense saturation
effects that arise in the partially aligned stator-rotor poles
[46]. In FEM, necessary profiles such as torque, magnetiz-
ing, self-inductance, and mutual inductance are obtained
for the analysis and modeling of SRMs based on changes
in phase current and rotor position using Maxwell’s equa-
tions. These profiles can be calculated using the flux dens-
ity B and field intensity H by utilizing a set of Maxwell
equations [47].

FIGURE 4. Two layer fully-pitched switched reluctance
motor (MFP-SRM).

FIGURE 5. Geometric parameters of the FP-SRM.

Symbol Value Symbol Value

r0 17.6 (mm) ys 9.8 (mm)
r1 25.5 (mm) yr 6.65 (mm)
r2 36.3 (mm) ds 10.3 (mm)
r3 46.1 (mm) dr 7.9 (mm)
ts 13.46 (mm) br 300

tr 13.46 (mm) bs 300

g 0.50 (mm) depth 90.00 (mm)

TABLE 1. Geometric dimensions of the FP-SRM.
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The 2D-FEM analysis computation times are shorter than
the 3D-FEM analysis computation times, but the coil-end
effect in 2D-FEM analyzes cannot be included in the calcu-
lation. This situation causes a slight decrease in the output
torque calculations [48]. Also, 3D-FEM analysis has been

preferred to examine the torque effect of each layer on the
shaft in multi-layer SRMs more accurately. Figure 6(a)
shows the torque profile obtained as a result of 3D-FEM
analysis of each layer of MFP-SRM performed at different
currents, and Figure 6(b) shows the mutual inductance pro-
file of each layer of the MFP-SRM.

In multi-layer SRMs, the instantaneous torque can be
generated from the sum of instantaneous torques in differ-
ent layers. In traditional multi-layer SRMs, the instantan-
eous torque can be obtained by multiplying the torque
produced in a layer by the total number of layers.
However, in this case, the torque ripple of conventional
multi-layer SRM and single layer SRM will be the same
[28]. To eliminate this situation, the rotors are positioned

Nominal parameters of MFP-SRM

Layer number of MFP-SRM 2
Each layer stator/rotor pole numbers 6/4
Number of phases 3
Rated current (Amps) 10
Rated power (W) 2250
Rated speed (rpm) 1750

TABLE 2. Nominal parameters of MFP-SRM.

FIGURE 6. Results for a single layer of MFP-SRM at different currents: (a) torque profiles (b) mutual inductance profiles.
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so that there is a certain angular displacement between
them, as shown in Figure 7. In this way, a time shift is cre-
ated between the torque waveforms produced in the layers.
As a result of this situation, a significant improvement is
provided in torque ripples in multi-layer SRMs [28].
Equation (13) is used to determine the optimum value of
the angle a [28]

a ¼ 3600

PrNphaseNlayer
(13)

In Eq. (13), Pr represents the number of rotor poles,
Nphase the number of phases, and Nlayer the number of
layers. If the phase number (Nphase ¼ 3), layer number
(Nlayer ¼ 2), and rotor pole number (Pr ¼ 4) of the
designed MFP-SRM are replaced in Eq. (13), the a value
is found as 15�. In this case, the rotor positions in both
layers are as given in Figure 8 and the torque profile
curves are presented in Figure 9. The torque profiles are
given in Figure 9 obtained at 5 Amps where time shift
occurs between instantaneous torque of layers.

After determining the phase difference between the rotor
layers, the most important point to be considered is to
determine the energization time of the relevant phase wind-
ings that the MFP-SRM in each layer will contribute to the
torque generation.

In case the phase windings of both layers are energized
at the same time, the output torque will be negatively
affected as it is the total torque. To prevent this, the time
shift must be taken into account when the phase windings
of the second layer are energized. For the torque generation
of both layers, the phase windings are energized in the
same way and only differ in timing. When two phases (a–
b) of the first motor are energized for torque generation;
Two phases (a–b) of the second layer must be energized
afterward at an angle a. Due to this difference, a different
driver must be used for each layer.

For the suggested MFP-SRM model in Figure 9, torque
generations of both layers are seen which is based on the
time shift angle. In this work, each motor model for both
layers is energized depending on the time shift, and that
contributes to the maximum torque generation. For this,
after providing the startup torque of the first motor, the
time interval for transmission is determined for each layer.
In determining the time interval, the torque graphs given in
Figure 9 depending on the time shift were used. The angle
values where the torque curves of both layers intersect
have been chosen as the reference point. To precisely
determine the intersection points, the magnetostatic ana-
lysis of each layer was performed independently with 0.5�

FIGURE 7. The structure proposed for the multi-layer: (a)
stator, (b) rotor.

FIGURE 8. Position angle difference between rotor layers.
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FIGURE 9. The time shift between instantaneous torque of layers.

FIGURE 10. Working range of layers.

FIGURE 11. The energization period of layers and phases.
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steps in the regions close to the intersection points of the
torque curves. As a result of the finite element analysis, the
working range is given in Figure 10 and the phase energiz-
ing sequence given in Figure 11 was obtained.

5. MAGNETOSTATIC ANALYSIS AND RESULTS
OF MFP-SRM

To compare the output torque curves of the proposed model
MFP-SRM and classical FP-SRM, 3D FEM analysis was

performed at different currents in both models. The torque
curves of the classical FP-SRM were given in Figure 6. In
MFP-SRM, all layers contribute to the output torque at max-
imum torque generation points (Figures 10 and 11). In this
way, a smoother torque curve can be obtained in MFP-SRM
compared to classical FP-SRM. The analyses of the proposed
model MFP-SRM and the FP-SRM whose results are given in
Figure 6 were carried out under the same conditions to com-
pare the results accurately. Figure 12 shows the angle-torque
results obtained from the magnetostatic analysis of MFP-

FIGURE 12. MFP-SRM torque curves.

FIGURE 13. MFP-SRM mutual inductance curves.
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SRM between 3 and 15 Amperes. Each layer was generating
torque and contribute to the output torque according to
Figures 10 and 11.

Torque generation in FP-SRMs is produced depending
on the mutual inductance between active phases. In the
proposed model MFP-SRM, the relevant phases of each

FIGURE 14. Classical FP-SRM torque ripple curve.

FP-SRM MFP-SRM Variation

Current (Amps) Tavg (Nm) Trip (%) Pout (W)
Efficiency
� (%) Tavg (Nm) Trip (%) Pout (W)

Efficiency
� (%)

D %
Tripple

D
Tavg(%)

3 1.54 31.99 282.06 86.2 1.98 3.23 362.65 88.9 –28.76 þ28.57
5 3.72 35.96 681.35 91.6 4.90 3.56 897.48 93.5 –32.4 þ31.72
7 6.03 38.19 1104.45 81.8 8.03 4.03 1470.77 85.7 –34.16 þ33.16
10 9.63 36.01 1768.83 77.9 12.48 5.04 2285.83 82.1 –30.97 þ29.59
12 11.99 34.78 2169.08 75.3 15.30 5.75 2802.34 79.6 –29.03 þ27.61
15 14.94 37.14 2736.41 70.8 19.11 7.11 3500.18 75.6 –30.03 þ27.91

TABLE 3. Tavg, Trip, Pout and efficiency comparisons of conventional FP-SRM and MFP-SRM.

FIGURE 15. Comparison of FP-SRM and MFP-SRM torque curves.

Sahin and Basaran: Design and Finite Element Analysis of a 6/4 Pole Multi-Layer Fully Pitched Switched Reluctance Motor to Reduce
Torque Ripple 2079



FIGURE 16. MFP-SRM angle–current–torque variation.

FIGURE 17. Magnetic field vectors: (a) Layer-1, (b) Layer-2.
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layer are energized for torque generation and mutual
inductance is produced between the phases. Figure 13
shows the mutual inductance curve obtained from the ana-
lysis results. The point to note in the curve is the mutual
inductance profile obtained at the intervals where the layers
contribute to the maximum torque generation.

Torque ripple is one of the most important parameters
affecting the performance of electrical machines. In general,
the minimum torque ripple is desired from electric motors.
Because a high torque ripple negatively affects the motor
output torque as well as causes high noise. Figure 14 shows
the torque ripple of classical 6/4 FP-SRM.

The torque ripple of any electric machine can be calcu-
lated as given in Eq. (14) [49]:

Torque ripple Tripð Þ ¼ Tins maxð Þ � Tins minð Þ
Tavg

(14)

Here, Tmax, Tmin, and Tavg denote the maximum, min-
imum, and average torque, respectively. The average torque
expression is given in Eq. (15) as the integral of the
instantaneous torque obtained over a period.

Tavg ¼ 1
T

ðT

0

Tinstdt (15)

The torque ripples of the classical FP-SRM (Figure 6)
and MFP-SRM (Figure 12) were calculated with Eqs. (14)
and (15). Torque, torque ripple, Pout and efficiency results
are presented in Table 3.

As can be seen in Table 3, the torque ripple of the con-
ventional FP-SRM varies between 31.99% and 38.19%,
while the torque ripple of the MFP-SRM varies between
3.23% and 7.11%. As a result of the improvement in tor-
que ripple, the average output torque increased between
27.61% and 33.16%. Figure 15 shows the comparison of
the classical FP-SRM and the proposed model MFP-SRM
output torque curves for 5,10 and 15 Amps, respectively.

As can be seen in Figure 15, when the torque curve of
MFP-SRM and torque curves of FP-SRM are compared, it
is seen that MFP-SRM offers a flatter and softer torque
output with less torque ripple. The phase shift achieved by
the a angle allows the rotor in the second layer to follow

FIGURE 18. Magnetic flux density distribution: (a) Layer-1, (b) Layer-2.
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the rotor in the first layer 15 degrees behind. In this way,
in MFP-SRM, each layer contributes to the output torque
only in the maximum torque regions. Figure 16 shows the
angle–current–torque variation of the MFP-SRM in 3D.

Since both layers (Layer 1/Layer 2) are magnetically
independent of each other and contribute to the torque gen-
eration in independent time intervals, their flux distribu-
tions are also independent of each other. Figure 17 shows
the magnetic field vectors of Layer 1 and Layer 2 at 10
Amps. Figure 18 shows the magnetic flux density distribu-
tion of Layer 1 and Layer 2 at 10 Amps. There is a differ-
ence of 15� degrees between both rotor positions.

6. SUMMARY AND CONCLUSIONS

In this study, a multi-layer structure is presented to reduce
the torque ripple of FP-SRMs. FP-SRMs, which have
higher torque density compared to conventional SRMs,
have a wider usage area with the improvements made in
the torque ripple.

Especially the increase in the use of hybrid and electric
vehicles and the developments in the aviation sector have
bring higher performance expectations from the electric motor
used. At this point, FP-SRMs with 20–30% higher torque
density compared to traditional SRMs may be a good alterna-
tive. However, high torque ripple is a disadvantage for FP-
SRMs. This situation is eliminated by geometric design and
various control methods. It is applied to various motors in
multi-layer structures to minimize the torque ripple.

In the literature studies given in Chapter 3; there are dif-
ferent studies such as the magnetic equivalent circuit
model, hybrid structures with multi-layer structures for
both motor and generator modes, and the effects of multi-
layer structures on acoustic noise by reducing the torque
ripple for multi-layer SRMs. In addition, it has been
observed that the multi-layer structure reduces torque ripple
in SRMs up to 23%. However, no fully pitched winding
structure was used in any of the studies.

For this purpose, MFP-SRM design has been realized
by combining the advantages of FP-SRM and multi-layer.
The MFP-SRM structure for general use (Submersible
pumps, electric vehicles, etc.) was designed as 3D, its mag-
netostatic analysis was performed, and the working area
where the phase windings contributed the highest to the
output torque was determined. Each layer of the two-layer
MFP-SRM contributes to the output torque independently.
Each layer contributes to the output torque at the maximum
torque generating points. As a result of the analysis, it is
observed that there is a decrease up to 34.16% in the

torque ripple of MFP-SRM and an improvement up to
33.16% in the average output torque. In this way, MFP-
SRM offers a smoother and ripple-free torque curve. In
this regard, it is thought that it can be presented as an
innovation to the literature and the interest in FP-SRMs
with high performance will increase.
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