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Abstract—The objective of this paper is to analyze the
performance of a double-sided axial flux permanent magnet
brushless DC (AFPM BLDC) motor with two-phase winding.
To study the motor operation, a mathematical dynamic model
has been proposed for motor, which became the basis for
simulations that were performed using MATLAB/SIMULINK
software package. The results of simulations were presented
in form of the waveforms of selected quantities and the
electromechanical characteristics performed by the motor. The
calculation results show that the two-phase motor version
develops smooth torque and reaches high efficiency. The two-
phase motor can be applied where more smooth torque is
required. Finally a study on the influence of switching angle
on motor performance shows that when advance switching
technique is used, the motor operates with the highest
efficiency.
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I. INTRODUCTION

CONVENTIONAL DC motors are highly efficient, however,

their only drawback is that they need a commutator and
brushes which are subject to wear and require maintenance.
The above mentioned deficiency of the conventional solution
can be overcome by the new type of DC drive based on
brushless DC motors operating without mechanical
transmission [1].

The brushless DC motors are permanent magnet motors
where the functions of commutator and brushes were
implemented by solid state switches [2]. The brushless DC
motors are distinguished not only by the high efficiency but
also by their no maintenance [3]. The permanent magnet
motors used in this case are single phase or poly phase motors.
When operating with single phase or poly phase motors, the
inverter plays the role of the commutator [4]-[5]. In this paper
two-phase inverters considered. The stator coils of the motor
can be connected in single-phase or poly-phase systems.
These connections imply the single-phase or poly-phase
inverters which supply the winding. The type of winding
influences the performance of the motor. The particular motor
that is
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Analyzed was described in [6]. So far only single-phase and
three-phase motors were considered and no study for two-
phase has been done [7]. The main idea in the early stage of
the PMSMs was to increase the efficiency of the traditional
electric motors by permanent magnet excitation. However, the
efficiency increase was not enough for the customers and the
Attempts to enter the market failed [8]-[9]. Despite of this
setback, several manufacturers introduced permanent-magnet
machines successfully during the latest decade. Regardless of
the success of radial-flux permanent-magnet machines, axial-
flux permanent magnet machines, where the magnetic flux is
directed axially in the air-gap and in the stator winding zone
and it turns its direction in the stator and rotor core, have also
been under research interest particularly due to special-
application limited geometrical considerations [10]-[11]. 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 [12]-[13]. 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).
Low power AFPM machines are usually machines with slot
less windings and the surface mounted PMs [14]-[15]-[16]. In
this paper the calculations were done for the particular motor
which was designed as a water pump with the wet rotor.

II. AXIAL FLUX PERMANENT MAGNET MOTOR STRUCTURE

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
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multi-phase systems. The motor of particular winding
connection exhibits its unique performance that differs it
from the motors of the other connection systems.

Rotor discs

Stator

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

In this paper motor with two-phase is studied and are
analyzed. 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 stator
winding in this case is connected as shown in Figure.2. Here
the coils of phases A and B are alternatively connected.
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Fig. 2 Windings of the stator is connected in Two - phase

III. MATHEMATICAL MODEL OF THE SUPPLY—INVERTER—
MOTOR SYSTEM

The supply-inverter-motor circuit model is shown in Figure.3.
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Fig. 3 Circuit diagram of supply-inverter-motor 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 0e
Due to the surface mounted permanent magnets winding
inductance is constant (does not change with the 6e 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

Ey—iy.Ry—i,.R. =0 (1)
Vi=V.+i. R, )
iy =g +i, 3)

Where: Eb and Rb :voltage and resistance of the source, Rc:
capacitor resistance, is: source circuit current, iy: converter
input current, v,: voltage across capacitor.:
v, -Le )
C
Qc: charge in capacitor, C: capacitance, i.: current flowing
through the capacitor:

a9,
i, =—— 5
<t ®)
Voltage equations at the motor side (Figure 4) are:
VA = VSA (6)
Vg =Vsg (N
where:

Vsa, Vsp, are the inverter output voltages that supply the 2 —
phase winding, v,, vp, are the voltages across the motor
armature winding.

Vsa iy Va

N TN
A = <

./ NS
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— IB —
P
N Ay

Fig. 4 Scheme to the equations6,7

The equation of the voltages across the motor winding

V R 0 | L L ]

4| _|Ra la|, dba Lap|la| |€4 @)
VB 0 Rb iB dt LBA LB iB ep
or in shortened version:

V,=R,.1I, +%la.la +E, Q)
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Since the resistances Ra of all phases are the same:

o _[Ra 0 .
=lo" k, (10)

Here there is no mutual inductance between the phases A and
B, they are displaced by 90°.S0,L 5, Lga=0.

Due to the symmetrical winding the inductances L =L =L
The inductance matrix takes the form:

L=t 0 (11
a=lo 1 )

i, +ip =0 (12)

Thus the voltage equation takes the form:
vV R 0 i L 0|1
Al_|T4a l.A a4 4| €4 (13)

The electromotive force induced in the phase A winding:
e, = Kpw,, sin(6,) (14)
The electromotive force induced in the phase B winding is

given by:
e, = Kpo,, sin(d, —90°) (15)

Where: Kg: constant, @,,: rotor angular speed:

1d6,

w, =——< 16

"oP at (16)

Oe: electrical angle, p: number of pole pairs for two-phase

winding, the electromotive forces written in a form of matrix
Ea:

sin g,
K de
E,=—L£ 2 (17)
P . T dt
sin(@, ——)
2
Equation that links the supply and motor sides:
: L. .
isk =——((4Vsq +ipVsp) (18)
Vs

results from the equality of the powers at input and output of
the inverter. Supply voltages for the phases (vsa, Vsg) results
from the operation of converter. The mechanical system with
all torques is shown schematically in Figure. 5. This system is
defined by the following equation 19.

| ,.-"I f'll
ros
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Fig. 5 Mechanical system with torques

Ty =TI +TD+Ts+Tc+TL (19)

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

1y = g o (20)
dt

Viscous friction torque:

Tp =D.w, 21)
Coulomb friction torque:

Ts = sign(or)Td (22)
Cogging torque:

Tc = Tme sin((pe + /) (23)

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

Tem _ € 4i4 + €BiB (24)
@y Wy
€4i4 € . .

Ty =24+ BB = K (f4(00)i g+ [5(6,)ig (25)
COR COR

Where:

fa (He) = Sin(ge ) (26)

. T
13 (8,)=sin(8, —3) (27)

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

x-=Ax+ Bu (28)

xz[iA iB a)}, 96]1 (29)
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0 o _B8EUa\Ye 0
Ao I 7 (30)
Kg(fa(6e) Kg(f5(6,) D 0
J J J
0 0 P 0
L 2 J
L 0 0
L
B 0 % 0
B » (31)
0 0o —
J
10 0 0 |
u=ly, vy T (32)
Equation of the motor efficiency is:
P
Eff % = —24L 100% (33)
By
The average input power:
T
1 .
By = [ gdag e (34)
0
The average output power:
1 T
Pous = | (T, o) (35)
0

IV. DYNAMIC SIMULATION 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 6, 7, 8, 9 and 10. In particular the Figure.6
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,
which were drawn when the motor reached steady state. The
electromagnetic torque waveform obtained during the starting
process is shown in Figure 9. The results presented in
Figure.10 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.

TABLEI
PARAMETERS OF ELECTRIC CIRCUITE AND MECHANICAL
SYSTEM
Symbol Quantity Values
Ey emf of the battery 300
Rs source Resistance 1.5Q
Rc resistance in series 2Q
with capacitor
C capacitance 10p F
Ra phase resistance of the 8 Q
brushless DC motor
Lc phase inductance of 0.021H
the brushless DC
motor
Ke emf constant 1.324
J moment of inertia 0.001 Kg /m2
D friction coefficient 0.001 N/(rad/s)
T load load torque 22N.m
T mc maximum cogging 0.3 N.m
torque
Ts coulomb friction 0.1 N.m
torque
3000
2500
2000
€
£ 1500
=
D
€ 1000
n

500

-500
0

Time(s)
Fig. 6 Waveform of rotary speed
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Fig. 7 Waveform of EMF (Ea ) and armature voltage (Va )
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Fig. 8 Waveform of EMF (Eb ) and armature voltage (Vb
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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 7. and 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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Fig. 9 Waveform of electromagnetic torque (Tem)
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Fig. 10 Waveforms of electromagnetic torque, cogging torque and
resultant torque

V. INFLUENCE OF SWITCHING ANGLE ON MOTOR

Due to the high-speed operation, the winding inductance
causes a significant phase delay in the 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 two-
phase winding is shown in (Fig.11). The position sensors are
placed between the coils in the intervals of 90 degree .These
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sensors sense the position of the rotor and they trigger the
transistors so that they switch on the respective stator winding.

+

T3 T4

Fig. 11. Inverter considered for BLDC with Two-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
B=-20",-30° ,—40° , —45°
The results of simulation were plotted in the form of
characteristics of average values of the efficiency, input
current and mechanical power output shown in Figs 12, 13
and 14. The characteristics were drawn in the MATLAB from
the results obtained in simulation using dynamic model of the
motor. The efficiency was calculated as same as section. III.
The motor efficiency is maximum when the switching angle
B=-40° , which means transistors are switched much earlier

and the motor efficiency is minimum when g = -20°

100

%Efficiency

I
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20l ‘ ,,,,,, | —~—Beta=30 |
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0 2 4 6 8 10
TLIN.m]

Fig. 12 Efficiency (Eff) vs. load torque(TL)
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Fig. 13. Mechanical power output (Pem) vs. load torque (TL)
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Fig. 14 Input current (Is) vs. load torque(TL)

VI. CONCLUSION

The performance of the AFPM BLDC motor with two-phase
winding was analyzed in this paper. To study the motor
operation, a mathematical dynamic model has been proposed.
This model became the basis for block diagram and
simulations, which was performed using
MATLAB/SIMULINK  software package. The results
obtained from dynamic model enabled to deduct the following
conclusions:

The two-phase motor develops the torque with low ripple

The results of simulation at rated torque show the AFPM
motor with two-phase winding has high efficiency
In two-phase motor two sensors and 8 transistors are
necessary which makes the circuit complex.
A study done on the influence of switching angle on motor
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performance shows that motors operate better when the
windings are switched ON earlier with respect to the emfs
induced in them. It means the inverters should operate at the
advanced switching angle if voltage inverters are applied.
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