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Abstract-The main objective of this paper is to study the effect of
phase numbers in the dual rotor Brushless DC (BLDC) motor for
its application in Electric Vehicles (EVs). The performance of two
novel 5-, and 7-phase dual rotor BLDC motors is compared
against the standard 3-phase dual rotor BLDC motor. The
proposed motors combine the positive characteristics of
multiphase BLDC motor and the dual rotor BLDC motor thus
achieving better fault tolerance capability, high power density,
and less per phase stator current. Finite Element Method (FEM)
was used to design the 3-, 5-, and 7-phase dual-rotor BLDC
motors. The design parameters and operating conditions are kept
the same for a fair comparison. The stator current and torque
performance of the proposed motors were obtained with FEM
simulation and were compared with the standard 3-phase dual
rotor BLDC motor. It is possible to use low power rating power
electronics switches for the proposed motor. The simulation
results also validate low torque ripples and high-power density in
the proposed motors. Finally, the fault analysis of the designed
motors shows that the fault tolerance capability increases as the
phase number increases.
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1. INTRODUCTION

Electric Vehicles (EVs) are the future of road
transportation. Extensive research has been conducted on the
drive system of EVs to provide low-cost and energy-efficient
solutions. The electric motor is an integral part ofits propulsion
system along with the transmission system, the power
electronics, and the battery [1]. The basic requirements of the
electric motor for EV applications include high torque and
power density, varied speed range (high speed cruising and low
speed crawling), high efficiency over wide torque and speed
ranges, wide constant power operation region, high intermittent
overload capability, and high reliability and robustness [2-6].
The main advantages of the Brushless DC (BLDC) motor are
its small size, the absence of rotor copper losses due to yhe
absence of rotor windings, and its low maintenance cost [7].
The BLDC motor offers high efficiency, high power, and
torque density, but the conventional BLDC motor topologies
do not provide all the requirements for EV application [8-10].

The dual-rotor BLDC machine promises high torque
density and high efficiency. This motor consists of an outer
rotor, an inner rotor, and a stator between them. In other words,
two separate motors share the same stator nested between them
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[11-12]. Since both sides of the stator are used as compared to
single rotor Permanent Magnet (PM) BLDC, this structure
improves the torque density. The topology reduces the copper
quantity, which in turn reduces the winding resistance. Thus,
the copper losses are reduced, and efficiency is improved. The
reduced copper usage also cuts down the cost [13-15].

The next important requirement for PM BLDC machines
used in EV applications is fault tolerance which is the ability of
a system to continue working even if a fault occurs. The fault-
tolerant capability of the PM BLDC motors can be enhanced
by increasing the number of stator phases (more than three-
phase). In a multiphase PM BLDC drive system, increasing the
phase number also increases the number of power electronic
switches while it reduces the converter rating required per
phase [16-17]. The multiphase PM BLDC motors have low
torque ripple and high torque density as compared to the three-
phase electric motors [18-20]. It is now evident that dual-rotor
PM BLDC and multiphase PM BLDC topologies offer unique
advantages for EV application. These two topologies can be
combined to get the positive characteristics of multiphase PM
BLDC machines and dual-rotor PM BLDC machines.

In our research work, two dual rotor BLDC motors with 5,
and 7 phases are designed for EV application. These motors are
fed with square wave currents and have trapezoidal back EMF
waveform unlike the sinusoidal PMSM motors. The
characteristics of these two motors are compared against the
standard 3-phase dual rotor BLDC motor. They combine the
positive characteristics of the dual rotor and multiphase BLDC
motors, thus achieving less per phase stator current, high power
and torque density, and better fault tolerance capability. The
main contributions of the current paper are:

¢ Two new dual rotor multiphase BLDC motors as 5-, and 7-
phase are designed to drive an EV. The characteristics of
these motors are compared with the standard 3-phase dual
rotor BLDC motor. Finite Element Method (FEM) based
two-dimensional models of the motors were developed with
the IMAG Designer.

e Load and no-load analysis of the three designed motors
were performed.

e Fault analysis of the three motors is provided to compare
their fault tolerance. Open circuit faults, high-impedance
faults, and demagnetization of the permanent magnets are
studied.

II.  ANALYTICAL STUDY

The main design parameters of the BLDC motor are the
diameter of the armature, the stack length, and the air-gap
length, through which the energy conversion process is
completed. The calculation of these three design parameters is
a fundamental step in any electric motor design. BLDC motor’s
electromagnetic loading comprises of the specific electrical
loading and the specific magnetic loading. These loads define
torque, efficiency, and other mechanical characteristics of the
motor. Even though the motors in this study have two rotors,
the design of any BLDC motor starts with the general sizing
equation. The sizing equation gives the relationship between
the main design parameters and the electromagnetic load of the

dual-rotor BLDC motor. The main design specifications of the
dual-rotor BLDC motor are derived as follows.

ny (1)

where P,,, is the apparent power, L is the stator’s stack length,
D is the armature’s diameter, B, is the specific magnetic
loading, and A, is the specific electrical load. The rated speed
of the motor represented by ny and a, is a constant which
depends on the pole arc of the motor.

The BLDC motor having trapezoidal back EMF is modeled
using the equivalent circuit shown in Figure 1. The voltage of
the single phase can be derived as:

D\ L
Pen = 11.ap.B4. Aq. (M) "1000°

dig(t)

Vo =iaRq + Lg dt

+e, (2)

where V, is the phase voltage, R, is the phase resistance, L, is
the phase inductance, e, is the generated back EMF, and i, is
the phase current.

The generated back EMF and torque constant are functions
of the relative rotor position. The voltage equation for multiple
phases based on the back EMF is expressed as:
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Fig. 1. Equivalent circuit of the n-phase BLDC motor.

For single phase, the expression for the current is derived as
a function of supplied voltage, phase inductance, and back
EMF as:

da . 1 . ’ ’ ’
zle =3 [2Vpp + Vi — 3Ryiq + Opwy, (=24 + e + e.)] (4)
where w,, is the rotational speed, p is the pole pair number,
and @ is the induced flux. The phase inductance is considered
constant as the relative rotor position does not affect it. The
following equation shows phase inductances BLDC motor:
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Ly,=Lyy—M
Lb=Lbb_M
Ln=Lnn_M (5)

where M is the mutual inductance, L,, is the phase inductance
for the n-phase and L,,, is the self-inductance. From (3) and
(5), the equation for phase voltages can be rewritten as:

“?]I R, 0 .. 0 I[ia]l L, 0 .. 0
b
[ = 0 R, .. 0 D4 0 L, .. 0]a : |2 (6)

AR 1 “L;JI;J

The back EMF of the motor depends on rotor speed, rotor
relative position, magnetic field intensity, and the number of
turns. For a n-phase BLDC motor, the phase angle difference is
(360/n) for each phase of the back EMF. So, the back EMF of
each phase is:

In (7), the back electromotive force constant of one phase
of n-phase BLDC motor is represented by K, . The per phase
output torques are derived as:

Krn (6)

EZLI Krne——
) -2 J

where K7, is the torque constant of one phase of the n-phase
BLDC motor. The total electromagnetic torque is given as:

T,=T,+ T,+-+T, 9
III. DUAL ROTOR MULTIPHASE BLDC MOTOR DESIGN

A. Structure of the Dual Rotor BLDC Motor

Figure 2 represents the cross-section of the 2D CAD model
of a dual rotor BLDC motor. The motor consists of a stator
sandwiched between two (outer and inner) rotors. The magnets
of both rotors are polarized in the same direction. The flux
generated by the outer magnets goes through the outer teeth of
the stator and the flux driven by the inner magnets goes
through the inner teeth of the stator. This structure enables the
motor to have low overall volume and improved torque
density. With this structure, high torque to volume ratio is
obtained, which is critical for EV applications. In the designed
dual-rotor multiphase BLDC motor, full-pitched concentrated

windings are used. This winding configuration reduces the
requirement of greater stator slot numbers and reduces the use
of copper.

Stator Core
Flux Paths

Outer rotor

PM

Inner rotor

Fig. 2. Structure of the proposed dual rotor BLDC motor.

B. Determination of Motor Power

The first step in any motor design is to determine the motor
toque and the nominal speed. Two parameters define the motor
dimensions, motor radius and stack length. The required power
to drive the vehicle can be deduced as [21]:

Pem = max[p,,pa, vl (10)

where p,, is the maximum power of the motor when the vehicle
achieves maximum speed, p, is the maximum power of the
motor when the vehicle is at highest gradient, and p, is the
maximum power of the motor when the vehicle achieves
maximum acceleration. p,, p, and p, are defined by (11), (12)
and (13) respectively:

(o + 55) 0

Pe =

3607
Ui C, Aui2
Pa = F5o0m (mgf COSUpgy + MY SINA 0, + ;1_15 ) (12)
S Ya, 4 CpAud
be = 360ty nT ( om ‘/— + mgf t 21.15*2.5 ta) (13)

where u; is the initial velocity, U4, is the maximum velocity,
u, is the final velocity, and & is the mass conversion
coefficient of the vehicle.

The maximum speed 1n,,,,, of the motor is calculated as:

103
_ Umax 10 (14)

n
max 120mr

The nominal speed ny is related to maximum speed as:

Nmax ﬁnN (15)

where £ is the coefficient of constant power meter. Increasing
the value of f will increase the generated torque. Its value
ranges between 2 and 4. A large size power converter is needed
to achieve a greater value of §.

www.etasr.com

Hussain et al.: Design and Analysis of a Dual Rotor Multiphase Brushless DC Motor for its Application ..



Engineering, Technology & Applied Science Research

Vol. 11, No. 6, 2021, 7846-7852 7849

C. Machine Design and Comparison

To study the effect of different phase numbers on the
performance of motors, three different BLDC (3-phase, 5-
phase, and 7-phase) motors were designed. To allow a fair
comparison of the three motors, similar materials were used
and most of the geometric parameters were kept the same. The
three motors were analyzed with FEM. Table I shows the
design parameters of the three dual rotor BLDC motors. The
cross sections of the simulation models for the three motors are
shown in Figure 3.

(®

©

Fig. 3. Cross section of the simulation models. (a) 3-phase dual rotor
motor, (b) S-phase dual rotor motor, (c) 7-phase dual rotor motor.

TABLE L. DESIGN PARAMETERS
Designed Motors 3-Ph 5- Ph 7- Ph

Number of poles (p) 20 20 20
Number of turns 35 35 35
Number of slots 27 40 63
Outer diameter(mm) 110 110 110
Stack length (mm) 50 50 50
Current density (A/mm?)) 5 5 5
Rated speed 900rpm 900rpm 900rpm
Magnetic loading (T) 0.8 0.8 0.8
Magnets NdFeB NdFeB NdFeB

IV. NOLOAD OPERATION

In dual rotor BLDC motor, two independent flux loops are
formed in the outer and inner air gaps as displayed in Figure 1.
The flux flows from one magnet in the outer rotor through the
outer air gap to the teeth of the outer stator. Following the core
of the outer stator, the flux flows back to the opposite polarity

of the magnet and thus completes a loop. In a similar fashion, a
flux loop is created in the lower air gap between the inner rotor
and the stator. A different amount of flux is generated in each
air gap and two independent back EMFs are generated in each
stator. At no-load conditions, no current flows in the armature
winding, and a magnetic field is generated by the permanent
magnet. The no-load characteristics of the motor are obtained
by running the motor without input current. Cogging torque is
generated due to the interaction of magnets and coils at no load.
The cogging torques of the three designed motors were
compared. The conventional three-phase BLDC motor
demonstrated a greater cogging torque as compared to the two
proposed motors. Furthermore, the 7-phase dual rotor BLDC
motor indicated a reduction in cogging torque than the 5-phase
dual rotor BLDC motor.
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Fig. 4. Cogging torque of the 3-phase BLDC motor.
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Fig. 5. Cogging torque of the 5-phase BLDC motor.
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Fig. 6. Cogging torque of the 7-phase BLDC motor.
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V. LOAD OPERATION

To analyze the dual rotor multi-phase motors under load
conditions, they were driven by a trapezoidal current source. A
logic commutation was developed for each motor [22]. The
interaction of permanent magnets and the magnetic field of the
stator coils produce torque. For an n-phase dual rotor BLDC
motor, one phase is positively energized, another phase is
negatively energized, and the remaining phases are not
energized.

H®) 2 @ 3 B® 4 5@ 5 [he 1 e 2 [5@ 3 [ie] 4 [e)

@ @1

(b)® 1 w@] 2 0% 3 &® 4 W@| 5[0 6 G® 7 e 1 @ 2 F6] 3 0@ 4 &9 5 Xe] o ke T @

Fig. 7. Stator winding configuration: (a) 5-phase motor (b) 7-phase motor.
As shown in Figure 8, each phase of the n-phase BLDC
motor is star-connected using 2n switches, where n is the
number of phases. Since all three dual rotor BLDC motors are
designed with the same electric and magnetic loading, the per
phase rms current of the three-phase motor is the largest. As
shown in Figure 9, the peak value of the 3-phase motor is 86A,
of the 5-phase motor is 45A, and of the 7-phase motor is 32A.

4
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Fig. 8. Winding diagram of the n-phase BLDC motor.
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Fig. 9. Stator phase current waveforms.

Figures 10-12 show the wave forms of the steady state
output electromagnetic torques of the three motors. The torque
ripples of the 3-phase motor are the highest, whereas the torque
ripples are reduced with increasing number of phases.
However, the torque ripples of the 5-phase motor can be
considered satisfactory. Hence, a phase number greater than 5
is only necessary to reduce the stator current.
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Fig. 10.  Torque waveform of the 3-phase motor.
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Fig. 11.  Torque waveform of the 5-phase motor.
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Fig. 12.  Torque waveform ofthe 7-phase motor.
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VI. FAULT ANALYSIS

This section analyzes the transient process of the three
designed dual rotor BLDC motors under various fault
conditions. The performance of the three motors under various
short and open circuit faults was analyzed. Figure 13 shows the
comparison of the average output torque of each motor under
different faults. The Figure shows either an open circuit fault or
short circuit faults by phase number. To simulate these faults, a
fault was introduced at certain time using switches. At the time
of the fault, there was a sudden dip in the average torque and
the torque ripples were increased.

30 3-phase
f 25 5-phase
2
8 20 u 7-phase
g1s5
£ 10
)
S%D 5
S 0
<< S v q"; \’5 P 6’\

> - o ".DA -

0§ v ’\/- f\v-
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Fig. 13.  Average torque under various open or short circuit fault conditions.

High impedance faults occur due to broken strands of the
motor winding. The most common type is the high resistance
fault. This fault was simulated using extra resistance in series
with the phase winding. The value of this resistance is obtained
from:

1
E (Rinductor + Rend) (16)

where o defines the percentage of the broken wires. Tables II-
IV compare the effect of this fault on the three motors.
Increasing the phase number makes the motor more prone to
broken strand faults.

Rextra =

TABLE II. HIGH IMPEDANCE FAULT CONDITION IN 3-PHASE MOTOR
Condition Average torque | Percentage of normal torque
Normal condition 30 100%
20% Broken strands 21.708 72.36%
35% Broken strands 20.319 67.3%
65% Broken strands 14.469 48.23%

TABLE III. H

IGH IMPEDANCE FAULT CONDITION IN 5-PHASE MOTOR

Condition Average torque | Percentage of normal torque
Normal condition 30 100%
20% Broken strands 26.41 88.04%
35% Broken strands 23.54818966 76.8%
65% Broken strands 20.15 67.17%

TABLE 1V. HIGH IMPEDANCE FAULT CONDITION IN 7-PHASE MOTOR
Condition Average torque | Percentage of normal torque
Normal condition 30 100%
20% Broken strands 28.43 84.76%
35% Broken strands 26.02 86.73%
65% Brokens strands 23.72 79.06%

Extreme temperature and high electrical loading can cause
demagnetization of the BLDC motors, decreasing the average
output torque. The designed motors were studied under
different demagnetization conditions. When all magnets were
demagnetized by 4%, the average torque decreased by 12.7%,
8.3%, and 6.6% for the 3-phase, 5-phase, and 7-phase BLDC
motors respectively.

VII. COMPARISON WITH THE AVAILABLE LITERATURE

The combination of the characteristics of the dual rotor and
multiphase permanent motors is available in literature for
Permanent Magnet Synchronous Motors (PMSM) [23-24]. In
[23], a dual-rotor PMSM was designed, a motor with sinusoidal
back EMF, to get high torque density and good fault tolerance
capability. The performance and fault tolerance of the same
dual-rotor five phase PMSM is investigated in [24].

To the best of our knowledge, no literature is available with
regard to the dual-rotor multiphase BLDC motors. In the
current research work, two dual rotor BLDC motors with 5 and
7 phases were designed for EV application. These motors were
fed with square wave currents having trapezoidal back EMF
waveforms unlike the sinusoidal back EMF in PMSM motors.
The characteristics of the two proposed motors were compared
against the standard 3-phase dual rotor BLDC motor. The
designed motors have the advantages of the dual rotor and
multiphase motors, thus achieving less per phase stator current,
high power and torque density, and better fault tolerance
capability.

VIII. CONCLUSION

Considering the requirements of a high torque EV, two new
dual rotor BLDC motors were designed and studied in this
paper. The dual-rotor PM BLDC motor promises high torque
density and high efficiency. This machine consists of an inner
rotor, an outer rotor, and a stator between the two rotors. Three
motors: 3-phase, 5-phase, and 7-phase have been designed and
FEM was utilized to analyze their performance. The main
design parameters and materials are preliminarily decided by
standard methods. Analytical modeling of the multiphase
BLDC motor has been presented. The performance of the 5-
and 7-phase dual rotor BLDC motors has been evaluated under
load and no-load conditions and the results were compared
with the standard 3-phase dual rotor BLDC motor.

To allow a fair comparison, most of the design parameters
and operating conditions of the motors were kept the same with
the ones of the base motor. The number of stator slots for each
motor has been determined by the phase number. The cogging
torque and back EMF waveforms were obtained at no load.
Average torque and stator current waveforms were obtained at
loaded conditions. The results show that increasing the phase
number decreases phase current. This enables the use of low
rating power electronic switches. The output torque can also be
increased per RMS current for the same volume of the motor.
Torque ripples also decreased as the number of phases
increased. Finally, fault analysis of the three motors has been
performed to analyze their performance under fault conditions.
It was found that the increased phase number makes the motor
more fault tolerant and increases reliability.
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