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Abstract: With the rapid development of power electronic techniques and the increasing cost of
permanent magnets (PMs) materials, switched reluctance motors (SRMs) have recently gained more
attention. However, traditional SRMs have a relatively low torque density. For the sake of increasing
the motor torque density, this paper proposes a novel segmental rotor type SRM. The proposed
motor adopts hybrid stator poles and concentrated windings in the stator side and a segmental
rotor structure in the rotor side, which is completely different from the structures of the traditional
SRM. The special structure of the motor shortens the magnetic flux paths of the motor, separates
the parts of the magnetic flux paths from one another, and eradicates the magnetic flux reversal in
the motor stator in order to improve the electric utilization and output torque density of the motor.
Meanwhile, the requirement of the magneto-motive force and the core loss of the motor is also
decreased, thereby improving the efficiency of the motor. For the purpose of proving the proposed
structure, the characteristics of the motor are analyzed using the finite element method and are
compared to those of the traditional 12/8 SRM, which is designed for the same application. Moreover,
the prototypes of the traditional 12/8 and proposed SRMs are manufactured, and experiments based
on the prototypes are performed. Finally, the effectiveness of the structure of the proposed motor is
further proven by the experimental results.

Keywords: switched reluctance motor; rotor segment; high torque density; high efficiency

1. Introduction

For the past few years, with the rapid improvement of the design and manufacturing
techniques of power electronics, the cost of the controller for the motor is falling, coupled
with the rise of the cost of permanent magnets (PMs) materials. As a result, switched
reluctance motors (SRMs) have attracted widespread attention due to their simple manu-
facturing process, good fault tolerance and lack of PMs, thus becoming strong candidates
for the variable speed drive systems used in industrial applications.

Traditional SRMs tend to adopt a doubly salient pole and concentrated winding
configuration, on account of their simple structure and short end-winding. Nevertheless,
the torque density of traditional SRMs is relatively low.

For the purpose of increasing the torque density of SRMs, scholars around the world
have studied the structure of SRM and proposed a segmental rotor structure [1-15]. Ref-
erence [1] proposes a 12/8 SRM with full pitch windings and a segmental rotor. With a
fixed thermal condition, the torque per unit copper loss of the motor is increased by 41%
in comparison with that of traditional SRMs under the same volume; however, the motor
has problems of mechanical weakness and manufacturing complexity. In order to solve
the problems of the motor in [1], a 6/4 SRM with full pitch windings and a segmental
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rotor is proposed [2]. The motor adopts an aluminum rotor block, thereby reducing the
manufacturing complexity of the segmental rotor and improving its mechanical strength.
Furthermore, the motor maintains the relatively high torque density as that of the motor
in [1]. On the basis of the motor in [2], the motors with multiphases [3] and with a two-step
slide-rotor [4] are studied, respectively, to further improve the torque performance of the
SRM. At the same time, 8/6, 12/4 and circular slot type SRMs with full pitch windings and
a segmental rotor are also presented [5-7] for torque performance improvement. For the
8/6 type [5], it is a four-phase motor, in which two adjacent phases are excited simultane-
ously at any given moment. The 8/6 type increases the output torque density of the motor
and decreases the torque ripple of the motor, while it increases the cost of the converter
compared to the three-phase motor. For the 12/4 type [6], it is a six-phase motor, whose
rotor segments are unevenly installed on the rotor block, and two phase windings of the
motor are always required to be energized at the same time. For the circular slot type [7], its
magnetic flux flows along the circular path in the rotor and stator of the motor, shortening
the flux path, thus improving the output torque density and decreasing the silicon steel
sheet utilization.

In contrast to traditional SRMs, the segmental rotor type SRMs presented above could
improve the electric utilization of the motor and reduce the requirements of magneto-
motive force (MMEF). The output torque could be increased as well. Nevertheless, all of
the motors mentioned above use full pitch windings, which increase the length of the
end-windings, thereby increasing the mass of copper material and copper losses, and at the
same time, reducing the electric loading and fault tolerance of the motor. Furthermore, it
also makes the motors unrealistic for applications with a short lamination stack length and
large pole pitches because of its low efficiency.

Based on the above analysis, some scholars have proposed SRMs with concentrated
windings and a segmental rotor, such as the 12/10 type [8-10], 12/8 type [11] and 16/10
type [12-15]. Compared to traditional SRMs, the SRMs with concentrated windings and
a segmental rotor not only improves the electric utilization, torque output capacity and
efficiency of the motor, but also reduces the requirement of MMF in the motor. However,
the number of rotor poles in these motors is a little high, which may limit the efficiency of
the motor. This is because the core losses of the motor are related to the electrical frequency
of the motor. The higher the electrical frequency of the motor, the higher the core losses.
Furthermore, with a given speed, the electrical frequency of an SRM is proportional to the
number of rotor poles. Thus, to ensure the motor high efficiency, it is better to make the
rotor pole number as low as possible.

With that in mind, this paper proposes a novel 6/5 SRM with concentrated windings
and segmental rotor for torque density and efficiency improvement. Firstly, the traditional
and proposed SRM structures are presented and analyzed. Then, the characteristics of the
proposed structure are analyzed and contrasted with those of the traditional 12/8 SRM in
the same application. Moreover, to further prove the proposed structure, the prototypes
and control platform of the two motors are developed, respectively. Finally, the experiments
based on the prototypes and developed control platform are performed to further prove
the effectiveness of the proposed 6/5 SRM.

2. Structure of Traditional and Proposed SRMs
2.1. Structure of Traditional SRM

Figure 1 shows the diagram of the traditional 12/8 SRM structure. It has twelve stator
poles and eight rotor poles. The twelve stator poles have the same size and shape, and
the windings are wound on each stator pole. Among them, windings W1, Wa2, Wa3 and
W a4 are connected to form phase A; windings Wg1, Wpy, W3 and Wpy4 are connected to
form phase B; windings W1, Wep, W3 and Wy are connected to form phase C. The rotor
adopts a salient pole structure and the eight rotor poles, with the same size and shape, are
evenly distributed along the circumference.
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Figure 1. Diagram of traditional 12/8 SRM structure.

Figure 2 shows the magnetic field vector of the traditional 12/8 SRM. It can be seen
that the magnetic flux paths of the motor are long, and when the motor winding current
transitions from one phase to another phase, regardless of whether in forward or reverse
rotation of the motor, there is a reverse flux in the motor stator. This may increase the
requirement of MMF in the motor and increase the core loss of the motor.

..............

................

Figure 2. Magnetic field vector of traditional 12/8 SRM. (a) Phase A windings excited only; (b) Phase
B windings excited only; (c) Phase C windings excited only.

2.2. Structure of Proposed SRM

Figure 3 shows the diagram of the proposed 6/5 SRM structure. As the name suggests,
this configuration has six stator poles and five rotor poles. The six stator poles are further
decomposed into three auxiliary poles and three exciting poles. The exciting poles are
wound with the windings, and each winding forms a separate phase. The auxiliary poles do
not have any windings, they only provide the magnetic flux return paths for the motor. The
rotor consists of five rotor segments, a nonmagnetic isolator and a shaft. The nonmagnetic
isolator is directly mounted onto the surface of the shaft, and the five rotor segments
are of the same size and shape, and they are evenly placed in the nonmagnetic isolator
along the circumference. Compared to the traditional rotor with salient poles, the rotor of
the proposed 6/5 SRM does not have any mechanical protrusion, which is beneficial to
reducing wind resistance, thus reducing the mechanical loss of the motor, particularly in
the motor running at high-speed.
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Figure 3. Diagram of traditional 12/8 SRM structure.

Figure 4 shows the magnetic field vector of the proposed 6/5 SRM. It can be observed
that the magnetic flux paths of the motor are short, and whether the motor is in forward
rotation or reverse rotation, when the motor winding current transits from one phase to
another, there is no magnetic flux reversal in the motor stator. Hence, in comparison with
the traditional 12/8 SRM, the proposed 6/5 SRM could improve the electric utilization of
the motor, increase the output torque density of the motor, lower the requirement of MMF
of the motor, and decrease the core loss of the motor, thereby improving the efficiency of
the motor.

Figure 4. Magnetic field vector of proposed 6/5 SRM. (a) Phase A windings excited only; (b) Phase B
windings excited only; (c) Phase C windings excited only.

3. Characteristics Analysis and Comparison of Traditional and Proposed SRMs

In order to prove the effectiveness of the proposed motor, the outer radius and stack
length of the proposed motor is designed to be the same as those of the traditional 12/8 SRM
as they are intended for the same application, in which the rated power, rated voltage and
rated speed is 500 W, 12 V, and 2800 r/min, respectively. In addition, for precise comparison,
the air-gap length, shaft radius, slot fill factor and wire gauge of the proposed 6/5 SRM
is also deliberately designed to be the same as those of the traditional 12/8 SRM. Table 1
gives the detailed dimensions of the two motors. Compared to traditional 12/8 SRM, the
number of turns of the windings per phase of the proposed 6/5 SRM is reduced by 30%.
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Table 1. Dimensions of traditional and proposed SRMs.
Parameter Traditional 12/8 SRM Proposed 6/5 SRM
Stator outer radius (mm) 525 52.5
Stator inner radius (mm) 31.25 26.25
Rotor inner radius (mm) 24 N/A
Shaft radius (mm) 4 4
Air gap (mm) 0.25 0.25
Stator yoke thickness (mm) 5 10
Stator pole arc (deg.) 14 54/30
Rotor pole arc (deg.) 16 66
Stack length (mm) 35 35
Turns number of windings per phase 20 14
Resistance per phase (m(}) 7.0 6.9

3.1. Magnetic Flux Density Comparison

In order to obtain maximum output torque, the magnetic flux density in an SRM
should be designed to be as high as possible. Considering the actual magnetic properties of
the silicon steel sheet material, the magnetic flux density in the machine should be designed
as close as possible to 1.8 T, but it is better not to exceed 1.8 T. Figure 5 shows the magnetic
flux density in the traditional 12/8 and the proposed 6/5 SRMs under a rated operating
condition. It is apparent that the maximum magnetic flux density in the two motors is very
close, and less than 1.8 T, which meets the design requirements.

1. 8000e+000
1.6714%e+000

o |8

(b)

Figure 5. Magnetic flux density in the two motors. (a) Traditional 12/8 SRM; (b) Proposed 6/5 SRM.

3.2. Inductance Comparison

Figure 6 shows the three-dimensional inductance curves of the traditional 12/8 and
proposed 6/5 SRMs. In order to facilitate comparison, the electrical degree (edeg.) is used in
the figures. Meanwhile, the maximum and minimum inductance comparison between the
two motors is shown in Figure 7. It is evident that the maximum and minimum inductance
of the proposed 6/5 SRM is higher than those of traditional 12/8 SRM at each current level.
Moreover, with the increase in the current, the maximum inductance of the traditional 12/8
and proposed 6/5 SRMs decreases gradually, while the minimum inductance of the two
motors remains essentially unchanged. This is a result of the core magnetic saturation of the
motor. Moreover, when the current increases from 10 A to 110 A, the maximum inductance
of the proposed 6/5 type decreases significantly faster than that of the traditional 12/8
type; therefore, it could be concluded that the proposed 6/5 type is more susceptible to
saturation compared to the traditional 12/8 type.
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Figure 6. Three-dimensional inductance curves. (a) Traditional 12/8 SRM; (b) Proposed 6/5 SRM.

Figure 7. Inductance comparison between the two motors.

3.3. Torque Comparison

Figure 8 shows the three-dimensional torque curves of the traditional 12/8 and pro-
posed 6/5 SRMs. Figure 9 gives the average torque of the two motors. Under the same
current conditions, the average torque of the proposed 6/5 type is evidently larger than that
of the traditional 12/8 type at each current level, and the increase advantage is maintained
by at least 25%, as shown in Figure 9b. In addition, it is important to note that the results in
Figure 9 are evaluated when the MMF of the proposed 6/5 type is 30% lower than that of
the traditional 12/8 type. This verifies the effectiveness of the proposed 6/5 type.
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Figure 8. Three-dimensional torque curves. (a) Traditional 12/8 SRM; (b) Proposed 6/5 SRM.
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Figure 9. Average torque comparison in the two motors. (a) Average torque in absolute value;
(b) Average torque in relative value.

3.4. Steady-State Characteristics Comparison

In order to accurately obtain the steady-state characteristics of the two motors, an
external circuit must be constructed and then combined with the finite element analysis
(FEA) software for real-time calculation. Taking into consideration its many advantages,
such as its capability of independent control for each phase and four switching modes,
an asymmetric converter is adopted for controlling the two motors. Figure 10 shows
the topology of the asymmetric converter for the two motors. Meanwhile, based on the
asymmetric converter, a control scheme for the traditional 12/8 and proposed 6/5 SRMs
is proposed in Figure 11. As is shown, the two motors would be controlled with speed
control and without current control, this is because the application of the two motors has
the characteristics of a low voltage and high current, in which there is not enough time to
control the current.

o,

Figure 10. Topology of the asymmetric converter for the two motors.

DC
Source
3 Phase A
* +— An PWM J
n h PI Generator K
n
T T Asymmetric Converter
00n 00ff
Speed 0,
Estimator O
Encoder

Figure 11. Control scheme for the two motors.

Figure 12 shows the driving circuit constructed according to the control scheme and
topology of the asymmetric converter for driving the two motors in the simulation. In the
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circuit, the asymmetric converter is made up of switches and diodes. The properties of the
switches and diodes are setup by the Smodell and Dmodell, respectively. The inductors,
LPhaseA, LphaseB and LphaseC, represent the winding inductance of phase A, B and C,
respectively. The values of the inductors could be adjusted in real-time using FEA software.
In addition, for precise calculation, the leakage inductance of the end windings of each
phase is also considered in the simulation.

R
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() asBastenn7d 00osoohm LPhaseA
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Figure 12. Simulation driving circuit for the two motors.

Figure 13 shows the simulation results of the traditional 12/8 and proposed 6/5 SRMs
under a rated operating condition. It can be seen from the figures that the currents in both
of the motors have a slight spike near the end of each conduction interval. The slight spike
could be weakened or eliminated by adjusting the turn-on and -off angles of the motor,
but the current with the slight spike in this place may enable the motor to obtain a higher
efficiency. Figure 14a shows transient torque of the two motors under rated operating
conditions. It could be seen that the torque ripple of the proposed 6/5 SRM is higher than
that of the traditional 12/8 SRM. This is because the number of rotor poles in the proposed
6/5 SRM is lower than that in the traditional 12/8 SRM, leading to the step angle of the
proposed 6/5 SRM being wider than that of conventional 12/8 SRM. On the other hand,
the motor researched in this paper is used for vehicle cooling fan application, in which the
output torque density and efficiency are more important than the torque ripple. Hence,
in the motor design, more attention is paid to the increase in the motor torque density
and efficiency rather than the torque ripple. Furthermore, in the motor control, the two
motors are also controlled based on the premise of ensuring efficiency. If the efficiency does
not take priority, the torque ripple of the two motors could be reduced by obtaining an
appropriate control, for instance, direct torque control [16] or the torque sharing function
control approach [17]. In addition, the transient core loss of the traditional 12/8 and
proposed 6/5 SRMs under rated operating conditions is also analyzed in the simulation, as
shown in Figure 14b. In the simulation, the core loss Py could be calculated as,

Pcore:Ph+Pc+Pe (1)

in which
Py = knf(Bn)* k)

P, = ko(fBp)'® ®)
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where Py, P, and P, are the hysteresis loss, excessive loss, and eddy-current loss, respec-
tively; ky,, k. and k. are the coefficient of hysteresis loss, excessive loss, and eddy-current loss,
respectively; f is alternate frequency of magnetic field; By, is the amplitude of flux density.
As the silicon steel sheet 35PN440 is used for manufacturing the rotor and stator of the two
motors, according to the datasheet of 35PN440, kj, k. and k. are given as 270.39764 W/ m?,
4.30046 W/m?3, and 0.30469 W/m>3, respectively, in the simulation.
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Figure 13. Simulation results under rated operating conditions. (a) Traditional 12/8 SRM;
(b) Proposed 6/5 SRM.
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Figure 14. Transient torque and core loss of the two motors under rated operating conditions.
(a) Transient torque; (b) Transient core loss.

Table 2 shows the comparison of the steady-state characteristics of the two motors
under rated operating conditions in the simulation. In Table 2, the copper loss P is
calculated as

P., = ml% R

phrms

ph (5)

in which m is the phase number of the motor; L5 is the root mean square (RMS) value of
phase current; Ry, is the phase resistance. The mechanical loss Py, is assessed at 2.5% of the
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output power, and the stray loss P; is estimated at 6% of the total losses. Then, the motor
efficiency 1 could be calculated as

P,
n = =24 % 100% (6)
Pin
where
Pin:Pout+Pcore+Pcu+Pm+Ps (7)
27tn
Pout = W X Tload (8)

Pyt is the output power; Pj, is the input power; n is the motor speed; and T, is the load
torque. It could be seen in Table 2 that, to produce rated torque, the RMS value of the phase
current of the proposed 6/5 type is smaller compared to that of the traditional 12/8 type.
Furthermore, the turns number of windings per phase of the proposed 6/5 type is also less
than that of the traditional 12/8 type, as shown in Table 1. That is, the proposed 6/5 type
requires a lower MMF in comparison with that of traditional 12/8 type for producing the
same torque. Meanwhile, because the stator flux is short and the stator flux has no reversal,
the core loss of the proposed 6/5 type is lower than that of the traditional 12/8 type. Thus,
the efficiency of the proposed 6/5 type is increased by nearly 5% compared to that of the
traditional 12/8 type, which further proves the effectiveness of the proposed 6/5 type.

Table 2. Steady-state characteristics comparison of the two motors under rated operating condition
in simulation.

Parameter Traditional 12/8 SRM Proposed 6/5 SRM
Rated speed (r/min) 2800 2800
Rated torque (N.m) 1.7 1.7
Switch-on angle (deg.) 23.3 33.8
Switch-off angle (deg.) 409 61.0
Torque ripple (%) 97.0 126.4
RMS value of phase current (A) 62.5 53.9
Copper loss (W) 82.5 59.4
Core loss (W) 20.3 10.5
Mechanical loss (W) 12.5 12.5
Stary loss (W) 7.3 5.3
Output power (W) 498.5 498.5
Input power (W) 621.1 586.2
Efficiency (%) 80.3 85.0

4. Experimental Verification

Figure 15 shows the prototypes of the traditional 12/8 and proposed 6/5 SRMs, which
are made on the basis of the dimensions in Table 1. The stator and rotor of the prototypes
are made of silicon steel sheet and the type of the silicon steel sheet is 35PN440. The shaft,
rotor end ring and nonmagnetic isolator of the prototypes are made of solid steel. The steel
type for the shaft, rotor end ring and nonmagnetic isolator of the prototypes are S45C, brass
C2600 and brass C2600, respectively. At the same time, a test platform for the two motors,
as shown in Figure 16, is built based on the control scheme and topology of the asymmetric
converter, presented in Section 3.4. In the test platform, the DSP control board is used for
controlling the operation of the motor. The power analyzer and dynamometer controller
are used for measuring the active input power and controlling the load torque, respectively.
The oscilloscope is used for acquiring the experimental data and waveform.

Figure 17 shows a comparison between the measured inductance and those predicted
using FEA in the proposed 6/5 SRM. As is shown, the measured curve has a good match
with the predicted curve, which verifies the correctness of the results of FEA.
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Figure 15. Prototypes of traditional and proposed SRMs. (a) Rotor of traditional 12/8 and proposed
6/5 SRMs; (b) Stator of traditional 12/8 SRM; (c) Stator of proposed 6/5 SRM.
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Figure 17. Comparison between measured inductance and those predicted using FEA in the proposed
6/5 SRM.
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Figure 18 shows the test results of the two motors under rated operating conditions.
In the test, the control scheme is the same as that in the simulation. As is shown, the test
results are in good agreement with the simulation results, shown in Figure 13, with the
exception of the noise on the voltage curves. The noise mentioned above mainly arises
from the switches.

‘ Speed Speed

2000 2000
[[rpm] [[VP’"]

0 0

20

Voliage [ & Voltage [ 4]

o et L o

/\/\ / /\ )
New /[ [
urren gy
4 0 Current 0
0 5 [ms] 0 5 [ms]

(a) (b)

Figure 18. Test results under rated operating conditions. (a) Traditional 12/8 SRM; (b) Proposed
6/5 SRM.

Table 3 shows the comparison of the steady-state characteristics of the two motors
under rated operating conditions in the test. In Table 3, the mechanical loss P;; is measured
in the experiment. The stray loss P; is still estimated at 6% of the total losses. The input
power Pj, is directly tested by the power analyzer and the output power P, is directly
obtained from the dynamometer controller. For the core loss Py, it could be calculated as

Pcore:Pin_Pout_Pcu_Pm_Ps (9)

in which the copper loss P, is calculated with Equation (5). Then, the motor efficiency
1 could be calculated with Equation (6). 1t can be seen in Table 3 that the results calcu-
lated by FEA matches well with those measured by the test. The efficiency error is only
approximately 2%, which further proves the correctness of the FEA results. Furthermore,
the proposed 6/5 type has slightly less mechanical loss compared to that of the traditional
12/8 type. This can be explained by the lack of any mechanical protrusion in the rotor of
the proposed 6/5 type, compared to the rotor of traditional 12/8 type, resulting in reduced
wind resistance.

Table 3. Steady-state characteristics comparison of the two motors under rated operating condition
in test.

Traditional 12/8 SRM Proposed 6/5 SRM
Parameter

Simulation Test Simulation Test
Rated speed (r/min) 2800 2800 2800 2800
Rated torque (N.m) 1.7 1.7 1.7 1.7
RMS value of phase current (A) 62.5 64.9 53.9 55.1
Copper loss (W) 82.5 88.4 59.4 62.8
Core loss (W) 20.3 27.1 10.5 17.9
Mechanical loss (W) 12.5 14.3 12.5 13.4

Stary loss (W) 7.3 8.3 5.3 6.0
Output power (W) 498.5 498.1 498.5 498.1
Input power (W) 621.1 636.2 586.2 598.2
Efficiency (%) 80.3 78.3 85.0 83.3
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Overall, it could be concluded that the proposed 6/5 type could increase the electric
utilization of the motor, decrease the requirement of MMF in the motor, reduce the core
loss of the motor and improve the efficiency of the motor in contrast with the traditional
12/8 type, which proves the effectiveness of the proposed 6/5 type.

5. Conclusions

In this paper, a novel 6/5 SRM with concentrated windings and a segmental rotor is
proposed for torque density and efficiency improvement. The structures of the traditional
12/8 and proposed 6/5 SRMs are first illustrated in detail. Then, the characteristics,
including magnetic field vector, magnetic flux density, inductance, torque and steady-
state, of the two motors are analyzed and compared. In the analysis results, it could be
found that, with the turns number of windings per phase 30% lower than that of the
traditional 12/8 SRM, the proposed 6/5 SRM could produce more torque compared to that
of the traditional 12/8 SRM under the same phase current, and the increase advantage
is maintained by at least 25% at all current levels. Furthermore, under rated operating
conditions, the proposed 6/5 SRM has significantly lower copper loss and core loss, and
nearly 5% higher efficiency, which proves the validity of the proposed motor. In addition,
the prototypes of the two motors are manufactured. On the basis of the prototypes, the
experiments, including static-state and steady-state, are performed, respectively. The
experiment results have a good match with those calculated by FEA, which further proves
the effectiveness of the proposed structure.
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