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Abstract: Axial flux permanent magnet (AFPM) motors are usually controlled by drive; therefore, in the design of these
machines the feeding voltage and frequency are completely independent parameters. Undoubtedly, the values of these
parameters have significant effects on the performance characteristics of the machine. The main objective of this paper
is to investigate the effects of these parameters on the efficiency of a double-sided TORUS-type nonslotted (TORUS
NS) AFPM motor and propose a formula for selecting the optimal values of the feeding voltage and frequency at the
beginning of the design process. To fulfill this goal, different machines with various speeds, powers, and feeding voltages
are designed based on a proposed design algorithm. Then a formula for calculating machine efficiency is presented based
on the frequency, number of pole pairs, output power, and feeding voltage of the machine. In order to confirm the validity
of the proposed formula, several fabricated machines with different powers and speeds are selected as case studies. The
efficiency of these machines is calculated using the proposed formula and is measured in the laboratory. Comparing the

results confirms the excellent accuracy of the proposed formula.

Key words: TORUS-type nonslotted axial flux permanent magnet (TORUS NS-AFPM) machine, design algorithm,
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1. Introduction

The history of electrical machines shows that the first axial flux machine was introduced by Faraday in 1821 [1].
However, axial flux structures have been discarded for several years because of high price of permanent magnet
materials, difficulty of balancing, difficult axial lamination of slotted stator core, and assembly problems. With
the development of permanent magnet materials and power electronic devices, the axial flux permanent magnet
(AFPM) machine has attracted more attention due to its high torque density, high efficiency, high diameter-
to-length ratio (compactness), and low noise level [2-8]. The torque density of small size axial flux motors
is twice as high as its radial flux counterpart [9]. Today AFPM motors are employed in direct-drive traction
applications due to their wide speed range operation capacity [10]. Several topologies have been proposed
for AFPM machines, which can be classified into three major categories: 1) single-sided AFPM machines, 2)
double-sided AFPM machines, 3) multistage (multidisc) AFPM machines. The stator of these topologies can
be slotted or nonslotted [11-16]. The rotor structure can have surface-mounted or interior-mounted magnets
[17]. The nonslotted axial flux topologies have higher torque density, higher efficiency, better heat scattering,

and lower noise level than the slotted axial flux topologies [18-20]. In the nonslotted machine, the effective air
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gap is inevitably very large, which results in limiting the flux density variations due to the magnetomotive force
(MMF) harmonic components and thus the rotor iron losses [21]. In addition, the nonslotted topologies usually
have ignorable cogging torques and consequently the minimum level of torque ripples and lower sound level.
Especially, the TORUS NS topology has the minimum sound power level amongst all the different topologies
[18-20]. In addition, the double-sided AFPM machine with dual rotor produces more torque than a single-
sided structure with in a limited space [22]. According to all performed investigations as well as the above
considerations, the TORUS NS-AFPM motor with a nonslotted stator in the middle and two disc type rotors at
the sides is selected here as the best topology for consideration. Several works have already been accomplished
about the design, optimization, and performance improvement of the TORUS NS-AFPM motor. Gieras et al.
published a book about the different aspects of AFPM machines, such as various structures, sizing equations,
materials, fabrication, industrial applications, control, cooling, and heat transfer [11]. Huang et al. compared
various types of PM motors, such as slotted and nonslotted radial flux permanent magnet (RFPM) and AFPM,
from the viewpoints of power density, heat transfer, torque ripple, and acoustic noise generation [18]. Also,
Huang et al. presented the sizing equations for two major types of double-sided AFPM motors, i.e. two-rotor
one-stator and two-stator one-rotor structures, and then compared the power densities and efficiencies of the two
structures [23]. Mahmoudi et al. compared the TORUS and axial flux interior rotor (AFIR) structures from the
viewpoints of power density and torque quality. Also, they presented the sizing equations of these structures [24].
They showed that TORUS topology has high power density in high current density and low electrical loading.
Baghayipour et al. proposed an analytical method for calculating the harmonic content of back EMF in a
TORUS NS-AFPM machine considering the winding distribution and iron saturation effects. They validated
the proposed method with the help of the finite element method (FEM) and by measurement in the laboratory
[25]. Although several references have been published in the field of design and performance improvement
of the TORUS NS-AFPM machine, our investigations show that no analytical formula has been presented to
choose the frequency, number of pole pairs and feeding voltage regarding the performance characteristics of
the TORUS NS-AFPM machine. Therefore, the main objective of this paper is to investigate the effect of
these three parameters on the performance characteristics of the TORUS NS-AFPM machine and present an
analytical formula for optimal selection of them at the beginning of the design process. For this purpose, first,
the structure of the TORUS NS-AFPM machine is introduced and its operation is described in detail. Then,
with the help of the sizing equations presented in the previous references, an algorithm is suggested to study
the effect of the frequency, number of pole pairs, and supply voltage on the performance characteristics of the
TORUS NS-AFPM machine. By using the proposed algorithm, several motors are designed and the effect of
frequency, number of pole pairs, power supply voltage, and motor output power on the efficiency of the motors

are investigated. Finally, a formula for calculating efficiency in terms of these four parameters is presented.

2. TORUS NS-AFPM structure
The structure of the TORUS NS-AFPM is illustrated in Figure 1 [18]. According to Figure 1, the motor has

a stator that is located between two rotor discs. The stator core is manufactured from the spiral laminated
silicon—iron sheet and a three-phase winding with back-to-back connection is warped around it. The rotor
comprises two magnetic discs and a few permanent magnets so that permanent magnets are placed in the inner
surface of the magnetic discs. The structure of the motor involves a number of pole pairs lied beside each other
along the periphery. One pole pair structure is depicted in Figure 2. The magnetic flux paths inside the motor

is shown in this figure. It is noted that the armature current and permanent magnets generate magnetic flux
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in the air gap. However, most part of the flux is due to permanent magnets [26]. According to Figure 2, the
magnetic fluxes of permanent magnets pass through the air gap and then enter into the stator core. These

fluxes after passing the stator core enter into the air gap and then two adjacent permanent magnets.
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Figure 1. The structure of TORUS NS-AFPM motor. Figure 2. One pole pair of TORUS NS-AFPM motor.

3. The effect of frequency on the machine performance

At the initial step of designing a machine, the output power, nominal speed, and the minimum acceptable
efficiency are usually specified. For designing a machine at a specified speed, the ratio of the frequency to
the number of pole pairs is constant. In other words, by increasing (decreasing) the frequency, the number of
pole pairs also increases (decreases). Therefore, the changes in these two factors must be considered together.
The change in frequency and consequently the number of pole pairs affect the dimensions and performance
characteristics of the machine, such as the efficiency and flux density of different parts. In order to investigate
the effect of frequency on the performance characteristics of the machine, an algorithm is proposed, which is
shown in Figure 3. In this algorithm, the design parameters of the machine are divided into four categories i.e.
machine-rated parameters, design constraints, selective design parameters and calculable design parameters.
The machine-rated parameters including rated power and nominal speed are determined at the initial step of
the design process. In addition, the design constraints, such as dimensional constrains (i.e. maximum outer
diameter and maximum axial length of machine), minimum efficiency, and maximum weight are defined at
the preliminary step of the design process. Since the number of machine design equations is less than the
number of unknown variables, the designers have to select some of the values of design parameters independent
from the others. These parameters are considered as selective parameters. Based on this assumption, the
number of phases, winding factor, and armature current density, etc. are selective parameters. The values of
selective parameters are usually selected based on experience, previous knowledge, and fabrication constraints.
In addition, these parameters can be determined using optimization techniques. The calculable parameters are
the parameters whose values are determined as some functions of the selective parameters via using mathematical
equations. Here, the power factor, efficiency, leakage flux factor, number of turns of armature winding, machine
inner and outer diameters, axial length of stator core, axial length of rotor core, axial length of PM, etc. are
considered as calculable parameters. According to this category, the design algorithm depicted in Figure 3
has been proposed. At the initial step of this algorithm, the machine-rated parameters and design constraints
are determined. In the next step, the values of selective parameters are determined. Then some initial values

are considered for recalculable parameters (i.e. efficiency, power factor, and leakage flux factor). The values
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of calculable parameters are calculated with the help of available mathematical equations and the estimated
values. In the next step, the values of recalculable parameters are calculated and compared with the estimated
initial values. If the error is greater than a special value, the estimated initial values are substituted by the
calculated values. This process repeats until the convergence criterion is met. Then the results of the designed
machine are saved. In the next step, the frequency value is increased by a specified step frequency and the
design process is repeated. Here, the value of step frequency is considered to be 5. The step frequency value is
an optional parameter that is determined by the designer. The design process is repeated between the frequency
range of 5- fraz -

Based on the proposed algorithm and using sizing equations presented in [27], a sample machine with
specifications given in Table 1 is designed for different frequencies. Here, the machine is designed for frequencies
ranging from 5 to 200 Hz. Also, in order to create the same conditions, the amount of some design parameters,
such as the ratio of the pole arc to pole pitch, the ratio of the inner diameter to the outer diameter of the
machine, the terminal voltage, the back EMF and the air gap flux density, etc. in all frequencies are considered
constant. Since the effective air gap of the nonslotted machine is unavoidably too big, the synchronous reactance
will be very small compared to the conventional synchronous machines. It is noted that the large space occupied
by the windings itself has to be considered to be a part of the effective air gap. Therefore, if the machine is
designed properly, the value of the back EMF will be much closer to the terminal voltage value and the machine
will operate with great stability and stiffness torque at small power angle. Otherwise, if the machine is designed
with a big difference between the terminal voltage and back EMF values, the reactive lead or lag current will
be so heavy that it will reduce the efficiency of the machine. In this regard, the value of back EMF can be
assumed almost known previously according to the terminal voltage value. Similar discussion can yield to a
constant virtually known air gap flux density. Fractional pitch winding is usually used in AC machine to reduce
the harmonic contents of the air gap flux density. However, due to the inherent large effective air gap length of
the TORUS NS-AFPM machine, short-chorded winding has minor effect on the harmonics of the air gap flux
density. Therefore, the winding pattern is implemented simply as a full-pitch winding to avoid any reduce in the
amplitude of the first harmonic of the air gap flux density. The leakage flux coefficient for various frequencies
is shown in Figure 4. According to this figure, the leakage flux coefficient decreases (the leakage flux increases)
by increasing frequency. In fact, since the machine speed is constant, the number of pole pairs increases by
increasing the frequency, which results in increasing the leakage flux between adjacent poles. As the leakage flux
increases, the air gap flux density decreases. Therefore, the height of the permanent magnet must be increased
to achieve the desired flux density. In Figure 5, the variation of permanent magnet height versus frequency is
shown. The variation of the machine power density versus frequency is shown in Figure 6. As the frequency
increases, the machine power density increases. However, with excessive increase in frequency, the machine
power density decreases due to the increase in permanent magnet height. The variation of machine efficiency
versus frequency is depicted in Figure 7. According to this figure, the machine efficiency increases with an
increase in frequency up to about 70 Hz. After that, further increasing the frequency decreases the machine

efficiency.

4. The proposed formula for calculating machine efficiency

According to the figures, it can be concluded that the frequency has a significant effect on the performance
characteristics of the machine. Since the TORUS NS-AFPM motor is controlled by the drive system, in

addition to the frequency, the feeding voltage is also an optional parameter in a specified range. However,
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Figure 3. The proposed algorithm to perform the intended frequency studies.

our investigations show that no formula has been presented so far for selecting these optional parameters at the
beginning of the design process of the TORUS NS-AFPM machine. This makes the machine designer confused
in choosing the values of these parameters. The machine efficiency is one of the most important performance
characteristic in the design of any electrical machine. In addition to optional parameters, the output power
and speed of the machine also affect the machine efficiency. The machine speed depends on the frequency and
the number of pole pairs. Therefore, in order to obtain a formula for determining efficiency at the beginning

of design process, the effect of changes in the four parameters of feeding voltage, output power, frequency,
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tions for the sample designed machines.

Table 1. Rating and main parameters of the sample machine.

Parameter Unit Value
Rated power [kW] 3.7
Number of phases - 3
Terminal voltage (rms) [V] 111.5
Rated speed [rpm] 1400
Air-gap length [mm] 2
Residual flux density of PM [T) 1.3
Coercive force of PM [kA/m] | -955
Relative permeability of PM - 1.021
The ratio of pole arc to pole pitch - 0.6
Inner diameter to outer diameter ratio of stator core | - 0.516
Back EMF (rms) V] 111
Number of parallel paths of winding - 1
The maximum flux density in the stator core [T] 1.7
The maximum flux density in the rotor core [T] 1.6

and number of pole pairs on the machine efficiency must be considered.

considered as follows:

2300
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Scenario 1: The number of pole pairs, output power, and feeding voltage are considered constant. By
varying the frequency in the range of 5 to 200 Hz, different machines are designed and the frequency-efficiency
characteristic is determined.

Scenario 2: The frequency, output power, and feeding voltage are considered constant. By varying
the number of pole pairs in the range of 1 to 20, different machines are designed and the number of pole
pairs-efficiency characteristic is determined.

Scenario 3: The frequency, number of pole pairs, and feeding voltage are considered constant. By
varying the output power in the range of 500 to 20,000 W, different machines are designed and the output
power-efficiency characteristic is determined.

Scenario 4: The frequency, number of pole pairs, and output power are considered constant. By varying
the feeding voltage in the range of 20 to 400 V, different machines are designed and the feeding voltage-efficiency
characteristic is determined.

By using the proposed algorithm presented in Figure 3, these four scenarios are implemented. The
results of these four scenarios are shown in Figures 8-11, respectively. In all scenarios, some constraints, such
as machine stability and power capability, have been considered. Therefore, for some frequencies (or number of
pole pairs or output power or voltage), it is not possible to design a machine with respect to the limitations.
According to the results presented in Figures 8-11, we can consider the efficiency variations versus each of
the four parameters as an exponential function. Therefore, by using the MATLAB curve fitting technique, an
analytical formula is proposed to calculate the machines’ efficiency in terms of frequency, number of pole pairs,
output power, and feeding voltage as follows:

0= Ky (f52) (e o) (pe) (e Kor™ ) (P (e K7 P (vf6s) (e Ko™
K, =06 K, =0.016 K3 = —0.046
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Figure 8. The efficiency versus frequency variations for  Figure 9. The efficiency versus number of pole pair vari-
the designed machines. ations for the designed machines.

5. Validation of the proposed formula

In order to confirm the validity of the proposed formula, several fabricated machines with different powers and
speeds have been examined. These machines are illustrated in Figure 12. In the proposed algorithm, we have

used the new sizing equations and relationships of the TORUS NS-AFPM machine proposed in [27]. So far,
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for the designed machines. tions for the designed machines.

three machines have been fabricated based on the relationships presented in this reference and we have selected
them as case studies. The specifications of these machines are presented in Table 2. The performance of these
machines have been evaluated in our laboratory. Here, for more clarity the performance evaluation of the 3.7
kW machine is presented. By applying a three-phase voltage with phase amplitude of 91 V and frequency of
70 Hz to the motor, the machine performances have been investigated. FEM is a precise method for validating
machine performance characteristics, such as back EMF, average torque, rated power, losses. The accuracy of
FEM is higher than analytical method because it considers magnetic saturation and irregular geometry [28].
Therefore, by simulating the machine in the Finite Element (FE) software, its performance characteristics have
been studied. An independent-field DC generator is used as mechanical load for the motor. The specifications
of this generator are given in Table 3. The terminal voltage of this generator at the motor rated speed (1400
rpm) is 186.7 V. Therefore, for a power of 3.7 kW, a current of 19.8 A amplitude flows at the terminal of the
generator. The output voltage and current of the generator have been measured using a digital oscilloscope and
a Hall-effect transducer. The output voltage of the generator is shown in Figure 13. In addition, the generator
output current is shown in Figure 14. The voltage induced in the armature of a DC machine can be calculated
as follows:

E, = Kpw,,. (2)

Where E,, K, ¢, and w,, are induced emf voltage, constant coefficient, magnetic flux (excitation), and angular

speed of the machine, respectively. The instantaneous torque of the machine is obtained as:
T, = Kyig, (3)

where T, and i, are instantaneous torque and armature current, respectively. By neglecting the small voltage
drop on the internal resistance of the DC generator, F, can be substituted by terminal voltage V. In this

case, we have:

K@:&NE: Vr 200 o (4)
W Wm (ZEn,) (3 x 1500) o

where n,, is the shaft speed in rpm. Therefore, the instantaneous speed of shaft can be calculated as follows:

V() Vr(t)
nl®) = s = gy = TV, (5)
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In addition, the instantaneous torque can be obtained as follows:
T (t) = Koig(t) = 1.273i,(1). (6)

Therefore, the instantaneous speed and torque of the machine are obtained from the instantaneous values of
the terminal voltage Vr(t) and the current i,(t), respectively. With respect to Eq. (5), by multiplication of
Figure 13 by 7.5, the shaft speed is obtained. In addition, according to Eq. (6), by multiplication of Figure 14
by 1.273, the shaft torque is obtained. According to these figures, the average speed and torque of the machine
are 1400 rpm and 25.3 N.m that are equivalent to 3.7 kW power. For more clarity, 2-D FEM has been employed
to calculate the machine linear velocity and force exerting on the rotor. The machine linear velocity is shown
in Figure 15. The synchronous rotational speed of the machine 1400 rpm is obtained when the linear velocity

of Figure 15 multiplied by the following coefficient:

60

“= (mDy)

—=114.5, (7)

where D, is the average diameter of the machine. In addition, the full-load torque 25.3 N.m is obtained through

multiplying the linear force of Figure 16 by the following coefficient:
D
Cy = 79 = 0.0834. (8)
The machine synchronous speed is calculated as:

ws = (2—7T x 1400) = 146.6, (9)

60
where wyg is the synchronous speed of the machine in rad/s. The full-load torque yields the rated output power
of motor 3.7 kW when multiplied by the synchronous speed. Therefore, by using the presented procedure, the
output power of the machine is determined. For further validation, the machine phase current has been obtained
using 2-D FEM and by measuring in the laboratory. The results of these two methods are shown in Figures 17
and 18, respectively. As is clear, the results of two methods are in good agreement with each other. In addition,

by measuring machine input power P;, the efficiency has been calculated as follows:

Pout

in

n =/ ) x 100. (10)
The performances of the two other fabricated machines have been evaluated by similar procedure. The efficiency
of these three machines has been measured in the laboratory under full load condition. In addition, (1) has
been used to calculate the efficiency of these machines. The results of the two methods are given in Table 4.
Comparing the results shows that the error between the experimental results and proposed formula is less than
4%. Therefore, Eq. (1) has an acceptable accuracy. By using this formula at the beginning of the design process
of a TORUS NS-AFPM machine, the designers can select the optimal values of frequency, number of pole pairs,
and feeding voltage to yield the maximum efficiency.

6. Conclusion
In the design process of AFPM machines, the feeding voltage and frequency are usually optional parameters.

Therefore, the machine designers can choose the values of these parameters arbitrarily at the beginning of the
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Figure 12. The fabricated TORUS NS-AFPM machines selected as case study machines (a) 0.6 kW machine, (b) 1 kW
machine, and (¢) 3.7 kW machine.

Table 2. Rating and main parameters of the case study machines.

Parameter Unit | Case1l | Case2 | Case 3
Rated power kW] | 0.6 1 3.7
Number of phases - 3 3 3
Terminal voltage (rms) V] 44 33 111.5
Rated frequency [Hz] | 50 21.5 70
Number of pole pairs [] 2 3 3
The ratio of pole arc to pole pitch [] 0.6 0.6 0.6
The maximum flux density in the stator core | [T] 1.6 1.6 1.7
The maximum flux density in the rotor core | [T] 1.6 1.6 1.6

design process. In this paper, the effects of these parameters on the performance characteristics of a TORUS NS-
AFPM motor have been investigated. Then a formula for calculating machine efficiency based on the frequency,
number of pole pairs, machine output power, and feeding voltage has been presented. The efficiency of three

fabricated TORUS NS-AFPM motor has been determined using the proposed formula and by measuring in the
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Table 3. Rated specifications of the DC generator and its operating values.

Parameter Unit | Nominal values | Operating values
Field voltage V] 200 200
Output voltage | [V] 200 186.7
Output current | [A] 36 19.8
Shaft speed [rpm] | 1500 1400
Shaft torque [N.m] | 45.8 25.3
Output power | kW] | 7.2 3.7
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Figure 13. Experimental terminal voltage of the shaft-
coupled DC generator, obtained through a x 10 oscillo-
scope.
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Figure 16. Linear force exerting on the rotor obtained
from 2-D FE simulation.

laboratory. Comparing the results shows that the difference between the results of the two methods is less than

4%. Therefore, the TORUS NS-AFPM machine designer can use the proposed formula at the beginning of the

design process to select the optimum value of the frequency, number of pole pairs, and feeding voltage regarding

machine efficiency.
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by FE simulation. tained from real test.

Table 4. Efficiency of the case study machines.

Case study machines | Efficiency obtained from measurement (%) | Efficiency obtained using Eq. (1) (%)
0.6 kW machine 92 89
1 kW machine 85 88
3.7 kW machine 96.8 93
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