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Development and Analysis of a Two-Phase Excitation Switched Reluctance
Motor with Novel Winding Distribution Used in Electric Vehicles

Yueying Zhu†, Chuantian Yang*, Yuan Yue**, Chengwen Zhao* and Yan Zhang***

Abstract – Two-phase simultaneous excitation mode of the switched reluctance motor (SRM) has 
been shown to effectively improve the average torque output compared with traditional single-phase 
excitation mode. But the torque ripple of the two-phase excitation SRM with traditional winding 
distribution increases because of the inconsistent electromagnetic field. To reduce the torque ripple, a 
two-phase excitation 8/6 SRM with novel winding distribution is proposed in this paper. The static 
torques generated by various magnetic circuits are analyzed and obtained to verify the torque increase. 
Then the electromagnetic characteristics of the proposed SRM are investigated by the numerical 
calculation method in detail, including flux linkage, inductance, and torque. Finally, an experiment for 
measuring the SRM static electromagnetic characteristics and dynamic performance is designed and 
performed based on the novel mode, and the comparing results show that the proposed two-phase 
SRM is effective.
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1. Introduction

As the energy crisis and environmental problems become
increasingly serious, electric vehicles (EVs) without exhaust
emission will be more prevalent to substitute usual fossil 
fuel vehicles [1]. So the development of high performance 
motors has received a multitude of attentions [2-4]. 
Compared with other motors, the switched reluctance motor
(SRM) is emerging as an attractive choice for EVs due to 
some advantages, such as simple structure, low cost, wide 
extension speed, constant power operation, and flexible 
control, etc. [5-8]. Moreover, it is attractive for harsh 
environmental applications due to the absence of windings 
and permanent magnets on the rotor [9]. However, the 
SRM suffers from a major drawback for its torque ripple 
which is harmful to the motor and to the vehicle drive 
system [10-12]. The average torque and torque density of 
the SRM are also very important factors for the EV, which 
can affect the dynamic performance of the EV directly. So 
reducing the torque ripple and increasing the average 
torque and torque density of the SRM are significant for 
improving vehicle drive performance.

The SRM is a doubly salient machine with independent 

phase windings on the stator and a solid laminated rotor. 
Conventionally, the windings, which are on diametrically 
opposite poles, are connected in series forming one phase 
of the SRM. Usually, the adjacent rotor poles are attracted 
to the exciting stator for minimizing the reluctance of the 
magnetic path when one phase of the SRM is excited. 
Therefore, a torque is produced by the excitation regardless 
of the direction of the current in the phase winding. 
Moreover, a constant torque is developed when the windings
energize phase by phase [13]. Most SRMs applied in 
industries are operated in this excitation way which is 
called single-phase excitation mode. Another excitation 
way of SRM is the two-phase excitation mode in which the
windings of two phases are energized simultaneously and 
excited regularly. In [14], Ahn firstly presented a two-phase 
excitation strategy for a three-phase SRM, which is similar 
to that of a step motor. The results have shown that, 
compared with the conventional single-phase excitation 
mode, this two-phase excitation mode can reduce torque 
ripple and noise, and improve torque density by numerical 
analysis and experimental verification. In [15], a modular 
power converter for a three-phase SRM with two-phase
excitation is presented and the control performances of the 
control method for this converter were evaluated. In [16], 
Michaelides presented the design and modeling theory of 
SRM with four and five phases and proposed the design 
of a four-phase SRM to reduce torque ripple. The results 
have shown the SRM with two-phase excitation can 
significantly improve machine torque performance. In 
[17], Jain presented a strategy for dynamic modeling of a 
four-phase SRM accounting for simultaneous two-phase 
excitation, and torque characteristics were analyzed and 
compared between single and two-phase excitation by 
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simulation and experiment. However, in fact the four-phase 
SRMs with two-phase excitation researched by previous 
literatures all work under the condition of single-phase 
excitation mode, which are energized phase by phase. 
Because in the four-phase SRM there are times when the 
windings of two phases are carrying currents at the same 
time, while there are other times when only one phase is 
energized due to switch angles. This two-phase excitation 
is completely different from that of the three-phase SRM 
presented in [14] which always energizes two phases at 
any time. Unfortunately, the studies about four-phase 
SRM working essentially in two-phase excitation mode 
similar to SRM in [14] have not been performed in the 
aforementioned literatures. For further analysis, the two-
phase simultaneous exciting magnetic field of the four-
phase 8/6 SRM with traditional winding structure is 
inconsistent in one cycle, which can result in asymmetrical 
torque output and extra torque ripple. In addition, the 
mathematical model of the SRM is greatly nonlinear 
because the inductance profile is a function of rotor 
angle and phase current [18]. So it is highly significant to 
investigate and analyze the two-phase simultaneous 
excitation mode of the 8/6 SRM and its electromagnetic 
characteristics.

This paper investigates the two-phase excitation electro-
magnetic field characteristics of an 8/6 SRM with traditional
winding distribution, and proposes a novel winding 
distribution for the 8/6 SRM which always works under 
the condition of the two-phase excitation mode in order 
to solve the torque ripple problem caused by inconsistent 
electromagnetic field in one cycle. The static torques 
produced from various magnetic circuits are obtained 
and compared with each other to show the improvement 
of the proposed SRM. Furthermore, the new motor is 
electromagnetically analyzed with finite element method 
(FEM) and electromagnetic characteristics are obtained 
and analyzed in detail. Finally, the validity is verified by 
the experimental results and comparison analysis.

2. Excitation Mode of the 8/6 SRM

2.1 Single-phase excitation mode

Fig. 1(a) shows the traditional stator winding distribution
of the 8/6 SRM. It should be noted that Phase A, Phase B, 
Phase C, and Phase D all have independent terminals 
connected to the positive pole of the power, and a common 
terminal connected to negative pole or ground. The south 
and north polarity are obtained and the magnetic circuit is 
formed as shown in Fig. 1(b) when a current ia is employed 
to the phase A.

2.2 Two-phase simultaneous excitation mode

The SRM with two-phase simultaneous excitation 

mode can obviously increase average torque and reduce 
torque ripple, although more electromagnet coupling 
characteristics have to be considered [14-17]. Fig. 2 shows 
ideal torque curves of each phase and two simultaneous 
exciting phases from rotor angle 0° to 60° which is a cycle 
for 8/6 SRM. It should be noted that the torque values of 
simultaneous exciting phases are obtained by simply 
adding torque values of both phases without considering 
torque changes caused by mutual effect between phases. 
However, the added values can generally reflect torque 
characteristics of the two-phase mode. Therefore, it can 
be observed that the ideal output torque curve as a function 
of rotor angles is different between the singe-phase and 
two-phase excitation mode. And it is obvious that the 
SRM output torque and torque ripple with the two-phase
excitation mode are better than the single-phase mode. 
Therefore, the two-phase mode has a great advantage in 
improving the SRM dynamic performance, and even the 

Fig. 1. The 8/6 SRM with single-phase excitation: (a) The
winding distribution; (b) The magnetic path

Fig. 2. The ideal torque waveforms of 8/6 SRM in two 
modes
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power and comfort performances of the vehicle. Moreover, 
the actual torque characteristics of 8/6 SRM in both modes
are calculated and analyzed with FEM in Section 3.

In the two-phase excitation mode, two phases of the 
SRM are excited synchronously at one moment. Thus, the 
magnetic field distribution in the motor body is different 
and highly coupled compared with the traditional single-
phase mode. The distribution and direction of the SRM 
windings directly affect the magnetic field even though the 
current direction in the windings is insignificant. Therefore, 
the influence of windings distribution on magnetic field 
needs to be analyzed in detail based on both exciting 
modes.

The common terminal shown in Fig. 1 will be canceled 
or unconnected when the motor works in the two-phase 
excitation mode. The other four terminals of the typical 
circuit are always connected to power by field-effect 
transistors (VT1, VT2, VT3 and VT4) and diodes (VD1, 
VD2, VD3 and VD4) as shown in Fig. 3. There are four 
exciting conditions; AB, AD, CD, and CB which are 
combined to one cycle for the SRM when the motor, shown 
in Fig. 1, works under the typical circuit.

Compared with the single-phase excitation mode, the 
current direction is different in two-phase excitation mode. 
The current iAD flows through VT1 and VT4 as the path 
shown in Fig. 3 when phase A and phase D are excited 
synchronously. Therefore, the south and north poles for the 
phase A and D are obtained due to the current iAD, which is 
shown as red sign N and S in Fig. 4. Furthermore, the two 

magnetic paths shown as red lines flow symmetrically as a 
result of the south and north poles. It can be seen that the 
magnetic path in AD excitation is similar to that of the 
single-phase excitation, which also belongs to a kind of 
long magnetic circuit (LMC). However, it should be noted 
that magnetic circuits of the other three exciting conditions 
CD, CB, and AB are completely different from that of AD 
defined as the LMC. Take AB for example, the magnetic 
path is a kind of short magnetic circuit (SMC) because of 
the different south and north poles, which are shown as 
blue lines in Fig. 4. Therefore, phase AB, CB, and CD 
works under SMC when the SRM is operated in the two-
phase excitation mode, while phase AD works under LMC. 
Therefore, the magnetic field distribution is inconsistent in 
one cycle (AB, CB, CD, and AD) when the SRM works. It 
can be predicted that the additional torque ripple can be 
produced due to the magnetic field transformation between 
LMC and SMC when the motor rotates with varying 
magnetic circuits.

In order to verify the prediction and prove numerical 
difference of the motor torques between the SMC and 
LMC, the SRM static torques as functions of the rotor 
angles are calculated and analyzed with FEM in both short 
and long magnetic circuits. In addition, the parameters of 
the 8/6 SRM analyzed by this paper are listed in Table 1.

As shown in Fig. 5, the static torque values are obtained 
at various rotor angles with exciting currents of 30A and 
60A, in which the black squares and red dots represent the 
torque in LMC and the pink and blue triangles represent 
that in SMC. Obviously, the static torque values are much 
different between LMC and SMC with the same current 
applied, especially under the condition of higher current 
and wider angle where the maximum difference is close 

Fig. 3. Typical circuit for SRM with two-phase excitation

Fig.4. Magnetic path of the two-phase excitation SRM

Table 1. Parameters of the proposed SRM

Parameters Stator Rotor Motor

Outside diameter (mm) 108 104 --

Inside diameter (mm) 105 36 --

Height of poles (mm) 45 29 --

Width of poles (mm) 20 22 --

Turns per phase -- -- 36

Length of air gap (mm) -- -- 0.5

Stack length (mm) -- -- 125

Phase current (A) -- -- 60

Rated speed (r/min) -- -- 750

Fig. 5. Torques in different magnetic circuits
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to 6.5 Nm. It is illustrated that the output torque is 
asymmetrical in one cycle when the SRM works in the 
two-phase excitation mode with traditional winding 
distribution, which directly causes much bigger torque 
ripple. In addition, the static torque in LMC is much lower 
than that in SMC at higher currents and wider angles.
Therefore, it is also predicted that the difference can lead to 
the output torque reduction when the SRM works in that 
condition.

2.3 Novel winding distribution of the two-phase 
excitation mode

To avoid the inconsistent magnetic field distribution of 
the two-phase simultaneous excitation mode, a novel 
winding distribution leading to symmetrical magnetic field 
is proposed in this paper, which is shown in Fig. 6. It can 
be seen that the adjacent exciting stators’ magnetic poles 
near the rotor are N and S respectively when two phases 
of the SRM are simultaneously excited by current iAD. 
Furthermore, the magnetic paths of AB, CB, and CD are 
the same as AD, and all the field distributions are SMC 
in one working cycle of the motor. Namely, the magnetic 
field distribution stays essentially constant when the motor 
regularly alters two exciting phases as the appropriate 
control strategy. Therefore, it can be confirmed that the 
novel winding distribution will avoid the torque ripple 
caused by the inconsistent and variable magnetic fields. 
And the novel distribution may be also good at increasing 
output torque as all paths are SMC.

2.4 Comparison between two kinds of SMC

For further analysis, the magnetic field shown in Fig. 6 
is not completely the same as the blue short circuits shown 
in Fig.4, although both are SMC in nature. In Fig. 6, the 
magnetic poles are SNSN when phase AD is energized as 
the novel winding distribution proposed in this paper. 
However, the poles with traditional winding distribution 
are NSSN as shown in Fig. 4. Therefore, it can be predicted 

that both magnetic field distribution and static torque are 
different between the two kinds of short circuits, which are 
named SMC1 (NSSN) and SMC2 (SNSN) respectively.

The static torques as functions of rotor angles are also 
calculated and analyzed by FEM in both SMC1 and SMC2 
with structure dimensions shown in Table 1. The results 
obtained from the FEM analysis of the two kinds of SMCs 
are shown in Figs. 7-9. 

Fig. 7 is the magnetic flux density vector diagram where 
the current is 30A and the position angle is 10°. Fig. 8 is 
obtained under the current of 30A and the position angle of 
26°. And static torques are obtained at various rotor angles 
with exciting currents of 30A and 60A as shown in Fig. 9, 
where the black squares and red dots represent SMC2 and 
the pink and blue triangles represent SMC1 respectively. 
The following can be observed from Fig. 7-9. 1) Compared
with SMC1 as shown in Fig. 9, the torques of SMC2 are
much greater when the position angles are wider than 16°
and the maximum difference can be up to 11.7 Nm with 
60A and 26°. And the torques of SMC2 are slightly less 
than those of SMC1 when the angles are smaller than 16°. 
Therefore, the SRM working in the SMC2 mode will have 
greater average torque. 2) It can be seen from Fig. 7 that 
the primary magnetic circuits excited by SMC2 with 10°
belong to a kind of short circuits which exists between 
energized phase D and non-energized phase C. The static 
torque will be reduced because a negative torque is 
produced when the circuits flow through phase C. 
Therefore, compared with SMC1, the static torques of 
SMC2 are slightly less when the position angles are smaller. 
It can explain the differences in values between SMC1 and 

Fig. 7. Magnetic flux density with the current of 30A and 
the position angle of 10°

Fig. 6. Novel winding distribution based on two-phase 
excitation mode
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SMC2 when the position angles are smaller than 16° as 
shown in Fig. 9. 3) As shown in Fig. 8, the primary circuits 
of the SRMs with SMC1 and SMC2 are both short circuit 
under the condition of 30A and 26°. As a result, the static 
torques in both SMCs are greater than that in LMC when 
the angles are wider as shown in Fig. 5 and 9. In addition, 
compared to SMC1, SMC2 has an obvious secondary 
circuit, which belongs to long magnetic circuit. It should be 
noted that SMC2 will be harder to achieve magnetic 
saturation than SMC1 as the current increases since the 
secondary circuit can shunt partial flux lines flowing in the 
stator, especially in the stator yoke between the two excited 
phases as shown in Fig. 8(a). This is a reason why the SRM 
with SMC2 has much greater torque than it with SMC1 as 
the angles increase more than 16°. And it can be observed 
from Fig. 9 that torque differences at the same current 
between SMC1 and SMC2 will be higher as greater 
currents are employed due to the effect of saturation in 
stator yoke. 4) The primary magnetic circuits excited by 

SMC1 and SMC2 are not a real short circuit on account of 
relative structure between rotors and stators when the 
position angle is small enough as shown in Fig. 7. Thus,
torque values of both modes are almost equal to or less 
than those in LMC mode when the angles are less than 15°. 
On the contrary, both primary circuits transform to actual 
short circuit as the angle is above 15°. As a result, the 
torques generated by SMC1 and SMC2 are both greater 
than that of LMC at this condition.

For the SRM with SMC2 proposed in this paper, the 
average torque is much greater than that of the SRM with 
traditional winding distribution, even better than that of 
SMC1 period in the SRM with three LMCs and one SMC1 
in a cycle.

3. Static Performance Analysis of the Prototype 

Motor

In order to verify the design of the proposed 8/6 SRM 
with novel winding distribution, one prototype motor is 
designed and manufactured with the power of 2.5 kW. The 
stator and rotor lamination of the designed machine are 
selected as DW 350-35. The structure of the prototype 
motor is shown in Fig. 10.

The torque and electromagnetic characteristics of the 
proposed 8/6 SRM with novel winding distribution are 
calculated and analyzed based on FEM with ANSYS. It 
should be noted that the definition for rotor angles in the 

Fig. 8. Magnetic flux density with the current of 30A and 
the position angle of 26°

Fig. 9. Static torques between SMC1 and SMC2

(a)                 (b)

Fig. 10. Silicon steel sheet of the prototype motor: (a) 
stator. (b) rotor

(a)                    (b)

Fig. 11. Relative position between rotor and stator: (a) 
maximum reluctance; (b) minimum reluctance
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two-phase excitation mode are completely different than 
those in the single-phase mode due to the different magnetic
field distribution. Fig. 11 shows two kinds of positions in 
the two-phase excitation mode based on the maximum and 
minimum reluctance positions which are defined to be 0°
and 30° respectively. The rotor angles range from 0° to 30°
when the electromagnetic parameters are calculated because
of the symmetrical structure of the SRM, and the applied 
exciting currents range from 5A to 70A in terms of the 
proposed prototype motor characteristics. The steps of 
the rotor angle and the current are fixed to 2° and 5A 
respectively.

The results of the FEM analysis for the proposed SRM 
are shown in Figs. 12-19. Fig. 12 shows the distribution of 
the magnetic flux density. It can be found that the primary 
magnetic path on cross section of the SRM is SMC when 
two phases of the novel SRM, namely phase A and D 
illustrated in Fig. 6, are excited synchronously at the 
current of 10A. Therefore, it should be acknowledged that 
the magnetic paths analyzed in Section 2 are fully correct.

Fig. 13 shows the total flux linkage of the two phases 
excited in the two-phase mode which varies with currents 
and rotor angles. Similar to the traditional single-phase 
excitation mode, the flux linkage of the novel mode is 
nearly linear with currents at various angles when the 

current is small (less than 35A in this SRM prototype). It 
gradually grows to be nonlinear as the exciting current 
increases step by step. Values of the flux linkage with 
wider angles increase quickly when the current is below 
35A. However, the increase slows down when the current 
is over 35A due to the effect of magnetic circuit saturation.

The inductance characteristics of the proposed prototype 
motor with two-phase excitation mode is also calculated 
and investigated with FEM considering the effect of mutual 
inductance between excited phases. Fig. 14 shows inductance
characteristics of phase A with varying rotor angles and 
currents when AD is energized. It can be observed from 
Fig. 14 that the inductance of phase A reduces to minimum 
values firstly and then gradually increases step by step as 
rotor position varies from 0° to about 35°, where the 
maximum value of inductance is about 5.0mH when the 
current is 5A and the rotor angle is about 37.5°. Then the 
inductance values decrease as the rotor angle increase to 
60°. Compared with Fig. 14, Fig. 15 shows inductance 
characteristics of phase D when AD is energized. It should 
be noted that the trend of the inductance curves is completely
different from phase A and both curves at the same current 
are axisymmetric due to the special relative structure 

Fig. 12. The flux density of the proposed SRM

Fig. 13. Flux linkage curves in the two-phase excitation
mode
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Fig.14. Inductance characteristics of phase A

Fig.15. Inductance characteristics of phase D
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between the stator and the rotor, which are illustrated in Fig.
14 and 16. It can also be seen from Fig. 14 and 15 that the 
maximum inductance values Lmax vary at different angles, 
with the maximum difference of 5° between 5A and 70A 
because of the mutual inductance. The mutual inductance 
effect will be less as the current increases. Especially, the 
trend of the inductance with high enough current, such as 
70A, is basically the same as it in the single-phase mode. 
However, the inductance curves with lower currents are 
more asymmetric and also be completely different from the 
single-phase mode.

In order to directly show the inductance difference of 
phase A and D caused by the relative position between 
rotor and stator, Fig. 16 illustrates the both inductance 
curves at the current of 5A and 70A. The following features
can be observed from Fig. 16. 1) The position angles for 
maximum inductance and minimum reluctance are not the 
same due to the relative structure and mutual inductance 
effect, which is different from that in the single-phase 
mode. 2) The inductance values of phase A and D at the 

same current are the same when the motor works under the 
condition of aligned or unaligned positions even though the 
working currents are changed, such as E, F or G, H shown 
in Fig. 18. The theory can be used to estimate the rotor 
position in order to fulfill sensor-less control for SRM in 
the two-phase mode.

In addition, the inductance curves and relative positions 
between the stator and the rotor in the single-phase excitation
mode are shown in Fig. 17. It should be noted that the 
angles defined in Fig. 17 are different from those in the 
two-phase excitation mode as shown in Fig. 16 even 
though both are all defined in terms of the maximum and 
minimum reluctance positions of the SRM. And the absolute
difference between both angles which are achieved under 
the condition of unaligned position in the two modes is 
7.5° as shown in Fig. 17. However, it can be known from 
Fig. 14 and 15 that the actual difference in the novel mode 
is about 6° from unaligned position angle 0° or 60° to the 
angle of about 6° or 54° which is the position with the 
minimum inductance value Lmin in this mode. As a result, 
there is an offset of 1.5° between the ideal and actual 
differences in the two-phase excitation mode. Obviously, 
the offset in values is caused by the effect of the mutual 
inductance after simple analysis.

The mutual inductance characteristics in the two-phase 

StatorStator

Rotor

A D

Rotor

StatorStator

A D

Rotor

StatorStator

A D

E

F

G

H

Aligned positionUnaligned position Unaligned position

Angle (Deg)

Fig.16. Relative position between Phase A and D

Fig. 17. Inductance characteristics of the single-phase mode

Fig.18. Mutual inductance of the two-phase mode

Fig. 19. Torque characteristics in the two-phase excitation
mode
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mode are analyzed with FEM and data are shown in Fig. 
18. It can be found that with the increase in the current, the 
maximum mutual inductance changes from 2.0 to 0.125 
mH, and the maximum value appears at 30° and 5A. 
Meanwhile, it’s noted that values of the mutual inductance 
are lower at higher current, at which the magnetic flux is 
saturated. While the values at lower current are higher 
especially under the condition of angles from 15° to 45°, in 
which the maximum value of the mutual inductance can be 
up to 40% of the inductance of phase A shown in Fig. 14. 
As a result, the mutual inductance under this condition 
can’t be ignored due to the high proportion.

The static torques of the SRM in the novel excitation
mode with respect to rotor angles and currents are 
calculated and shown in Fig. 19. The following findings
can be observed from Fig. 19. 1) The torque is zero when 
the rotor angle is 0° or 30° which is similar to the single-
phase mode, and the maximum and minimum values 
appear at about 16° and 46° respectively. 2) The values 
change greatly when the rotor angles increase from 8° to 
20° due to the structure size and the relative position 
between the exciting stator and rotor, which need to be 
noted and optimized to make the curves flatter in this area.
3) The maximum static torque in this novel mode is about 
43 Nm, and it is nearly twice as high as that in the
traditional single-phase excitation mode at the same current.

4. Comparisons and Verification

In order to verify the validity of the FEM analysis, an 
experimental platform is built as shown in Fig. 20. A small 
step direct voltage is applied to phases to be excited and 
keep the rotor fixed to a special angle during one trial. And 
the data of the voltage and the phase current are recorded 
by an oscillograph. Then the SRM flux linkages at various 
angles and currents are calculated by numerical integration 
algorithm. Finally, the inductances and torques are calculated
by fitting algorithm and numerical differentiation algorithm.

The flux linkage of the excited phases can be obtained 
with the SRM voltage equation. According to the classic 
measurement method described in [19], the discretization

of the voltage equation is performed to calculate the flux 
linkage with the data collected from the experiment. The 
discretization of the equation is expressed as follows

( ) [ ( ) ( )] (0)k k k k kN T u n R i n Ψy = ´ - +å (1)

where T is the sample cycle of the voltage and current, uk is 
the voltage of the stator winding, ik is the current of the 
winding, Rk is the resistance of the winding, N is the 
sample number, n is the sample order.

The data of the voltage and the phase current are 
recorded when a small step direct voltage is applied at 
various rotor angles from 0° and 30° with an interval of 1°.
Fig. 21 shows the curves of the voltage and current 
collected by the MSO 3014 oscillograph when the rotor 
angles are respectively fixed at 2° and 12°, in which the 

Fig. 20. Experimental platform

(a)

(b)

Fig. 21. Recorded voltage and current curves: (a) Angle is 
fixed to 2°; (b) Angle is fixed to 12°

Fig. 22. Flux linkage curves obtained by experiment and 
FEM
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current is displayed by 1A/10mv. Based on the collected
data at the specific angles, the flux linkage at various 
currents are calculated and obtained by Eq. (1).

Fig. 22 shows the FEM and experimental results of the 
flux linkage curves at six rotor angles selected from 2° to 
30° where the solid lines and dotted lines respectively 
denote the results from the experiment and FEM. For 
further analysis, the FEM results are basically consistent 
with the experimental results when the values and trend of 
the curves are compared, except that the curves are not 
very smooth in experimental result due to the calculation 
error of the numerical integration, measuring precisions 
and also the SRM manufacturing defects.

The SRM magnetic co-energy can be expressed as 

'

0
( , ) ( , )

i

mW i i diq = y qò (2)

where θ is the rotor angle, i is the winding current.

The values of the magnetic co-energy can be calculated 
and numerically fitted by Eq. (1) and (2) with the 
experimental flux linkage results. Then the static torques 
are calculated by numerical differential operation, and the 
torque curves are shown in Fig. 22 where the solid and 
dotted lines also denote the results from the experiment and 
FEM respectively. For further analysis of the static torque, 
it can be observed from Fig. 23 that the FEM results are 
basically consistent with the experimental results except 
that a few values of the torque values at special angles and 
currents deviate from the experimental results, due to the 
potential calculation error from the two steps of numerical 
operation.

Fig. 24 is the dynamic analysis results when the SRM 
drive system works under speed closed-loop and current 
chopping control mode. Fig. 24(a) is the current waveforms
with speed of 750 r/min and load torque of 17 Nm, where 
the blue, green, red, and light blue curve represent phase 
CD, CB, AB, and AD. Fig. 24(b) is the total torque 
waveforms of the SRMs with two winding distributions, 
which are respectively traditional and proposed distributions.
As described in Section 2, the SRM with traditional winding
has three SMC1 and one LMC within a cycle, while the 
proposed SRM has absolute four SMC2. It can be seen 
from Fig. 24(b) that, for the SRM with traditional winding 
distribution (TSRM), the torque waveforms will change 
and decrease obviously when phase AD is energized in one 
cycle due to the variation of magnetic circuits as described 
in Section 2, which will lead to a reduction of the average 
torque. And a periodic vibration will be occurred as shown Fig. 23. Torque curves obtained by experiment and FEM

(a) Current waveforms

(b) Torque waveforms

Fig. 24. Transient analysis results of two-phase excitation
under condition of 750 r/min and 17 Nm

(a) Current waveforms

(b) Torque waveforms

Fig. 25. Transient analysis results of two-phase excitation
under condition of 250 r/min and 35 Nm
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in the red curve, which will directly cause more torque 
ripple. However, the output torque of the SRM with 
proposed winding distribution (NSRM) shown in the blue 
curve can keep steady and smooth. The generated torques 
of each two-phase are uniform and the average torque 
increases approximate 11.3% in one cycle and 22.3% 
during exciting phase AD period, compared with the SRM 
with traditional winding. Fig. 25 is the current and torque
waveforms under condition of 250 r/min and 35 Nm. It can 
also be observed that, for the TSRM, a periodic vibration 
or torque reduction will be occurred when phase AD is 
energized in one cycle. However, the produced torque of 
the proposed SRM is uniform in one cycle under this 
condition.

The comparison results of the average torque and torque 
ripple under various speeds between traditional and proposed
SRM are shown in Table 2, where the TCY , TAD , and TR
represent the average torque in one cycle, the average 
torque in phase AD period, and torque ripple in one cycle, 
respectively. It should be noted that the values of the torque 
ripple are calculated by the variance of the torque data. It 
can be seen from Table 2 that the proposed SRM has 
great improvement on both increasing average torque 
and reducing torque ripple, compared to the traditional 
SRM with two-phase mode. Therefore, compared with 

the traditional winding distribution, the new winding 
distribution designed for the SRM with two-phase excitation
mode can both reduce torque ripple and improve average 
torque effectively.

Furthermore, the dynamic experiments of the novel SRM
are performed, and the results are shown in Fig. 26-30. 
The phase current waveforms of novel two-phase SRM 
at 500 r/min and 750 r/min are presented in Fig. 26. It 
should be noted that the phase current waveforms could be 
considered to divide into four parts (CB, CD, AD, and AB) 
due to the two-phase excitation mode. The classic torque-
speed curves and corresponding power–speed curves with 
a constant torque region at 35 N·m (0-750 r/min) and a 
constant power region at 2.5 kW (750-1400 r/min) of the 

Table 2. Comparison results

Indicators TSRM NSRM Variation

250r/min 31.219 Nm 34.904 Nm 11.8 %

500r/min 23.720 Nm 27.806 Nm 17.2 %TCY

750r/min 14.982 Nm 16.677 Nm 11.3 %

250r/min 28.353 Nm 34.901 Nm 23.1 %

500r/min 21.053 Nm 27.810 Nm 32.1 %TAD

750r/min 13.648 Nm 16.684 Nm 22.3 %

250r/min 13.411 8.429 -37.1 %

500r/min 16.238 9.731 -40.1%TR

750r/min 14.076 8.602 -38.9 %

Fig. 26. Current waveforms of phases

Fig. 27. Torque-speed and power-speed curves of SRMs 
with the same operating points

Fig. 28. Phase currents along the corresponding torque-
speed curveso

Fig. 29. Efficiencies along the corresponding torque–speed 
curves
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single-phase and novel two-phase SRM are shown in Fig. 
27. Meanwhile, the corresponding phase currents versus 
speeds of the two SRMs along the operating points are 
compared in Fig. 28. It can be seen that the two-phase 
SRM always employs lower currents to generate the same 
torque and power, implying the higher torque density and 
power density. The efficiencies of the two SRMs are 
shown in Fig. 29. Although the current performance of the 
novel SRM is improved, its efficiencies can keep nearly the 
same with the single-phase SRM over the whole speed 
range. Moreover, the novel SRM is controlled to run with 
the identical current of single-phase SRM as shown in Fig. 
27, a new torque-speed and power-speed curves of the 
novel SRM are presented in Fig. 30. Obviously, compared 
with the single-phase SRM, the novel two-phase SRM 
generates a larger electromagnetic torque under the same 
phase current. Therefore, the torque per ampere and power 
density of the novel SRM are improved compared with the 
traditional single-phase SRM.

5. Conclusions

In this paper, electromagnetic field for the single-
phase and the two-phase excitation mode were analysed 
respectively with the traditional winding distribution of the 
8/6 SRM. And an inconsistent flux field distribution was 
found when the 8/6 SRM with traditional winding works 
in the two-phase excitation mode, which can result in 
additional torque ripple. In order to reduce the ripple 
caused by the inconsistent electromagnetic field, a novel 
winding distribution for the 8/6 SRM which works in the 
two-phase simultaneous excitation mode was proposed. 
Then the electromagnetic characteristics and the torque of 
the SRM in the novel mode were analysed and predicted 
by FEM and experiment. The prototype of the novel mode 
SRM was developed and produced in order to verify the 
validity of the FEM. The analysis and experimental results 
have demonstrated that the proposed SRM can improve 
the torque ripple, torque per ampere, and power density 
without decreasing efficiency.
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