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Abstract-This paper presents an analysis of the stator core
losses in two kinds of 3-phase 32-pole brushless DC motors.
One stator is manufactured by ferrite and the other is steel
laminations. The losses are evaluated by performing
time-stepped finite-element analysis and the results are used to
evaluate the suitability of the models. The theoretical
analysis and experimental results derived from the
inverter-controlled BLDC motor drives are presented for
confirmation. Experimental results show that the motor with
ferrite stator has higher maximum speed and efficiency than
those of steel laminations. On the other hand, the motor with
steel laminations produces higher torque than that of ferrite
material. Based upon these comparison results, ferrite core
stator is very promising for low-torque and high-speed
applications.

L INTRODUCTION

Brushless DC motors, which have higher efficiency
than induction or brush DC motors, are now widely used in
home appliances [1], industrial machines and electrical
vehicles [2, 3]. Compared with DC motors, BLDC motor
has no carbon brushes which need to be changed frequently.
Also with induction motors, the efficiency of BLDC is
much higher. Electronic inverters drive BLDC motors at
wide speed ranges with the vector or direct-torque control
techniques [4-7]. The operating frequency of BLDC
motors increases from 50~60Hz to a few hundred Hz for the
purpose of miniaturization and higher power density. In
recent motor design, for example, the washing machines,
they often use a multi-polar direct-dniven motor to take the
place of the need for gear boxes [8-10].

Recently, power electronics applications widely
proliferate. The high-frequency switching techniques in
power electronics open up possibilities to apply the
high-frequency magnetic core, ferrite, into not only
industries but also home appliances. For this reason, it is
interesting for engineers to use the ferrite material as the
stator of the BLDC motor.

Due to the developments of power electronics devices,
the switching frequency for power converter and lighting
apparatus moves from several kilo Hz to hundred kilo Hz,
and even MHz These developments bring the potential
applications of high operating frequency to home-appliance
motors in which volume is one of main design concerns. To
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reduce the motor size while not giving negative impact on
efficiency motivates this study. Ferrite material has been
widely applied to magnetic components for high frequency
applications [11, 12].

This paper presents the design considerations,
magnetic field analysis of stator and implementation of two
3-phase 32-pole BLDC motors.  First, the computer-aided
design and analysis are presented, then followed by
theoretical analysis and experimental results derived from
the inverter-controlled BLDC motor drives are shown.
Finally the comparison of the special features of two kinds
of BLDC motors in torque and efficiency are presented.

II.  DESIGN SPECIFICATIONS AND

SIMULATION

In order to accurately compare the torque and loss of
the two motors with different soft magnetic materials, four
conditions for motor design and test as follows are
considered.

1) The same size and shape of the two stators.

2) The type and turn number of stator windings are the
same to give the same resistance and inductance,
theoretically.

3) The rotor and cother mechanical components such as
bearings are the same.

4) The test bench, mcluding inverters and load are the
same.

As shown in Fig. 1, the test bench consists of a three-phase
inverter, designed brushless DC motors [13-15], and PWM
commutation circuit.

Table 1 shows the specifications of the designed
motor. A ferrite stator and steel laminations are used for
stator cores of these two motors, respectively. The rotor has
32 multi-polar  Neodymium-Iron-Boron  (NdFeB)
surface-permanent magnets (SPM) and stator has 24 slots as
shown in Fig. 2.

Table 2 shows the related parameters of stator. As shown in
Table 2, the size of stator and number of windings for two
motors are the same. The ferrite core provides lower



permeability to give lower hysteresis loss as compared to

steel laminated core.
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Fig. 1 Circuit diagram of the presented motor driver

Table 1 Motor specifications

Parameter

Output power (W) 60
Line voltage (V) 9
Line current (A) 8
Stator/phase inductance (uWH) 17.6
Stator/phase resistance (€2) 0.09
No. of phase 3
Connection Y

NdFeB
Magnets

Steel Rotor yoke

Fig. 2 Cross section of rotor and stator of the presented
BLDC motors

To wverify the magnetic flux distribution and
understand the features of designed motors, computer aided
simulation using Finite Element Analysis (FEA) [16]
software 1s used. The simulation results provide magnetic
field analysis and thereby adjusting the elements of core to
meet the specifications shown in Table 2. The magnetic flux
distributions for these two stators are shown in Fig,. 3.

As shown in Fig. 3, the designed motor with ferrite
core provides lower magnetic flux density as shown in Fig.
3 (a) as compared to that with steel laminations shown in
Fig. 3 (b). These simulation results will confirm the
experimental results shown later in this paper. Therefore,
the designed motor with the ferrite stator has less loss,
especially for high operating frequency applications. The
disadvantage associated with the reduction of flux density is
the torque reduction. These special features will provide a
reference for the selection of motor applications.

The iron loss caused by eddy and hysteresis currents
can be analyzed [17, 18] by applying Fourier analysis or
partial differential equations [19, 20]. However, it is very
complex and may not give a whole picture related to motor

Table 2 Parameters of the stator cores
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Ferrite material Steel laminations
Number of poles 32 32
Number of stator slots 24 24
Permeability 2000 7000
Saturation Mk desity v Ba=60 H60: Bs = 1700
(mT)
165 16.5
[ronloss (W/kg) (at02'T, 100 kHz) (at 1.5 T, 60 Hz)
Rotor outer diameter 648 648
(mm)
Stator inner diameter 64 64
(mm)
Stator outer diameter 110 110
(mm)
Core length (mm) 13 15
Air-gap (mm) 04 0.4
Series turns/phase 320 turns 320 turns
Contour: Magnetic flux density, nom Max: 0,452
3 =2 I .
5'2 A
4.5 f===|0.418
(0. 381
e ==(0. 386
2.5 s (0. 341
2 (0. 315
L f 0.29
05 0.265
o 0.24
'D_'f 0.214
4.5 0.189
»2—2 0.164
g 0,139
35 0,114
- 0086
'4_'2 0.083
5.5 3 0.m8
0.013

(a) The ferrite stator

Contour Magnetic fux density, norm

-5 -4 -3 -2 -1 0 1 2 3 4

(b) The steel laminated stator

Min: 0.0126

Max 0.559

I—o.53
t—{0.501
—{0.473
—{0.444
o415
{0387
t—0.358
t—{0.329
t—{0.301
—0.272
-0.243
0.215
0.186
0.158
0.129
0.1

0.072
0.043

0.014
Min: 0.0143

Fig. 3 The magnetic flux distribution of finite-element flux

plot for the designed motors

geometry. An alternative way for iron loss analysis is by
computer-aided analysis. Fig. 4 shows the iron loss density
for the designed motors with ferrite and steel laminated
stators. The simulation results are derived using Finite
Element Analysis software, named -MagneForce [21].



Noting that lighter color gives higher iron loss density.
Moreover, the scale of color bar shown in Fig. 4 (a) for the
stator with ferrite core is one sixths of that that shown in Fig.
4 (b) for the stator with steel laminations. These simulation
results confirm that the designed motor with ferrite stator
reduces the iron losses significantly.

(a) The ferrite stator (b) The steel laminated stator

Fig. 4 Tron loss density of FEA simulation for the presented
motor at 2700rpm
II1. LOSS ANALYSIS OF THE MULTI-POLAR
BLDC MOTORS

To investigate the efficiency of the designed BLDC
motors with ferrite and steel laminated stators, motor losses
are analyzed as follows. The output power of the motor is
[22]:

P

out —

P

Cu (])

in mech iron

where P, is the input power;
P0ch is the mechanical loss;
P, is the copper loss;
Pjyop 18 the iron loss.

If the motors under test have no cooling fans and the
bearing loss is trivial as compared to the others, then the
mechanical loss can be ignored and the equation shown in
(1) can be simplified as:

Puul = Pm - P('u - P//‘un (2)
The copper loss is given by:
Po, =3Ryis’ (3)

where R; is the stator resistance;
is is the stator current.

The iron losses including eddy current loss and hysteresis
loss therefore can be represented by:
P, =P

iron e

ddy + P hys

4)

The eddy current loss of the motor is a nonlinear equation
as shown in (5) which depends on the frequency, f, and
maximum flux density, B,,.
I’llztll2

Pcddy = KL»sz )

where 1, is the thickness of core laminations;
K, is the eddy loss constant.

The hysteresis loss can be expressed as:
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Phys = than (6)

where 7 is the Steinmetz constant, which varies from 1.5 to
2 and Kj, is the hysteresis loss constant.

The eddy current loss is very small for ferrite core, but
rapidly increases with frequency for steel laminations. So
the iron loss of the ferrite material can be simplified to be:

- 2
})ll'on(ferrile) = Kh(ﬁ'/'ile)me (7)
where the iron loss of the steel laminations is:
_ 2p 2,2 2
})n‘on(.s'leel) - Ke(.s‘[eel)f Bm tn + Kh(.\'leel)me (8)

IV.  TORQUE ANALYSIS OF THE MULTI-POLAR

BLDC MOTORS

The torque produced by the designed multi-polar
BLDC motor is shown in Fig. 5. Fig. 5 represents its stator
and rotor for one electrical angle cycle. The instantaneous
force of one stator slot winding is:

F =N ,iLxb 9)

where N, is number of turns per stator pole;
i is the instantaneous current of the stator winding;
L is the effective length of the stator conductor;
b is the induced instantaneous flux density by its
rotor permanent magnets.

Rotor

Stator

phase a

>

—

phase # Rphaseﬂ R)hasc ?

Fig. 5 Flux-density distribution of stator and rotor for one
electrical angle cycle

Since one pole has two winding sides, the output force for
phase “a” of the motor with P poles is:
F, =2NiLxb (10)

where N is the total number of turns per phase winding.

By assuming that the current of the stator current i is
sinusoidal, the current is expressed by:

i=1 sin(ax) (11)

where /,, is the maximum current of stator winding.

The induced flux density 4 is also sinusoidal and it can be



expressed as:

b =B, sin(ax) (12)
where B, is the maximum flux density induced by the
rotor.

The induced voltage, e, determined by Faraday-Lenz’s Law
is:

de

e= N7= wNB, Acos(wr) (13)
1
where A isthe cross section area of the rotor;
¢ is the flux distribution.
Its instantaneous torque of one pole is:
1, =F,xr (14)

where 7 is the radius of rotor.

From Fig. 5, for a three-phase motor, its output torque is:
(15)
(16)

T=t,+1, +1,
t,=F,xr=2NLI rsin(ax)B,, sin(ax + 6)

1, =F, Xr=2NLI rsin(a¥ +120°)B, sin(ax + 6 +240°)

(17
1, =F xr=2NLI rsin(ax +240°)B,, sin(ax + 0 +480°)
(13)
Therefore,
T'=-3NLI, B, rcos() (19)

If the angle O is identified by the Hall sensor or by
sensorless circuit such that we can control the rotor to let
the rotor flux be in-phase with stator, the maximum torque
is:

T, =—%NBm[mA

(20)
As shown in (20), because ferrite material has lower flux
density than steel laminations, the output torque for the
motor with ferrite stator is smaller than that with steel
laminated stator.

V. IMPLEMENTATION AND EXPERIMENTAL

RESULTS

In order to derive the comparison results two motors
with ferrite stator and steel laminated stator are designed
and implemented. Their rotors are made of 32-pole NdFeB
surface permanent magnets. The schematic of implemented
stator windings is shown in Fig. 6(a) and the related
three-phase winding distributions are summarized in Fig.
6(b), each phase has eight branches.

The stators of prototype have 16-pole, 3-phase stator
windings, as shown in Fig. 7. The stator windings consist
of 80-turn AWG#28 wire conductors per slot. As shown in
Fig. 7 (a) and Fig. 7 (b), two motors are identical in
geometry. The only difference is the material of stator; one

coil | Phase A | Phase B | Phase C
Ne. In | Out | In | Out | In | Out
1 2 2 3 3

2 4 5 6 6

3 7 8 9 9

4 10 [ 11 [ 11 | 12 | 12 | 10
) 1314 | 14|15 |15 13
6 16 | 17 [ 17 | 18 | 18 | 16
7 19 [ 20 [ 2021 | 21|19
8 22 |23 [ 23 |24 | 24| 22

1195

(a) Winding distributions,
conductor in and out

(b) Stator winding in slot

Fig. 6 Schematic of stator windings with 8 branches per
phase

consists of ferrite as shown in Fig. 7 (a) and the other one is
steel laminations as shown in Fig. 7 (b).

(c) The assembled BLDC motor

Fig. 7 The prototypes of BLDC motor with stator windings
and NdFeB surface permanent magnets (SPM) rotor

The testing system consists of a computer and sensors
to measure the torque, speed and power of the motors. A
3-phase sensorless SPWM ac driver operates the two
motors from 900 to 3000rpm. Output power of two motors
at different speed is recorded and listed in Table 4 for the
ferrite motor and Table 5 for the steel laminated one. By
(20), the output torque of the ferrite motor is 0.14 N-m= 1.4
kg-cm when N=320 Turns, B;,,=0.25 T, I,,=1.414 A and

A=0.064mx0.013m. The output torques vs. speed is shown
in Fig. 8. It is shown that the maximum torque for the motor



with ferrite stator is 1.5 kg-cm and torque for the motor
with steel laminated stator can exceed 3.0 kg-cm. In Table 4,
Table 5 and Fig. 8, for the purpose of comparison, we only
show the same range of torque and speed.

—+— Ferrite core —%— Steel laminations

2.0

16

Torque (kg-cm)

1.2

0.8

0.4

0.0 . . s .
2200 2300 2400 2500 2600 2700 2800
Speed (rpm)

Fig. 8 Output torques vs. speed

Table 4 Output power of the motor with ferrite stator

Motor speed (rpm) | Output power (W) | Efficiency (%)
2292 36.68 61.08
2372 31.88 64.17
2412 30.19 66.05
2446 28.86 68.24
2468 26.33 70.85
2512 23.20 69.61
2560 21.01 66.45
2586 17.25 65.40
2606 14.97 62.93
2640 11.38 58.07
2694 7.46 49.65
2704 4.99 4431

Table5 Output power of the motor with steel laminated
stator

Motor speed (rpm) | Output power (W) | Efficiency (%6)
2368 36.93 60.90
2394 35.12 59.95
2420 3203 58.77
2443 30.33 56.86
2464 28.31 55.40
2478 26.95 53.94
2512 23.20 50.33
2523 21.49 48.31
2560 19.17 44.80
2584 16.17 41.57
2600 14.94 39.28
2638 11.10 32.84
2688 8.55 25.64
2725 5.31 17.42

In Fig. 9, we compare the efficiency of these two
motors. The efficiency for the ferrite motor is higher than
steel laminated one in the whole speed range and under all
load conditions. The maximum efficiency of the ferrite
motor is 70.85%. Less than 1.5 kg-cm load, the maximum
efficiency of steel laminated motor is 60.9% while 61.08%
for the ferrite motor. Moreover, the maximum speed of the
ferrite motor 1s about 5800 rpm which is higher than that of
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2700 rpm for steel laminated one when nput voltage is 12
VDC. Its torque-speed curves at high speed region are
shown m Fig. 10. Its maximum efficiency 1s 76.89% at
about 4900 rpm.

In addition, we made no-load tests for two prototypes.
The input power vs. speed is shown in Fig. 11. The input
power for the motor with steel laminated stator is much
higher than that of the ferrite motor for higher iron losses
caused by eddy current loss and hysteresis loss. This result
is consistent with that derived from simulation as shown in
Section 3.

—*— Ferrite core —=— Steel laminations

80

Efficiency (%)

I

0.0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2
Load (kg-cm)

Fig. 9 Efficiency vs. load of the different stator material for
the presented motor
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Fig. 10 Efficiency vs. load of the ferrite matenial at high
speed
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for the presented motor



VI DISCUSSION AND CONCLUSIONS

In this paper, comparative study on the two types of
brushless DC motors is performed. These BLDC motors
with identical geometry and specifications are designed and
implemented. By computer-aided design and experimental
results derived from the inverter-controlled BLDC motor
drives, some remarks are made as follows:

1) The motor with ferrite stator is promising for high
frequency motor drives applications due to lower iron
losses. The experimental results show that the motor
with ferrite stator provides 15 % efficiency advantages
over the other one with steel laminated stator at torque

less than 1 kg-cm.

2) For the same DC-link voltage of inverter, the maximum

speed range for the motor with ferrite stator is much

higher than that of the motor with steel laminated stator.

This special feature is contributed by lower flux level.
The disadvantage related to lower flux level is the
reduction of maximum torque.

In short, the motors with ferrite stator have higher
maximum speed and efficiency than those of steel
laminations. On the other hand, the motor with steel
laminated stator produces higher torque than that of ferrite
material. Based upon these comparison results, the motor
with ferrite stator is very promising for low-torque and
high-speed applications.
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