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Abstract—This paper presents a design and analysis of multi-
phase brushless direct current (BLDC) motor for electric vehicles
(EV). In this work, hub-wheels having 110Nm, 900rpm rated
values have been designed for the proposed EV. This EV can
produce 440 Nm without using transmission, differential and
other mechanical components which have very high losses due to
the mechanical fraction. The motors to be used in the EV have
been designed as 3-, 5- and 7-phase by Infolytica/Motor Solve
Software to compare their performances at the same load
conditions. The same rotor geometry has been utilized for the
motors. However, slot numbers and dimensions of the stator have
been determined by considering the motor phase number.
Performance curves of phase-currents, output powers, torques,
efficiencies and power factors have been presented for these
motors at the same operating conditions. It can be possible to use
lower power switches in motor drive system thanks to the phase
current reduction since the phase currents decrease
proportionally to motor phase number. This work shows that the
multi-phase BLDC motors are a good alternative in order to
obtain lower torque and lower power inverter structure than the
3-phase BLDC motors which are used as standard.

Keywords-brushless direct current motor; multi-phase motor;
electric motor design

I. INTRODUCTION

Interest on electric vehicles (EV) has increased recently
because of their environmental advantages, high energy
efficiency, and low noise [1]. Significant properties of
brushless direct current (BLDC) motors for EVs are high
power density and high efficiency. Besides, there are important
advantages such as small size, high reliability, not having rotor
copper losses and low maintenance cost due to not having
brushes [2, 3]. Therefore, BLDC motors are commonly
preferred in industry applications. In [4], a novel five-phase
wheel hub motor which occurs from identical electromagnetic
units with U-shaped electromagnets in the stator and permanent
magnets in the rotor is designed. The electromagnetic torque of
the motor is calculated and analyzed by finite element method
(FEM). Torque ripple, average torque, torque per ampere and
the ratio of torque to copper loss are examined for optimal
design and speed regulation. Authors in [5] propose a novel
hub motor using variable electromagnetic (EM) gearing to
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leverage torque and rotation speed based on driving conditions.
The performance of the motor in terms of voltage/current
ratings and energy conversion efficiency is compared with
other conventional motors. It is seen that this motor is useful
for vehicle propulsion applications. Authors in [6] explain the
design of permanent magnet (PM) BLDC hub motor using
FEM analysis. The no-load and load characteristics are
analyzed, torque and cogging torque of PM BLDC hub motor
are calculated by Magnet Software 7.4.1 for different
temperatures. Flux distribution and flux density in the core are
also obtained. It is shown that PM BLDC hub motor can be
used for applications including less cogging torque than total
torque. In [7], a design of three phase PM BLDC hub motor
which has high efficiency and power density and no cogging
torque is realized for electrically powered two wheelers. Some
methods are used to reduce the cogging torque and increase the
net torque. PM BLDC motor is also analyzed by using 2D
FEM. The simulation results are tested by experimental results.
It is seen that PM BLDC hub motor has high efficiency and it
is convenient for different scooter load and speed conditions.

In [8], field oriented control based on hall-effect sensors of
PM brushless hub motor is defined for four-wheel drive EV.
The aim of the study is to obtain high efficiency and low torque
ripple by a feedforward controller. Results show that the
feedforward field oriented control reduces the motor torque
ripple. Ironless axial flux PM in-wheel hub motor is designed
by using multi-domain FEM analysis [9]. 3D FEM analysis is
realized in different physical domains showing temperature
distribution, cooling system heat flows and the motor is tested
experimentally. Results show that the designed in-wheel hub
motor has high torque and high efficiency. Different control
methods for PM brushless hub motor of four-wheel drive EV
are defined in [10]. BLDC and PMSM control are combined.
Since the performance of the sinusoidal current control is very
good and the torque ripple is much lower than that of the block
commutation algorithm, this control is preferred at low speeds.
On the other hand, the noise is high at middle and high speeds
due to switching and harmonics. Therefore, sinusoidal control
or field oriented control and block commutation algorithm are
used for low, middle and high speeds respectively. Results
show that low noise and successful performance are obtained
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for four-wheel drive EV by the proposed approach.
Feedforward and feedback speed regulation control of hub
motor for EV with in-wheel motor is explained in [11]. The
linear feedforward control with the incremental PID feedback
control is realized and these control methods can be switched
easily considering the driving demand and the running
condition. It is obtained from the results that this control
method provides a good speed regulation and shows the
drivability of the in-wheel EV. The control methods of an EV
driven by two rear hub motors are defined to examine the ride
quality of EV in [12]. Vehicle dynamics with 11 degrees-of-
freedom are modeled by using MATLAB’s Simulink.
Simulations with PID controller, fuzzy-PID controller and
without controller are realized and compared with each other.
According to the simulations, these control methods improve
yaw rate and the stability of the EV based on the steering and
contribute to EVs with hub motors. In [13], computer aided
design (CAD) of a PM BLDC hub motor is realized. Designed
PM BLDC hub motor with 30W, 48V, and 310rpm is used for
a fan application. Flux density in the air gap and iron, stack
length, slot space factor, length of the air gap and the number
of the magnet poles are taken as design variables. Furthermore,
the parametric analysis of BLDC hub motor is realized to
develop the design in terms of the efficiency and size of the
motor. By using FE analysis, designed algorithm is verified and
the torque angle characteristics are obtained in the paper.

In this paper, three different BLDC motors have been
designed for the comparison of motor performances based on
the phase number. The slot numbers, dimension and geometry
of the stator are changed to achieve a good comparison on the
effect of the phase number. However, the rotor geometry of the
compared motors is the same. It has been shown that the rated
currents of the stator winding inversely decrease with the
number of the phases. Thus, it can be possible to use lower
power switches in the motor drive systems. The output power,
efficiency and power factor remain as constant values for the
compared motors in this study. As a result, it can be observed
that increasing of the motor phase number is an advantage in
terms of the motor quality. In this work, the pole number and
the slot numbers of the designed motors have been taken as 24
and 27 (3-ph), 55 (5-ph), 63 (7-ph), respectively. Furthermore,
torque and rated speed values of the motors are approximately
110Nm and 900rpm, respectively.

II.  MODELING OF BLDC MOTOR

In modeling of a 3-phase BLDC motor, armature winding
and torque equations are used [14]. The equivalent circuit of
BLDC motor having trapezoidal back EMF is shown in Figure
1. Back EMF and torque constant is a function of the rotor
position. As seen in the Figure 1, the voltage equations within
the armature windings based on the back EMF can be given by

(1) [14].
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Fig. 1. BLDC equivalent circuit
where n is the phase number, V;, V,,....., V, are the supplied

voltages to each phase R is armature winding resistance, [ is
phase current, L is inductance and e is back EMF.

There is a (360/n) phase angle between back EMFs of each
phase as follows [14]
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where £k, is back EMF constant of one phase of the
n-phase motor.

Output torques of each phase are given by [14]:
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where kr, is torque constant of a phase of the n-phase
motor. Total output torque can be defined as

T,=T\+T, +..+T, “

where T, is total output torque.

[II.  MULTI-PHASE MOTORS DESIGN

In motor design, nominal speed and torque values should be
firstly determined. According to these two parameters, motor
mechanical restrictions like motor dimension should be taken
into consideration. It is also important to obtain a geometry for
reducing torque ripples. Generally, torque ripples can be
reduced by increasing the BLDC pole number. In this paper,
three different motors have been designed: 3-phase, 5-phase
and 7-phase. Designed motors structure is shown in Figure 2,
in which while stator forms the interior of the motor, rotor is
the outer of the motor. Stator and rotor structures and flux lines
and flux densities of BLDC motors designed for different
phases are shown in Figures 3 and 4, respectively. Flux lines
and flux density of the three motors are illustrated in Figure 4.
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Maximum flux density obtained from stator core has been
calculated as 1.94 T.
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The designed motors have the same rotor structure as
surface mounted with radial magnets per pole and their inner
and outer rotor diameters have been taken as equal. Their only
difference is the number of slots and the slot dimensions. More
stator slot area is needed for lower phase number, since phase
current value changes inversely with the phase number.
Therefore, more coil area is obtained by reducing the number
of the slot of 3-phase BLDC motor. The numbers of the slots in
the designed motors are 27, 55, and 63 for 3, 5, and 7-phases
respectively.

Mechanical and electrical parameters of BLDC motors are
illustrated in Table I. As shown in Table I, stator phase currents
significantly reduce inversely with the phase number. Thus,
lower phase current will be obtained by increasing the phase
number. In this way, both cost and size will reduce by
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Flux lines and flux density of the motors; a) 3-ph, b) 5-ph, a) 7-ph

decreasing the rated current values of semi-conductor switches
to be used in drive. BLDC motors have been designed to have
equal output powers and torques.

IV. MULTI-PHASE MOTOR ANALYSIS

The ability of the motor to provide maximum torque up to
the rated speed range is one of the important results in BLDC
motor design. Torque-speed curves of the designed BLDC
motors are shown in Figure 5. These motors produce 110 Nm
torque in steady-state situation. PWM analyses of 3-phase
BLDC motor are given in Figure 6. The motor ensures the
maximum power and efficiency when the motor reaches the
rated speed. The efficiency of the BLDC motor is
approximately obtained as 90% in the region above 50% speed.
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Motor output power has increased to 10.3 kW. Power factor o POV Seuspesd Oasiizer) Eicincy (6
has been calculated as 0.58 under full load conditions. G e B W W B e W @

TABLE L. DESIGNED MOTOR PARAMETERS
Designed Motors 3-phase | S5-phase | 7-phase
Supply Voltage (V) 96 96 96
Rated Current (A) 164 102 70

Number of slots 27 55 63
Rotor outer diameter (mm) 300 300 300
Stack height (mm) 80 80 80
Stator outer diameter (mm) 274 274 274
Stator inner diameter (mm) 115 170 189
Torque (N-m) Rotor speed (% of rated)
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Fig. 5. Torque-speed curves of the designed motors
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Fig. 7. PWM analysis for 5-phase motor
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Fig. 8. PWM analysis for 7-phase motor
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PWM analysis of 5-phase motor is realized in Figure 7. As
seen from the Figures 6 and 7, the performance of S-phase
BLDC motor in low speeds is worse than that of the 3-phase
BLDC motor. At 100 rpm speed, the efficiency of 5-phase
motor is lower than 71% while the efficiency of the 3-phase
motor is approximately 82%. However, the performances of
the motors towards rated speeds are significantly similar.
Same performance analysis is realized for 7-phase motor and
illustrated in Figure 8. Desired performance from 7-phase
motor is also obtained like the other motors. The output power,
efficiency and power factor of the motors are given in Table-II
for low and high speed regions. Stator phase currents of the
BLDC motors are shown in Figure 9. Current values are
inversely proportional to the number of the phase. The rms
values of the motor currents are 164A (3-ph), 102A (5-ph) and
70A (7-ph) respectively.

Fig. 9. Stator phase currents of the designed motors
TABLE II. COMPARISONS FOR LOW/HIGH SPEED REGIONS
Low Speed Region High Speed Region
Phase 150 rpm (900 rpm
Number Pout Eff. Poue Eff.
aw) | | " law | on | T
3 1.8 82 0.15 10.3 95 0.58
5 1.8 71 0.15 10.1 92 0.51
7 1.8 70 0.15 10.1 92 0.51

The output torque curve is separately examined for the
three motors in Figure 10. The torque ripples of 3-, 5- and 7-
phase motors are approximately 10%, 5% and 6% respectively.
As the number of phases increases, torque ripple reduces.
However, as seen in Figure 10, the result obtained by the 5-
phase motor can be regarded as sufficient. Hence, increasing
the phase number by more than 5 is useful only for reducing
the stator currents.
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Fig. 10.  Output torque at steady-state conditions; a) 3-phase BLDC, b) 5-phase BLDC, ¢) 7-phase BLDC

V. CONCLUSIONS

In this study three motors have been designed in order to
focus on comparing the effect of the phase number on motor.
These motors used as wheel in EVs are called hub motors.
Firstly, a 3-phase BLDC hub motor is designed as a base
motor. This motor has inner stator and outer rotor structures.
Then, 5-phase and 7-phase motors having the same rotor
dimensions of the base motor have been designed. The number
of the slots and dimensions of the stator have been determined
by considering the motor phase number. The performance
analyses of the 3-, 5-, and 7-phase motors have been obtained
by Infolytica/Motor Solve Software package. Performance
curves of phase-currents, output powers, torques, efficiencies
and power factors have been presented for these motors at the
same operating conditions. According to the results, it is
observed that as the number of the phases of the motor
increases, the phase currents reduce. This allows the use of
lower power switches in motor driving systems. This work
shows that multi-phase BLDC motors are a good alternative in
order to use lower power inverter structure compared with 3-
phase BLDC motors that are used as standard. Output torque
and power values have been calculated as 110Nm, 10.3kW in
designed motors. By considering the use of four wheels for an
EV, total output torque and output power have approximately
been obtained as 440 Nm and 41.2 kW in the designed motors.
The other important characteristic for BLDC motors is the
output torque curve. As the number of the motor phase
increases, the torque ripple produced by the motors
significantly reduces. However, torque ripples of the 5-phase
motor are lower than that of other motors. Therefore, the motor
phase number should be evaluated in terms of cost,
performance and usability when considered commercially.
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