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During designing a new axial flux permanent magnet free rod rotor synchronous motor, it
is important to know before hand in which phase the largest angular velocity can occur,
what is the ways to reduce the power consumption, how to achieve to increase or decrease
the rotation speed by changing the core geometry. Therefore, presenting these preliminary
information that are necessary for the design of a free rod rotor synchronous motor to the
researchers is the aim of this work. In this respect, this study presents the design and geo-
metrical dimensions of the stator for a new synchronous motor which is an axial flux per-
manent magnet free rod machine with three, four, five and six phases. This type of motors
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Stator are an innovative approach especially for the applications used in industrial stirrers. Each
Rotor type of stator is designed such that it has an appropriate number of phases. The rotating
Stirrer magnetic field over the stator is established by a PIC based microcontroller feeding the

interface circuit to the stator wounds. The maximum angular speeds of bar magnet rotors
with four different lengths and masses are calculated theoretically and determined exper-
imentally. In addition, the effects of the distance between the rotor and stator, the angular
speed of the rotor within the limits of the operation, and the volume of the liquid to be stir-
red to the power applied are investigated. Furthermore, the effects of the lengths and angu-
lar speeds of the bar magnet rotors to the distance between the rotor and stator are
determined. In the light of the information obtained and taking into account the power
used, the most appropriate parameters and variables such as the stator geometry changing
with the phase used, the length of rotor, the distance between the rotor and stator and the
angular speeds of rotor are determined.

Crown Copyright © 2011 Published by Elsevier Ltd. All rights reserved.

1. Introduction

Axial flux permanent magnet synchronous motors are
suitable electrical machines for particular usage where
small structures, high energy densities, high torques and
limited axial fields are required. Axial flux permanent mag-
net synchronous motors are widely used in applications
such as computer peripherals, small electrical vehicles
and high momentum wheels [1-6].

* Corresponding author.
E-mail address: yavuzege@gmail.com (Y. Ege).

The free rod axial flux permanent magnet synchronous
motors are electrical machines such that the rotor and sta-
tor are not physically connected but there is only a mag-
netic field between them [7-11].

In general, they are single pole machines with variable
rotor lengths. This type of motor are generally used in
applications for example stirring liquids, digging mines
where no electrical arc is produced. They are also used in
applications necessitating the physical separation of rotor
and stator [12-19]. The number of phases and the power
consumed, the distance of rotor-stator, maximum angular
speed and also the density of liquid to be stirred play
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Fig. 1. The optimized stator structures for (a) four, (b) five and (c) six phase, axial flux permanent magnet free rod rotor synchronous motors.

important roles in the design of stator geometry of axial
flux permanent magnet free rod rotor synchronous motors.

In this work, first, the stator geometries for three, four,
five and six phase motors are determined and the systems
are designed. Then, the phase circuits of each type of motors
are fed by a PIC microcontroller in an appropriate manner in
order to create the rotary magnetic field over the stators.
Four different rotors with various lengths and masses are
operated to determine their maximum angular speeds to
be reached. Furthermore, the effects of the distances be-
tween the rotor and stator for different motors, the angular

speeds and the density of the liquids used to the power con-
sumed are investigated. In addition, the effects of the length
and the angular speed of the rod magnet rotors to the rotor-
stator distances are determined. In light of the information
obtained and also taking into account the power consumed,
the followings are determined: the most appropriate geom-
etry based on the phase, rotor length, the distance between
the rotor and stator and rotor angular speed. All of these
parameters, variables and structures are tried to optimize
for designing the most appropriate motor structure for a
particular or general application. Thus, the researchers

(c)

Br=58,+8,,+58;, I

Fig. 2. For three-phase axial flux permanent magnet free rod rotor synchronous motor (a) stator structure, (b) wounds and (c) total magnetic field of one

part.
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Fig. 3. The motion of the rotor with the rotation of the magnetic field.
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Table 1
Parameter sets for motors with four different phases.?
Parameter Name of 3 phase 4 phase 5 phase 6 phase
parameter
m Shown in Fig. 2 0.0247 m 0.0236 m 0.0213 m 0.0135m
® Angle of slice 30° 22.5° 18° 15°
R Radius of slice 0.0273 m 0,02475 m 0.02221 m 0.01968 m
s Groove width 0.005 m
t Groove depth 0.020 m
n Diameter of coil 0.0004 m
wire
a Shown in Fig. 2 0.0143 m 0.0133 m 0.0118 m 0.01018 m
Ry Radius of stator  0.050 m
disk
k Number of 3 4 5 6
phases
B Magnetic field 0.621 x 103 T (1)/0.702 x 10° T (2)/0.894 x 10° T (3)/0.964 x 10> T (4)
of rotor
Ty Shown in Fig. 2 0.0157m (T 1)0.0127 m (T 0.0168 m (T 1)0.0138 m (T 0.0163 m (T 1)0.0131 m (T 0.0163 m (T 1)0.0133 m (T
2)0.0085 m (T 3)0.0056 m 2)0.0098 m (T 3) 0.0065 m 2)0.0092 m (T 3)0.0053 m 2)0.0094 m (T 3) 0.0054 m
(T4) (T4) (T4) (T4)
M Mass of rotor 0.00212 kg (T 1)/0.00274 kg (T 2)/0.00371 kg (T 3)/0.00441 kg (T 4)
L Length of rotor 20 mm (T 1)/30 mm (T 2)/40 mm (T 3)/70 mm (T 4)
Magnetic 0.008792 T m/A
permeability
T Internal radius 0.0125m 0.0144 m 0.01521 m 0.02132 m
of stator

2 (T 1), (T 2), (T 3), and (T 4) stands for the rotor types as type 1, type 2, type 3 and type 4 respectively.

doing the design of such a synchronous motor would be able
to determine simply in which phase the largest angular
velocity can occur, what is the ways to reduce the power
consumption, how to achieve to increase or decrease the
rotation speed by changing the core geometry. In this paper,
Section 2 describes the structure of the motor and rotating
magnetic field. In Section 3, the parameters for an optimized
structure are given. Section 4 gives the details of the exper-
imentations and findings.

2. Structure of the motor and rotating magnetic field
The optimized stator structures for four, five and six

phase, axial flux permanent magnet free rod rotor synchro-
nous motors are illustrated in Fig. 1.

As seen in Fig. 1, there are four slices for each phase. The
radius of the central region of the core increases as the
number of phases increase. In Fig. 2a and b, the stator
structure and the shape of the wounds of a three-phase ax-
ial flux permanent magnet free rod rotor synchronous mo-
tor are shown. The rotor will follow the rotary magnetic
field created over the stator by the microcontroller with
a phase angle of 120° between each phases. The angular
speed of the rotor will be equal to that of the magnetic
field. As a matter of fact, the capability of rotation of the
rotor with the angular speed of the magnetic field is also
depended on the magnitude of the kinetic energy initially
gained by the rotor itself. If the kinetic energy gained by
the rotor from the magnetic field is less than the rotational
kinetic energy of the rotor, then the rotor cannot follow the
vector of the rotary magnetic filed and as a result it will
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driven away. In such a case, the angular speed gained by
the rotor will be limited. This limit depends on the magni-
tude of the magnetic field created at the point, D, of the ax-
ial flux permanent magnet free rod rotor synchronous
motor as seen in Fig. 2c where the rotor angular speed is
w, the length of rotor is L, the magnetic flux density is B,
the internal radius od iron core stator is r;, the rad r;ius
of stator iron core is Ry, the magnetic permeability of the
iron core is y, the depth of groove is t, the widht of groove

N v

S/2

—1— R

is s. The distances a, b, m, r, R, r, the point C and the angles
¢, ¢, o are depicted in Fig. 2c.

As seen in Fig. 2c, the magnetic field effecting the rota-
tion of the rotor at the point D is equal to the sum of the
perpendicular components of magnetic fields of the two
wires with a length of R and the perpendicular component
of the arc with a degree of ¢ [20].

st
Br = (4k§)(3u + By, +Bs)) (1)

When the rotor is located at such a magnetic field, it
comes to the direction of the filed with the effect of the
magnetic torque. When the rotary magnetic field takes
an angle of ¢ the rotor will follow it simultaneously.
Fig. 3 shows the motion of the rotor with the rotation of
the magnetic field.

It can be thought that the rotation of the rotor becomes
more stable when the number of phases is increased. How-
ever, this is not the case. Since the parameters effecting the
total magnetic field are also changing with the increase in
number of phases. The optimum number of phases for var-
ious types of stators is changing as well.

In order a rotor to rotate at the axis on which the center
of mass is found without driven away, the angular speed w
has to satisfy the condition given in the following equation
[20]:

o< \/483(41<;§)(Bu J;wl%;l + Bs,)rcos ¢ 2)

/ !\. -i
Fig. 5. (a) Microcontroller interface unit, (b) stopping, operating and speed adjustment panel, (c) rotor angular speed measurement setup and (d) magnetic
stirring operation.



O. Kalender et al./ Measurement 44 (2011) 1753-1760 1757
Table 2
Maximum angular speed values measured and calculated for different rotors and number of phases.
Rotor type w (k=3) (rpm) w (k=4) (rpm) w (k=5) (rpm) w (k=6) (rpm)
Measured Calculated Measured Calculated Measured Calculated Measured Calculated
1 2021 2016.85 2187 2182.19 1983 1985.23 1904 1895.68
2 1505 1494.87 1625 1608.34 1473 1457.22 1426 1413.59
3 1104 1093.31 1177 1172.81 1078 1076.54 1041 1034.32
4 453 445.27 482 478.45 438 432.65 418 411.43
2400 . . As seen from Eq. (5) that the internal radius of the stator
. 1} does not increase in directly proportional to the number
g2w00p  —  TT— T of phases k. The external radius R; of the iron core in which
I} —_— - .
= B the stator wounds are embedded and the width of grooves
8 . limit the number of phases. In this work, the external ra-
& 1500 - 4 dius of stator iron core is R;=50cm, groove width is
5 1200 s=5mm and maximum number of phases is k=15 (Eq.
§7 (4)). Because for k=15, the angle ¢ =0, that is, there is
< 900} —a—Type 1] no pie slice on the core in this case.
K **Rgzg After defining the internal radius of the stator r;, the dis-
§ 600 |- —v—Type 4| ] tance shown in Fig. 2c, r,, can be written as;
"_’V\V\.
[}
= 300 1 ry=(m+r)—-L/2
0 . L L r m S L (6)
3 4 5 6 = [
* 2sin(m/4k)) 2
Number of phase
) Using Eq. (6), we can arrange Eq. (2) as follows;
Fig. 6. Measured angular speed with respect to number of phases.
1/2

As seen from Eq. (2), the angular speed of rotor depends
on the parameters such as the magnitude of the rotor mag-
netic field, mass and length, the number of phases of the
stator, groove dimensions of the stator, phase current,
the distance r, shown in Fig. 2c and cos ¢'. The parameter
sets for the motors produced with four different phases is
given in Table 1.

3. Structure of stator iron core

In this section, the structure of the stator iron core is
investigated. Let’s look at in detail the stator core of a sin-
gle phase stator for the effects of the distance ry and the an-
gle ¢ to the angular speed (Fig. 4).

For the arc in Fig. 4, it can be written as,

S =ak, 3)

It can be noticed that each of the slices is reduced by «
because of the widths of the grooves. Two grooves are cre-
ated on the disk for each phase wounded as half steps. For
the number of phases k = 1, the arc ¢ becomes as in the fol-
lowing equation:

TS
p=F-a= % R (4)
Assuming s < 2mRy; it can be written as
s/2 =risin(F/2)
s/2 (3)

2
’483(4k;—g) (B + By + Ba) ((m+ ) —5) cosop
@= | ML

(7)

Eq. (7) includes all the necessary parameters for dimen-
sioning and designing of an axial flux permanent magnet
free rod rotor synchronous motor.

4. Experimental study and findings

The experimental study and findings are presented in
this section The universal interface unit providing supply
signal waveforms for motors with phases from three to
six is shown in Fig. 5a and b. The PIC16F876 microcom-
puter sends the triggering signals to the driver integrated
circuit (IC) corresponding to the angular velocities in rpm
that are entered from the touch-pad. Output of the driver
IC is fed to the coils of the stirrer. Currents up to 3 A can
flow through the coils. In the experimental step of the
study, first of all, we checked that whether the reading of
number of rotations in the interface display and the read-
ings in the tachometer optically measuring the angular
speed of the rotor are equal to each other or not (Fig. 5¢).
Then loss of rotation due to the friction within the liquid
is investigated. It is seen that the measurements give satis-
factory results and the effect of friction is negligible. Fig. 5d
illustrates the stirring operation.

In the next step, the maximum angular speeds of rod
magnet rotors with four different lengths and masses
rotating over the stator are determined. For this test, the
number of rotations are increased through the interface
unit until the rotor is driven away. Then, the same results
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Fig. 7. Graphics for a three-four-five and six phase axial flux permanent magnet free rod rotor synchronous motor are shown.
are obtained by using the parameters in Table 1 and Eq. (7) served from the maximum number of rotations with
theoretically. It is observed that both practical and theoret- respect to number of phases measured for each rotor that

ical findings are matched satisfactorily (Table 2). It is ob- the highest angular speed is achieved for k = 4 (Fig. 6).



O. Kalender et al./ Measurement 44 (2011) 1753-1760 1759

In addition, the effect of the distance between rotor and
stator, rotor angular speed within operational limits and
the volume of the liquid stirred for different stator geome-
tries to the power consumed are determined. For this case,
the distance between the rotor and stator is increased
gradually. This is done until the effect of the rotary mag-
netic field on the rotor ceased and at each step the current
drawn is read by the ammeter. And then, by fixing the dis-
tance between rotor and stator, the volume of the liquid is
increased with the steps of 200 cm® and again the currents
drawn at each step are recorded.

Next, the effects of length of the rod magnet rotors and
angular speed values to the distance between the rotor and
stator are determined. For this experiment, the angular
speed is fixed for four different lengths of rotor and the dis-
tance is increase away. And then, for each rotor, the angu-
lar speed is increased step by step and for each step of
speed, the rotor-stator distance is changed until the rotor
is not affected by the rotary magnetic field. The results
are plotted as graphics (Fig. 7). With the use of these re-
sults and taking into account the power consumption,
the stator geometry, rotor length, rotor-stator distance
and rotor angular speed values are determined.

As seen from Fig. 7a, the increase in volume of the liquid
to be stirred does not change the power consumption. This
shows that the pressure acting on the rotor does not have
any relation with the angular speed or angular frequency.
Since, the angular frequency is only changed by means of
the microcontroller interface unit and the rotor follows
the magnetic field with the same frequency. The relation
between the angular frequency and the circuit current
determining the power is given in the following equation
[21,22].

o Vo (8)

2
(wx L)" + 12

where Vj is the constant supply voltage, L is the self induc-
tance, ro is the internal resistance of the wire of the
wounds. The self inductance is given in the following
equation:

2
L:,uxl\; x A )

where p is the magnetic permeability of the stator core, N
is the number of turns, A is the cross section of the wounds
and [ is the length of the wound. As seen in Egs. (8) and (9),
the current, and therefore the power are based on the vari-
ables determining the self inductance and angular fre-
quency. The liquid pressure may effect the motion of the
rotor but may not be any direct relation with the angular
frequency and the power. With the similar reasoning, the
coefficient of viscosity does not change the power con-
sumed (Fig. 7m).

The graphics in Fig. 7b-e show that the power is
decreasing as the speed of rotor is increasing. The reason
for it is that the total impedance is increasing and the cur-
rent drawn is decreasing.

The graphics in Fig. 7f-j show that the increase in length
and angular speed of the rotor decrease the distance be-

tween rotor and stator. The reason for it is that the force
acting on the rotor decreases as a result of increase in angu-
lar frequency and decrease in magnetic field effect. When
the magnetic field effect is decreased and the centrifugal
force effect become dominant, the rotor tends to fly away.
This may happen even in more small rotor-stator distances.

As seen in the graphics in Fig. 7k, there is no relation be-
tween the rotor-stator distance and the power consump-
tion. Since the power consumed depends on the current
drawn, self inductance and angular frequency. Therefore,
the power drawn will stay constant for the distances
where the stirring action takes place.

The observations listed in Table 2 show that the largest
value among the maximum angular speeds occur when the
number of phases is k = 4. When we increase and decrease
the number of phases, the maximum angular speed values
decrease in both cases. If the number of phases increases,
then the rotor change its position with smaller ¢ angles.
This can be considered as a more stable motion. However,
when the ¢ angles decrease, the r; distances increase and
depending on this the r, distances and the angular speeds
reached can decrease.

5. Conclusion

In this study, the design and geometrical dimensions of
the stator for a synchronous motor which is an axial flux
permanent magnet free rod machine with three, four, five
and six phases is implemented. This type of motors are an
innovative approach especially for the applications used in
industrial stirrers. The mathematical model developed is
proven by the experiments and tests done on a practically
implemented and operated motors The following conclu-
sions are reached:

1. The largest angular speed can be achieved with a
4-phase machine;

2. In order to decrease the power consumption, it is
necessary to operate the motor with low speeds;

3. There is no relation between the volume and vis-
cosity coefficient of the liquid to be stirred and
power consumption and number of phases;

4. The rotor-stator distance decreases with the
increase in rotor speed and the motor has to be
operated in low speeds when the rotor-stator dis-
tance is large;

5. The distance of rotor-stator is not related to the
power consumption and the number of phases;

6. For high angular speeds, the rotor length should
be small;

7. The radius of internal stator iron core r; should be
less than or equal to the smallest rotor length, and
the number of phases and the external radius of
the iron core should be determined taking into
account this result;

8. The magnetic field of a rod magnet rotor may affect
the maximum angular speed to be reached; and

9. The number of turns of the wound and the thick-
ness of the wire used can affect the maximum
angular speed to be reached.
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