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Abstract –Dual-mechanical-ports motors, as a new
motor type, have two mechanical ports that can operate
independently or simultaneously. It has good application
prospects in new energy generation and hybrid power
systems with the advantages of compact structure and
high integration. In this paper, a novel symmetrical-stator
axial flux dual-mechanical-ports switched reluctance
motor is proposed. The number of stator poles is 16, and
the poles of the two rotors are 14 and 10, respectively.
The three-dimensional finite element analysis model
is built in Altair Flux software. The electromagnetic
performance such as magnetic density, flux linkage,
static torque, and decoupling characteristics are analyzed
adopting the finite element analysis method. The results
proved the effectiveness of the new motor structure.

Index Terms – Coupling characteristics, dual-
mechanical-ports, electromagnetic performance, finite
element analysis, switched reluctance motor.

I. INTRODUCTION
With the development of electrified transportation,

new energy generation, and other emerging fields, the
demand for dual-mechanical-ports motor systems is
increasing and becoming a hot research direction [1–2].
For example, for hybrid vehicles, the drive system not
only needs to realize the electromechanical energy con-
version between the engine, the power battery, and the
wheels, but also needs to regulate the energy between
them to ensure that the engine operates in the opti-
mal efficiency region. The Prius hybrid car produced
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by Toyota adopts a planetary gear-based drive system.
This system enables power transmission and distribution
between the engine, battery, and wheels in the hybrid
system. However, the many mechanical components lead
to reduced reliability of the whole system. In recent
years, the two-mechanical-ports motor system has been
proposed to achieve the same functionality of a planetary
gear-based hybrid system with the advantages of good
compactness, high integration, and synergistic output of
multiple ports [3–4].

Different types of dual-mechanical-port motors such
as permanent magnet synchronous, brushless DC, dou-
bly fed, and magnetic field modulated motors have been
investigated [5–9]. Switched reluctance motors, due to
the absence of windings and permanent magnets in the
rotor, have the advantages of robust construction and
high fault tolerance. Few studies related to switched
reluctance motors with dual-mechanical-ports have been
reported. References [10–11] proposed a radial flux dual
rotor switched reluctance motor structure. However, the
outer rotor needs to be designed as a cup structure, which
is not stable enough for operation. In addition, the radial
flux motor cannot avoid the common drawbacks such as
low utilization of space and low aspect ratio.

The axial flux motor structure has the flux direction
perpendicular to the direction of rotation and the torque
output capability is not affected by the axial length,
which has the advantages of high torque density and
short axial length. Reference [12] investigated a dual
rotor axial flux switched reluctance motor and obtained
high torque density. However, its two rotors are con-
nected and jointly output mechanical power through one
shaft. References [13–14] studied counter-rotating dual-
rotor motors and analyzed their magnetic coupling char-
acteristics.

A symmetrical-stator axial flux dual-mechanical-
port switched reluctance motor (AFDMP-SRM) is pro-
posed in this paper. The paper is arranged as follows.
Motor topology is presented in section II. In section
III, the finite element model of the motor is developed
and the electromagnetic performance of two mechanical
ports operating independently is analyzed. The electro-
magnetic performance of two mechanical ports operat-
ing simultaneously is analyzed in Section IV. Section V
concludes the paper.

II. MOTOR STRUCTURE
The structure of a symmetrical-stator AFDMP-SRM

is given in Fig. 1. The motor has a single stator and dou-
ble rotor structure with two outer rotors set on either
side of a single inner stator. Note that the single sta-
tor is a symmetrical structure with alternating wide and
narrow tooth poles on both sides, and the stator poles
share a common stator yoke. There are 16 stator poles

on each side of the stator, divided into 8 wide poles and
8 narrow poles. The AFDMP-SRM is a dual four-phase
motor. Both sets of windings are of a single-tooth wind-
ing structure, with windings 1 and 2 wound on the wide
poles on both sides of the stator, and no winding on the
narrow pole of the stator. Note that winding 1 contains
four phases ABCD and winding 2 contains four phases
EFGH. The pole number of Rotor1 and Rotor2 are 14
and 10, respectively. This provides the possibility that the
two mechanical ports could have different rated speeds.

(a)

(b)

Fig. 1. Diagram of the symmetrical-stator AFDMP-SRM
structure: (a) overall view and (b) winding structure.

As can be observed, the AFDMP-SRM does not
employ the traditional solution of separating the two
sides of the stator with a non-magnetic ring to avoid mag-
netic coupling of the two sets of windings. The motor is a
combination of two single-stator, single-rotor motors by
means of a shared stator yoke, which avoids the increase
of the axial dimensions.

III. ELECTROMAGNETIC PERFORMANCE
ANALYSIS OF TWO MECHANICAL PORTS

OPERATING INDEPENDENTLY
To analyze the electromagnetic characteristics of the

AFDMP-SRM, its three-dimensional analytical model is
developed in finite element software Altair Flux. The B-
H curve for 50DW470 material is illustrated in Fig. 2.

Firstly, the magnetic density characteristics of the
motor are analyzed. Applying separate excitation cur-
rents to phase-A of winding 1 and phase-E of winding 2,
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Table 1: Parameters of the symmetrical-stator AFDMP-
SRM

Motor Parameter Item Value
Stator poles number / 16
Rotor1 poles number / 10
Rotor2 poles number / 14

Stator/rotor outer diameter mm 175
Stator/rotor inner diameter mm 101

Stator yoke thickness mm 16
Stator poles length mm 15

Stator pole shoes length mm 3
Stator slot width mm 12

Rotor1 pole length mm 6
Rotor2 pole length mm 6

Rotor1 pole shoes length mm 2
Rotor2 pole shoes length mm 2

Air-gap length mm 0.5
Winding coil turns per pole / 50

Fig. 2. B-H curve of material 50DW470.

the magnetic density cloud maps are presented in Figs. 3
and 4. From Fig. 3, it can be seen that when a 30 A cur-
rent is applied to phase-A, mechanical port 1 forms a
shorter flux path due to the wide and narrow stator poles,
the segmented-rotor, and the single-tooth winding struc-
ture. In the Rotor1 aligned position, the magnetic density
is more uniformly distributed in the stator yoke, the sta-
tor poles on the mechanical port side, and the Rotor1.
In addition, the magnetic density has almost no value at
phase-E stator pole and Rotor2.

Similarly, as can be seen in Fig. 4, at the Rotor2
aligned position, the magnetic density is more uniformly
distributed in the stator yoke, the phase-E stator poles,
and the Rotor2. Magnetic density has almost no value at
phase-A stator poles and Rotor1.

Further, the static electromagnetic torque and flux
linkage characteristics with the two mechanical ports
of the AFDMP-SRM are analyzed. The electromagnetic

(a) (b)

Fig. 3. Magnetic density maps when phase-A is excited
alone: (a) Rotor1 unalignment position and (b) Rotor1
alignment position.

(a) (b)

Fig. 4. Magnetic density maps when phase-E is excited
alone: (a) Rotor2 unalignment position and (b) Rotor2
alignment position.

torque of Rotor1 for half rotor cycle is obtained by apply-
ing an excitation current to the phase-A alone, as shown
in Fig. 5 (a). Figure 5 (b) presents the electromagnetic
torque of the Rotor2 when the current is applied to the
phase-E alone. It should be noted that the horizontal axis
of Figs. 5 (a) and (b) ranges from half rotor cycle, from
the respective rotor unaligned position to the aligned
position. They have the same electrical angle of 180◦,
although the mechanical angle is different. For Rotor1,
the mechanical angle of half rotor cycle is 360/10/2.
The mechanical angle of half rotor cycle is 360/14/2 for
Rotor2.

(a)

Fig. 5. Continued.
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(b)

Fig. 5. Static torque of two mechanical ports of AFDMP-
SRM: (a) Rotor1 and (b) Rotor2.

(a)

(b)

Fig. 6. Static torque of two mechanical ports of AFDMP-
SRM: (a) Rotor1 and (b) Rotor2.

As can be seen, the torque output capability of
mechanical port 1 with a 16/10 poles configuration is
higher than that of mechanical port 2 with a 16/14 poles
configuration. Moreover, when the current is applied to

the winding 1 alone, the Rotor1 outputs electromagnetic
torque. The electromagnetic torque of the Rotor2 is quite
small, not exceeding -0.3 Nm at 50 A. When the cur-
rent is applied to the winding 2 alone, the Rotor2 out-
puts electromagnetic torque. The electromagnetic torque
of the Rotor1 is small, not more than 0.1 Nm at 50 A.
Therefore, by applying separate currents to the two sets
of windings, a lesser effect on the other mechanical port
could be detected. It is demonstrated that the electromag-
netic coupling of the AFDMP-SRM to the other is not
significant when the two mechanical ports are operated
separately.

Figure 7 shows the flux linkage waveforms of phase-
A and phase-E when currents ranging from 0 A to 50 A
are applied at the fully unaligned and aligned positions.
It can be observed that the area enclosed by the magneti-
zation curve of phase-E is smaller than that of phase-A.
This indicates that, under the same magnetomotive force,
the electromagnetic torque output capability of mechan-
ical port 1 is greater than that of mechanical port 2.

(a)

(b)

Fig. 7. Flux linkage of two sets of winding of AFDMP-
SRM: (a) flux linkage of phase-A and (b) flux linkage of
phase-E.
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IV. ELECTROMAGNETIC PERFORMANCE
ANALYSIS OF TWO MECHANICAL PORTS

OPERATING SIMULTANEOUSLY
Unlike the single-mechanical-port motor, the dual-

mechanical-port motor can operate their two mechanical
ports independently or simultaneously. In section III, the
magnetic flux density characteristics of the motor dur-
ing independent operation of the two mechanical ports
are investigated. The magnetic flux density characteris-
tics when both ports are operating simultaneously also
need to be examined.

When exciting the coils of phase-A with winding 1
and phase-E with winding 2 simultaneously, the mag-
netic flux density characteristics of two rotors, with
Rotor1 and Rotor2 in the unaligned position and the
aligned position, are shown in Fig. 8.

(a) (b)

(c) (d)

Fig. 8. Magnetic density maps when phase-A and phase-
E are excited simultaneously: (a) Rotor1 unalignment
position and Rotor2 unalignment position, (b) Rotor1
alignment position and Rotor2 unalignment position, (c)
Rotor1 unalignment position and Rotor2 unalignment
position, and (d) Rotor1 alignment position and Rotor2
unalignment position.

By examining Figs. 3 and 4, it could be observed
that when Rotor1 or Rotor2 operates independently, the
impact on the magnetic flux density of the other port is
minimal. However, from Fig. 8, it is difficult to directly
observe the mutual influence between the two mechan-
ical ports. To quantitatively analyze the magnetic cou-
pling characteristics between the two mechanical ports,
the magnetic flux linkage and inductance characteristics
are further investigated.

It should be noted that the self-inductance coeffi-
cient is defined as the rate of change of the total flux
linkage through that winding to the phase current, for a

given rotor position angle and phase current [15–16].

Lph (θ , i) =
dψph(θ , i)

di
, (1)

where ψph(θ , i) denotes the flux linkage of the phase
winding. θ and i are the rotor position angle and phase
current, respectively.

From Fig. 9, it can be observed that, as the applied
current of the winding on the other side increases
from 0 A to 50 A, the flux linkage of phase-A at
both the fully unaligned position and the aligned posi-
tion slightly increases. The inductance characteristics
shown in Fig. 10 also confirm that the phase inductance
increases throughout the entire rotor cycle.

Table 2 lists the maximum and minimum inductance
values of the phase-A winding when the current of the
phase-E winding varies. Similarly, Table 3 presents the
maximum and minimum inductance values of the phase-
E winding when the current of the phase-A winding
varies. It can be found that, at low current levels, the
difference between the maximum and minimum induc-

(a)

(b)

Fig. 9. Flux linkage of two mechanical ports of AFDMP-
SRM: (a) Rotor1 and (b) Rotor2.
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(a)

(b)

Fig. 10. Inductance of two mechanical ports of AFDMP-
SRM: (a) Rotor1 and (b) Rotor2.

tance values is relatively large. However, as the current
increases, the difference in inductance values decreases,
which could be attributed to the electromagnetic satura-
tion effect.

The maximum and minimum inductances refer to
the peak and trough values of inductance observed over
one rotor electrical cycle at a fixed current level. Gen-
erally, the maximum inductance Lmax corresponds to the
inductance at the rotor aligned position, while the min-
imum inductance Lmin corresponds to the inductance at
the rotor unaligned position.

From Tables 4 and 5, it could be observed that the
differences and ratios between the maximum and mini-
mum inductance values exhibit less variation compared
to the variation in their absolute values.

Furthermore, Fig. 11 presents a comparison of the
electromagnetic torque for Rotor1 and Rotor2 before and
after applying current to the other side. It can be seen that
the change in torque is not significant.

(a)

(b)

Fig. 11. Static torque of two mechanical ports of
AFDMP-SRM: (a) Rotor1 and (b) Rotor2.

Table 2: Influence of phase-E current on inductance of
phase-A

Lmin Lmax
IE = 0 A IE = 50 A IE = 0 A IE = 50 A

IA = 10 A 2.026 2.406 6.871 7.452
IA = 20 A 2.026 2.216 5.817 5.981
IA = 30 A 2.024 2.151 4.336 4.413
IA = 40 A 2.016 2.108 3.399 3.446
IA = 50 A 1.999 2.071 2.804 2.841

Table 3: Influence of phase-A current on inductance of
phase-E

Lmin Lmax
IA = 0 A IA = 50 A IA = 0 A IA = 50 A

IE = 10 A 2.789 3.177 7.755 8.300
IE = 20 A 2.678 2.869 5.667 5.799
IE = 30 A 2.507 2.629 4.212 4.283
IE = 40 A 2.351 2.440 3.355 3.397
IE = 50 A 2.219 2.286 2.778 2.808
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Table 4: Influence of phase-E current on inductance dif-
ference and inductance variation rate of phase-A

Lmax-Lmin Lmax/Lmin
IE = 0 A IE = 50 A IE = 0 A IE = 50 A

IA = 10 A 3.391 3.098 4.844 5.046
IA = 20 A 2.871 2.699 3.791 3.765
IA = 30 A 2.142 2.052 2.311 2.262
IA = 40 A 1.686 1.634 1.384 1.338
IA = 50 A 1.403 1.372 0.806 0.771

Table 5: Influence of phase-A current on inductance dif-
ference and inductance variation rate of phase-E

Lmax-Lmin Lmax/Lmin
IA = 0 A IA = 50 A IA = 0 A IA = 50 A

IE = 10 A 2.781 2.612 4.966 5.123
IE = 20 A 2.116 2.022 2.989 2.930
IE = 30 A 1.680 1.629 1.706 1.654
IE = 40 A 1.427 1.392 1.005 0.957
IE = 50 A 1.252 1.229 0.559 0.523

V. CONCLUSION
This paper proposes a novel 10/16/14 symmetrical-

stator axial flux dual-mechanical-ports switched reluc-
tance motor. The three-dimensions finite element model
is established in Altair Flux. The electromagnetic perfor-
mance of two mechanical ports operating independently
and simultaneously is both investigated. The torque out-
put capability of mechanical port 1 with a 16/10 poles
configuration is higher than that of mechanical port 2
with a 16/14 poles configuration under the same magne-
tomotive force. When the two mechanical ports operate
independently, their magnetic coupling effects are min-
imal. When the two mechanical ports operate simulta-
neously, the magnetic flux linkage and inductance values
are affected. However, the impact on torque is negligible.
Future work will focus on analyzing the influence of sta-
tor yoke thickness on magnetic coupling characteristics.
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