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Abstract: —The objective of the paper is to analyze and compare the performances of the
axial flux permanent magnet brushless dc (AFPM BLDC)motor with single-phase winding
and two-phase winding. To study the motor operation, a mathematical dynamic model has
been proposed for each of the motor with different winding, which became the basis for
simulations that were performed using MATLAB/SIMULINK software package. The
calculation results show that the two-phase motor version develops more smooth torque and
reaches higher efficiency than the single-phase version. However the advantage of using a
single-phase version is simpler and cheaper converter which the motor is supplied from.
This implicates of using this type of motor for fans and pumps where torque ripple is not the
subject, while the two-phase motor can be applied where more smooth torque is required.
Both motors are supplied from inverter whose structure depends on the type of winding.
Since there were voltage type inverters, the switching angle of transistors had significance
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on the motor performance. This influence was studied for both motors.
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1 Introduction

PM machines are increasingly becoming
dominant machines with the cost competitiveness of
high energy permanent magnets [1]-[2]. These
machines offer many unique features. They are
usually more efficient because of the fact that field
excitation losses are eliminated resulting in
significant rotor loss reduction [3]-[4]. Thus, the
motor efficiency is greatly improved and higher
power density is achieved. Moreover, PM motors
have small magnetic thickness which results in
small magnetic dimensions. As for the axial flux PM
machines, they have a number of distinct advantages
over radial flux machines (RFM). They can be
designed to have a higher power-to-weight ratio
resulting in less core material [5] Moreover, they
have planar and easily adjustable airgaps. The noise
and vibration levels are less than the conventional
machines. Also, the direction of the main air gap
flux can be varied and many discrete topologies can
be derived [6]-[7]. These benefits present the AFMs
with certain advantages over conventional RFMs in
various applications [8]-[9]-[10]. The first work
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focused on PM disc machines was performed in late
70s and early 80s [11]. Disc type axial flux PM
machines have found growing interests in the last
decade especially in the 90s and have been
increasingly used in both naval and domestic
applications as an alternative to conventional radial
flux machines [12]-[13]. As briefly mentioned
earlier, AFMs have some distinct advantages over
RFMs. First, they can be designed to have a higher
power-to-weight ratio resulting in less core material
and higher efficiency [14]-[15]. Secondly, they are
smaller in size than their radial flux counterparts and
have disc shaped rotor and stator structures. This is
an important feature of axial flux machines because
suitable shape and size to match the space limitation
is crucial for some applications such as electric
vehicle [16]-[17]. Thirdly, they have planar and
adjustable airgaps, which radial flux machines do
not. Moreover, the direction of the main airgap flux
can be varied and many discrete topologies can be
derived. For instance, while the main flux traveling
axially through the air gap and stator core creates an
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external-rotor-internal- stator topology, the main air
gap flux traveling axially through the airgap and
both axially and radially in the stator core creates a
second external-rotor-internal-stator topology. These
features provide the AFMs with certain advantages
over conventional RFMs in some applications. [18]-
[19]. A possibility to obtain a very neat axial length
for the machine makes axial-flux machines very
attractive into applications in which the axial length
of the machine is a limiting design parameter. Such
applications are, for example electrical vehicles
wheel motors and elevator motors. Axial flux
machines have usually been used in integrated high-
torque applications [20]-[21]-[22]. AFPM motors
can be designed as double sided or single sided
machines, with or without armature slots, with
internal or external rotors and with surface mounted
or interior type permanent magnets (PMs) [23]-[24]-
[25]- [26]. Comparative study on the performances
of slotted and slot-less versions of permanent
magnet motors was done in [27]. There, it was
observed that for the same amount of torque to be
produced, slot-less motors need higher mmf
compared to slotted motors. Owing to the supply of
such high currents, these motors get heated up very
fast and need special heat sinks for dissipating the
heat. This is the main advantage of using slotted
motors instead of slot-less motors. In this paper the
calculations were done for the particular motor
which was designed as a water pump with the wet
rotor.

2 Axial Flux Permanent Magnet

Motor Structure

Applying several axial-flux machine
configurations can be found regarding the stator(s)
position with respect to the rotor(s) positions and the
winding arrangements giving freedoms to select the
most suitable machine structure into the considered
application. The object of study in this paper is
double-sided AFPM brushless machine with internal
salient-pole stator and two external rotors shown in
Figure. 1. It is more compact than the motor with
internal rotor. The double-sided rotor with PMs is
located at the two sides of the stator. The stator
consists of the electromagnetic elements made of
ferromagnetic cores and coils wound on them.
These elements are placed axially and uniformly
distributed on the stator circumference and glued
together by means of synthetic resin. The stator coils
can be connected in single-phase and multi-phase
systems. The motor of particular winding
connection exhibits its unique performance that
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differs it from the motors of the other connection
systems.

Fig. 1. Double-sided AFPM motor with two external
rotors

In this paper motor with single-phase and two-phase
are studied and are analyzed and compared. On both
sides of the stator are the rotors made of steel discs
with the permanent magnets glued to the disc
surfaces. The distribution of the magnets on the
rotor discs has to be adequate to the stator poles
polarity. The stators winding for single-phase and
two-phase motor are shown in Figure.2 and Figure.3
respectively. Here the coils of phases A and B are
alternatively connected.

Fig .2. Windings of the stator is connected in single -

i

Fig .3. Windings of the stator is connected in two —
phase

3 Mathematical Model of the Supply-
Inverter- Motor in Single-Phase
System

The supply-inverter-motor circuit model is
shown in Figure.4.
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Fig. 4. Circuit diagram of supply-inverter-motor —in
single-phase system

The circuit parameters are set up under the
following assumptions:

* All elements of the motor are linear and no core
losses are considered,

* Electromotive force ea and cogging torque vary
sinusoidally with the rotational electric angle fe.

* Due to the surface mounted permanent magnets
winding inductance is constant (does not change
with the Be angle).

* Voltage drops across diodes and transistors and
connecting wire inductance are ignored.

The equations that describe the model are as
follows:
Voltage equation at the source side

Es—i .Rs—i,.R, =0 (1)
V,=V.+i.R, (2)
i =iy +i, (3)

Where, Es and Rs: voltage and resistance of the
source ,Rc : capacitor resistance ,is :source circuit
current, iak :converter input current ,vc :voltage
across capacitor

O,
V = 4
¢T 4

Qc: charge in capacitor ,C: capacitance ,ic :current
flowing through the capacitor:

_ 90

I )
©dt

Voltage equation at the motor side:

Ladi./dt + iaRa + €a = Vsa (6)

The voltage sa v that supplies the motor is a square
wave and is a function of rotor position which is
generated by the position sensor. So, it is described
by the function.

sign[sin(@e + ) |vs = Vsa (7
Thus the voltage equation is(8)
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sign[sin(@e + a)|vs = Raia + Ladia / dt + ea
(8)

Due to the equality of the converter input and output
powers (no power losses in the converter are
assumed):

lakVs = Vsa.ia )]
We have:

lak = Vsa/Vs.a
(10)

The electromotive force induced in the winding

Kewmsin(fe) = ea

(1)
KE: constant ,cm: rotor angular speed:
1 dé
o, =40 (12)
P dt

Oe: Electrical angle (Figure. 5)
p: Number of pole pairs

i
i
i
i
T

Figure.5. Calculation model of single-phase motor

The mechanical system with all torques is shown
schematically in Figure. 6.

TE' i

W\
M) | L L
_l,ll ! ;l |,"I ,.'I
i L i
o E T T
Figure .6. Mechanical system with torques
This system is defined by the following equation:

T,,=T/+TD+Ts+Tc+TL (13)
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The torque components of equation 19 are
expressed by the following equations.
Inertia torque:

dom

Ty =g 2o (14)
dt

Viscous friction torque:
Tp =D.o,

Coulomb friction torque:
Ts = sign(wr)Td
Cogging torque:

Tc = Tmesin(g, + )
Load torque: Ty

The electromagnetic torque is given by following
equation :

€hiq _ kewmsing

(15)

(16)

T =

em

ia = keiasin @ (17)
m wm

Other symbols used in above equations are:

J : moment of inertia, D:friction coefficient, Tmc:

cogging torque amplitude, S : displacement angle of

cogging torque

3.1 Simulation results of the Motor

The simulation of the motor operation in
dynamic conditions was done using software
package MATLAB/SIMULINK®. To simulate this
operation, it was assumed that: the drive system is
supplied with constant voltage of 300 V, the system
is loaded with the rated torque of 6.1 N.m,. The
simulation results of starting of the motor are shown
in Figs 7, 8, 9, 10,11and 12. In particular the
Figure.7 shows the rotary speed waveform. The
ripple in the speed waveform is due to the
oscillation of motor torque. It consists of two
components: electromagnetic torque Tem and
cogging torque Tc. These two components are
shown in Figure 10, Figure 11. The results presented
in Figure.11 show that the cogging torque oscillate
between (-1.3, +1.3) which is not suitable. The
electromagnetic torque waveform obtained during
the starting process is shown in Figure 9. The results
presented in Figure.12 show that the torque
developed by the motor is always positive despite
the relatively big cogging components. This positive
resultant torque is obtained due to displacement of
PMs on one of the rotor discs.
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Fig.7. Waveform of rotary speed

TABLE 1. SPECIFICATIONS ADOPTED FOR THE SIMULATED

MOTOR
Components Quantity Rating values
Eb emf of the battery 300V
Rs source Resistance 1.5Q
Rc resistance in 2Q
series with capacitor
C capacitance 10p F
Ra phase resistance 8Q
of the brushless DC
motor
J moment of 0.001 Kg
inertia /m2
Lc phase inductance 0.021H
of the brushless DC
motor
D friction 0.001
coefficient N/(rad/s)
T load load torque 22N.m
T mc maximum 0.3 N.m
cogging torque
Ts coulomb friction 0.1 N.m
torque
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Fig .8. Waveform of EMF (Ea ) and armature voltage

(Va)
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Tem(N.m)

Figure. 9. Waveform of electromagnetic torque (Tem)

The waveform of EMF (Ea) and armature
voltage (Va) of phase A is shown in Figs 8. The
induced EMF’s and voltage applied to the motor are
in phase because the winding was switched ON
without any delay with respect to the position of
magnets and winding.
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Figure .11. Waveforms of electromagnetic torque
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Figure .12. Waveforms of electromagnetic
torque+cogging torque, load torque

4 Mathematical Model of the Supply-

Inverter- Motor in Two-Phase System
The supply-inverter-motor circuit model is shown in
Figure.4.

lak Ra L, fa
y . _ A—:fml(: )—‘
K
& E Vs *
el L |
€ -|: I " Ry i =]

P
Ve

Fig. 13. Circuit diagram of supply-inverter-motor
system

Voltage equations at the motor side (Figure 4)
are:

VA = VSA (18)
Vg = VSB (19)
\"SA iA 1"'7_-\
N N
A e —— e —
\T vy S
Ve Vs
B —/—} : *L'—-\p—
N M
N

Fig.14. Scheme to the equations6,7

The equation of the voltages across the motor
winding

Va|_|Ry 0 iA+£LA Lap iA+eA
Ve | |0 R, |ig| dt|Lgy Ly |ig| |eg
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(20)
or in shortened version:

V,=R,I, +diza.1a +E, 1)
t

Since the resistances Ra of all phases are the
same:

Ra=F“ 0 } 22)
0 R,

Here there is no mutual inductance between the
phases A and B, they are displaced by 90°. So, L A5,
L g» = 0. Due to the symmetrical winding the
inductances L ;=L 3= L
The inductance matrix takes the form:

L—L 0 23
a_o L ()

i, +i, =0 (24)
Thus the voltage equation takes the form:

Vi _ R, 0fi, +£L 0 iA e, (25)
Vel |0 Ry |ig]| dt|0 Ljig |eg

The electromotive force induced in the phase A
winding:
e, = Kpo,sin(0,) (26)

The electromotive force induced in the phase B
winding is given by:

e, = Kpo,,sin(0,—-90") (27)
1 do,

O, =— (28)
P dt

The electromotive forces written in a form of matrix
Ea:
sin0,
Ky do, 2
P dt

E

. T
sin(0, — E)
Equation that links the supply and motor sides:

: I . :
isg = ——(i4Vsq +igVsp) (30)
VS

results from the equality of the powers at input
and output of the inverter. Supply voltages for the
phases (vsa, Veg) results from the operation of
converter. The mechanical system is defined by the
following equation 31.
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T,,=T/+Tp+Ts+Tc+1L (31)

The torque components of equation 19 are
expressed by the following equations.
Inertia torque:

Ti=] dom (32)
dt

Viscous friction torque:

Tp =D.o, (33)

Coulomb friction torque:

Ts = sign(wr)Td (34)

Cogging torque:

Tc = Tmesin(p, + ) (35)

Load torque: T
The electromagnetic torque is given by following
equation 24 and 25

T, = Cia , Bip (36)
@, @,

Tem - eA71A+eBilB = Ke(fa(ee)-iA+fb(ee)’iB)
Wr Wr

(37)

Where:

£.(0,)=sin(®, ) (38)

£y (6) =sin(8,~ 7) 39

Combining all the above equations, the system in
steady-space form is:

Xx- = Ax+ Bu (40)
x =iy ip o, Oe]‘ “1)
EE Ke (00
L L
-R
. Ke@,0)
A= L L
KE(fa(Be)) KE(fb(ee)) _B 0
J J J
0 0 Lt 0
L 2 -
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1 0 0
L
0 1 0 (42)
B = L
0 0 -1
J
o 0 0|
Equation of the motor efficiency is
P
Eff % =2 100% (44)
By
The average input power:
IO
Pin = ? j (Vs Lak )dt (45)
0
The average output power:
1 T
P, = - [(T, .w)dt (46)
0

4.1. Simulation results of the two-phase motor
The simulation results of starting of the motor
are shown in Figs 15, 16, 17, 18,19, 20and 21. In
particular the Figure.15 shows the rotary speed
waveform. The ripple in the speed waveform is due
to the oscillation of motor torque. It consists of two
components: electromagnetic torque Tem and
cogging torque Tc. These two components are
shown in Figure 19, Figure 20. The results presented
in Figure.19 show that the cogging torque oscillate
between (-0.3, +0.3) which is acceptable. The
electromagnetic torque waveform obtained during
the starting process is shown in Figure 18. The
results presented in Figure.21 show that the torque
developed by the motor is always positive. This
positive resultant torque is obtained due to
displacement of PMs on one of the rotor discs.
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Fig. 15. Waveform of rotary speed
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Fig .16. Waveform of EMF (Ea ) and armature
voltage (Va)
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Figure. 17. Waveform of EMF (Eb ) and armature
voltage (Vb)

The waveform of EMF (Ea) and armature
voltage (Va) of phase A and the waveform of EMF
(Eb) and the armature voltage (Vb) of phase B are
shown in Figs 16. and 17. The induced EMF’s and
voltage applied to the motor are in phase because
the winding was switched ON without any delay
with respect to the position of magnets and winding.
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Fig .18. Waveform of electromagnetic torque (Tem)
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Figure .19. Waveforms of cogging torque

750 J‘ b

6.5 |- - H

Tem(N.m)

1
0.3 0.305 0.31
Time (s)

Figure .20. Waveforms of electromagnetic torque
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Figure .21. Waveforms of electromagnetic torque+
cogging torque , load torque

5.5

5 Influence of Switching Angle on

Motors
5. 1.Single phase motor

Due to the high-speed operation, the winding
inductance causes a significant phase delay in the
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current waveform. The results in the current and the
emf waveforms being out of phase, and a negative
torque component is generated, with a consequent
reduction of the overall torque. In order to get motor
better performance Phase commutation advanced is
often employed. In DC brush motor the
commutation angle is determined by the position of
brushes and is kept constant. In BLDC motors the
switching angle may vary accordingly to the
controller of the inverter that is used. The inverter
considered for the brushless motor with single-phase
winding is shown in (Fig.22). The position sensors
are placed between the coils in the intervals of 180
degree .These sensors sense the position of the rotor
and they trigger the transistors so that they switch
on the respective stator winding.

+

O

v

T3 T4

Fig. 22. Inverter considered for BLDC with single-
Phase Winding

As the switching angle is advanced, the
difference between back-emf and the supply voltage
increases, and the torque thereby increases.
However, there exists an optimal advanced angle,
beyond which the drive performance deteriorates.
The simulation was done for the following
switching angles g=-10",-20°,-30°,-40° . The
result of simulation was plotted in the form of
characteristic of average value of the efficiency
shown in Fig 23. The efficiency was calculated as
same as section. III. The motor efficiency is
maximum when the switching angle g=-30° ,

which means transistors are switched much earlier
and the motor efficiency is minimum when

B =-10"
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Fig. 23. Efficiency (Eff) vs. load torque(TL)

5. 2. Two-phase phase motor

The inverter considered for the brushless motor with
single-phase winding is shown in (Fig.24). The
position sensors are placed between the coils in the
intervals of 90 degree .These sensors sense the
position of the rotor and they trigger the transistors
so that they switch on the respective stator winding.

+

T3 T4

Fig. 24. Inverter considered for BLDC with Two-
Phase Winding

The simulation was done for the following
switching angles g = 20°, -30° ,—40°, —45° . The result
of simulation was plotted in the form of
characteristic of average value of the efficiency
shown in Fig 25. The motor efficiency is maximum
when the switching angle g=-40° , which means
transistors are switched much earlier and the motor
efficiency is minimum when g =-20°
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Fig. 12.  Efficiency (Eff) vs. load torque(TL)

6 Conclusion

The results obtained from dynamic model model
enabled to compare both types of motors and deduct
the following conclusions.

* In single-phase motor the cogging torque is
very high and it contributes to an

Increase of the torque ripple. It makes the motor
inapplicable where smooth torque is required.
However it can be used in the drives which do not
demand

Smooth torque like pumps, fans, etc.

*The two-phase motor develops the torque with
lower ripple but still it cannot be applied where this
cannot be tolerated e.g. wheelchair

» The advantage of the single-phase motor is the
simpler commutator, which needs only one position
sensor and four transistors; whereas in two-phase
motor two sensors and 8 transistors are necessary
which makes the circuit more complex.

* The results of simulation at rated torque show
the AFPM motor with two-phase winding has higher
efficiency than the AFPM motor with single-phase
winding. A study done on the influence of switching
angle on motor performance shows that motors
operate better when the windings are switched ON
earlier with respect to the emfs induced in them.
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