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Abstract: Electrical machines find their place in every field, such as industrial, transportation, home,
and commercial sectors. The suitability of the electrical machine for the area in which it will be used
is important in terms of energy efficiency. The selection of the motor to be used for variable speed
applications such as electric vehicles is also very important. Torque and power are the determining
factors in the required speed/torque or speed/power combination for electric vehicles. For this
reason, the efficiency map of the motor to be used in electric vehicles should be known in detail. In
this study, due to its advantages such as its lighter structure, absence of magnet, and rotor winding
loss, among others, the Axial Flux Synchronous Reluctance Motor (AF-SynRM) was preferred, and it
was aimed at creating an efficiency map. The motor parameters for the determined speed/torque
combinations were first obtained with FEM. Then, the FEM results were experimentally verified. In
order to make the obtained results more meaningful, the experimental results were compared with
radial flux motors with the same output power. In addition, using FEM, von Mises stress analysis and
displacement analysis were performed on the motor shaft under overload conditions to observe the
mechanical effects on the moving parts of the AF-SynRM. Furthermore, mechanical load analysis on
the bearings was also performed. The results show that AF-SynRM can be preferred as an alternative
to other motor types, especially for applications requiring variable speed, such as electric vehicles.
The study has created the efficiency map of the AF-SynRM topology for the first time.

Keywords: axial flux; synchronous reluctance; efficiency map; variable speed

1. Introduction

Energy has become an important element with the increase in human population
and technological developments. The reserve status of energy resources and difficulties in
energy production make the efficient use of energy as important as production. Electric
motors are used in different applications around the world and have a share of approxi-
mately 40% of energy consumption and use 70% of industrial electricity [1,2]. This ratio
brings energy efficiency in electric motors to the top of the topics studied. In the design of
electric motors, optimum volume, minimum cost, low energy consumption, and maximum
efficiency are aimed. These requirements have brought legal regulations to electric motors,
and today, the International Electrotechnical Commission (IEC) classification is used [3].

Electric motors have focused on the development of permanent magnet motors with
rare earth elements for many years. However, the availability of permanent magnets, the
supply of raw materials, the negativities in the magnet market, and the failures in the
motors connected to the magnets have shifted the interest in new motor structures [4].
Synchronous Reluctance Motor (SynRM) topology is one of these structures. SynRMs
are both cheaper to manufacture and lighter than other structures due to the absence of
windings, magnets, and squirrel cages in the rotor. Rotor temperatures are very low, and the
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torque/current ratio is temperature-independent. In addition, since the control methods
are similar to those used in the market, it has the opportunity to be used with existing
drivers [5-9].

In SynRMs, like other motor types, two different designs are encountered, i.e., axial
flux and radial flux. Axial flux motor topologies are preferred in applications where size
problems are experienced. While the operating logics of the two types of motors are
the same, the difference is the placement of the windings and accordingly the direction
of the flux vector. Axial flux topology is more efficient than radial fluxes in terms of
electromagnetic properties. The flux path is shorter than the radial flux topology, and in
radial flux motors, the flux circulating through the long stator yoke completes its path by
passing directly through the air gap in axial flux. This feature increases the efficiency and
power density of the axial flux motor. In addition, the power ratio produced by the axial
flux motor topology per unit weight is higher. Axial flux motors provide the advantage of
being used in electric vehicles, pumps, fans, centrifugal machine parts, robots, and many
industrial applications [4,10-12].

The development of electric vehicle technology has been accelerating positively in
recent years. The gas emissions from internal combustion motors and the shortage of
fuel in such vehicles increase the interest in electric vehicle technology. In addition, the
measures taken by governments on environmental pollution and incentives in the field
of electric vehicles support the studies in this field. Compared to internal combustion
motor technology, electric vehicle technology offers a more comfortable ride/journey with
advantages such as higher efficiency, energy recovery through various methods, and quiet
operation [13-15]. This situation is increasing the electric vehicle market demand [16].
Electric vehicle designers/manufacturers are turning to more efficient, lighter, and more
compact electric motors. Vehicles have a dynamic structure in terms of the speed range.
Power and torque values at nominal/maximum speed are important factors in determining
the driving dynamics of electric vehicles. For this reason, considering that it will be used
with other equipment in electric vehicles, the efficiency of the electric motors to be preferred
at variable speeds is at the top of the selection criteria.

Torque and power are the determining factors in the required speed/torque or
speed/power combination for electric vehicles. The efficiency map of the motors is the
determining factor for the selection of the appropriate electric motor in electric vehicles [17].
The efficiency map can also be defined as a scatterplot with instant torque and speed
requirements. It is the most convenient way to identify the motor driver at the operating
points according to the constant torque or constant power region.

When considering the design of motor drives, there is often more attention focused on
the efficiency of the electric machine. However, the efficiency of the drive is affected by
the efficiency of both the inverter and the electric motor. This is because the efficiency of
electrical machines is normally lower than inverters and varies more with operating point
and machine type [7].

In this study, the motor performance of AF-SynRM at different speeds and torques was
investigated for the first time. The efficiency map of AF-SynRM was first obtained by the
Finite Element Method (FEM), and the FEM results were experimentally verified. In this
way, it has been shown that AF-SynRM can be preferred as an alternative to other motor
types, especially for applications that require variable speed, such as electric vehicles.

2. Materials and Methods

The power factor in AF-SynRM is lower than inductions motors (IM), and permanent
magnet synchronous motors (PMSM) as high inverter ratios are required. However, while
their efficiency is higher than IMs of the same power, they are lower than PMSMs. AF-
SynRMs provide advantages in terms of volume due to their compact structure and high
power /torque densities. For this reason, it is shown as an alternative to radial flux motors
in automotive applications.
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While axial flux topology is rarely studied /encountered in SynRMs compared to radial
flux motor topology, axial flux structure has started to be preferred in recent years. In
order to examine the axial flux structure, it is designed according to the reference radial
structured motors, and the electromagnetic behavior of the AF-SynRM is examined and
compared according to the radial flux topologies. In the results obtained, it is observed that
the AF-SynRM topology has higher power and torque density than the radial flux topology,
as well as a geometrical advantage and ease of manufacture. However, the torque ripple
is high in the axial flux topology [18], and the g-axis current effect is observed [19]. These
studies were tested with FEM [7,20-22]. Only one model was tested and manufactured
by modeling AF-SynRM with FEM. The AF-SynRM is designed as 2.2 kW, 8 poles. The
study examined the number of barriers, insulation ratio and the effect of multiple barrier
structures by concentrating on the rotor topology. It was observed that the torque, power
factor, and saliency ratio increased as the number of barriers increased and the insulation
ratio decreased. It was also observed that the torque ripple decreased [23]. In this study,
the efficiency map of this structure was created using both FEM and experiments.

2.1. Losses in Axial Flux Synchronous Reluctance Motor

The factors affecting efficiency in electrical machines are given in different categories
in the literature. The main components of losses in electrical machines are DC winding loss,
AC winding loss, core loss, magnet loss (PM machine only), rotor bar loss (IM machine
only), bearing losses, and wind losses. The components of these losses are described in
detail in different studies in the literature [24-27]. The losses that occur in AF-SynRM can
be classified as winding losses, core losses, and friction and ventilation losses. Factors
affecting these losses can be shown as motor current, the voltage applied to the motor,
operating frequency, temperature, load, and some environmental factors.

In creating the AF-SynRM efficiency map, the determination of input/output powers
and losses in the motor must be carefully obtained. Although motor parameters can be
obtained via FEM and experimentally, they must also be calculated analytically. First, the
electrical input power of the motor P, is given by Equation (1) [28];

P, =

NI W
S =

T
[ (0nin - vp-ig)at (1)
0

where T is the period, vy, vg, ia, ip are the voltage and current components in the stationary
reference frame. One of the losses that occur in the electric motor is the copper losses
in the windings. These losses are released as heat. Copper losses P; are calculated by
Equation (2) [28].

P = Re gy T(i2+i2+i2 dt )
j— s,ang 0 a b c

In Equation (2), motor phase currents are shown as respectively i,, i, and ic. The
average stator resistance R; y¢ is shown in Equation (3).

Onog +234.5

N S i 3
Opase + 2345 ®)

RS,avg = Rs,buse :

The stator resistance at base temperature is represented as R psse- @aog and Opg,

represent the measured average winding temperature and room temperature, respectively.
The average winding temperature is calculated by Equation (4).

=

@avg =

k
M (4)
1

The mean value of the k measured stator temperatures. The average resistance can be
calculated precisely, considering the skin effects.
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One of the motor performance parameters is the shaft power P, that the motor can
produce. This value depends on the measured torque T;; and the angular velocity wy,. In
Equation (5), the relationship between these three values is given [28].

Py =Tw - wm (5)

Losses in motors are grouped under different headings. Iron and mechanical losses
are also given as some of these titles. The relations of these values are included in
Equations (6) and (7) [28].

PFeMec:Pe_Pm_Pj (6)

PFe = PFeMec - PMec (7)

The expressions Pptec, Pre, Premec in Equations (6) and (7) represent mechanical losses,
iron losses, and total mechanical and iron losses, respectively. Torque losses due to iron
losses (Tr,) and total mechanical losses (Treprec) are obtained by Equations (8) and (9).

P
Tre= —* (8)
m
P
TreMec = FeMec 9)
m

As a result, the motor mechanical shaft power is reached by subtracting the losses
from the motor input power. The efficiency (#) of the motor is shown in Equation (10).

P
(%) = =* - 100 (10)
Pe
Another parameter affecting the efficiency of electrical machines is leakage fluxes (A).
First, the flux connections are calculated as the time domain integral of the back emf
voltages in the a, B frame.

Aa = /(v“ - RS,uvg : l',x)dt —offset_A, (11)

Ap= /(vﬁ ~ Rsaog - ip)dt — of fset_Ag (12)

An offset must be arranged to avoid computed flux linkage coupling components. After
calculating « and f3, leakage flux amplitudes can be easily calculated by d-q transformations.

Ag = Ag - €088, + Ag - sinde
Ag = —Aq - sind, + Apgcoste (13)
A= /A2 + A%
¥, in Equation (13) is the electrical position obtained as a result of the mechanical
measurement, and the number of poles and offset must be known. The value of 9, is
expressed by Equation (14).
e = p- O +of fsety, (14)

In addition, the electromagnetic torque value in the motor is calculated by sampling
the PWM voltage of the motor, considering the stator winding temperature and flux
components. If this value is expressed as the estimated torque value Tsp;

3 . .
Tesp = 5P (Aq -ig — A -iy)dt (15)
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2.2. FEM Design of AF-SynRM

The instantaneous torque and speed requirements of the electric machine to be used
in electric vehicles should be determined in detail. For this reason, a 3D solid model of
AF-SynRM was created to examine the performance criteria of the motor used with FEM.
The solid model created is shown in Figure 1.

Figure 1. 3D-1/8 solid model of AF-SynRM (1-Rotor core 2-Barriers filled with epoxy material
3-Stator core 4-Windings).

While the motor parameters are determined by the FEM method, the accuracy of the
results is directly related to the number of meshes created. However, the increase in the
mesh number also increases the resolution time. For this reason, analyses were performed
on the 1/8 model, and the TAU mesh type was used. With the created mesh structure,
a total of 62,122 areas were formed. In order to examine the performance of AF-SynRM,
the efficiency, losses, d-axis, and g-axis parameters of the motor at different speeds were
examined and recorded.

After the design of the AF-SynRM with FEM was completed, the prototype of the
motor was manufactured. The visual of the manufactured motor parts is given in Figure 2.
In Figure 2, the parts manufactured for the motor are given. The stator is made of JFE
Steel 35]N300 laminated steel, and the rotor is made of Steel 1010 non-laminated solid steel.
Firstly, slots were created using a punch on the laminated steel, and the stator core was
formed by rolling the laminated steel. At the end of the rolling process, it was fixed by
laser welding. In the documents of the quality control process sent by the manufacturer,
the filling factor value of the stator is 0.97.

Especially at high speeds, the fact that the flux barriers are thinner than the other
parts of the rotor reduces the mechanical strength, and the flux barriers cause an acoustic
problem. In order to prevent this, flux barriers are filled with fluids such as epoxy resin [29].
Therefore, the barriers in the rotor were filled with epoxy to gain strength and improve the
acoustic properties of the motor. Table 1 provides some crucial motor production values.
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e —

P p—
(d)

Figure 2. Manufactured parts of the AF-SynRM (a) Stator (b) Flux barrier (c) Barriers filled with

epoxy material (d) Shaft (e) Motor case.

Table 1. Main properties of AF-SynRM.

L)

-
-

Parameters Value
Output power 22kW
Speed 1500 rpm
Power factor 0.7
Pole number 4
Slot number per phase-per pole 2
Winding factor 0.96
Outer/inner diameter 210/150 mm
Outer/inner diameter (with windings) 269.6/90 mm
Stator length 48 mm
Number of turns 58 turns
Total weight 13 kg
Air gap 0.3 mm
Winding schematics Double layer 5/6 pitch

2.3. Experimental Study

The efficiency map for motors used in electric vehicles is an important factor for battery
systems. In this respect, it is important to determine the motor’s efficiency in different speed
and torque combinations. This study aims to examine the motor performance (efficiency)



Machines 2022, 10, 838

7 of 17

of AF-SynRM at various speed and torque variations. For this purpose, both FEM and
experimental analyses of the motor were made.

A suitable test scenario should be created for the efficiency mapping of the AF-SynRM,
whose 3D and optimization studies have been completed. In this study, the Maxwell
Electromagnetics Suite (Maxwell 3D) program was used for FEM analysis of AF-SynRM.
The current, voltage, power factor, Ld-Lq, Id-Iq, and torque data of the motor were recorded
with FEM in the range of 0-3000 rpm at 100 rpm intervals. In Figure 3, the test and data
acquisition flow chart of the experimental study is given.

Motor Unit Load Unit

________________________________________________________ |
: !
[ |
" ABB DCS550 !
n Motor Driver :
; :
1 |
[ :

ABB ACS880 A W
il AF-SynRM T DC Motor —]Encoder|—————— :
l: :

]

)
" Load Cell '
1 !
----------- T g g g g g T [——

Torque
Current || Speed
P
Voltage ~
[H- cDAQ-9174 PC
L —

Figure 3. Test rig used for Efficiency and Loss Mapping.

The test setup in Figure 4 was used to verify the results obtained with FEM. The test
setup has an area of 1500 mm x 700 mm. A 10 kW DC motor was used to load the test
motor in the test setup. While the DC motor has a maximum speed of 4000 rpm, it also
provides 42 Nm of nominal torque at 2270 rpm. In addition, a load cell that can operate up
to 100 Nm is used for torque measurement, and an encoder is used for speed measurement.

While the ABB DCS-550 is used in the control of the DC motor forming the load side,
the ABB ACS-880 motor drivers are used in the control of AF-SynRM. Load-side driver
information was obtained with the I-LAB interface developed by OTAM. Motor parameters
were recorded in the National Instrument Company NI cDAQ-9174 cabinet (Austin, TX, USA)
and with the interface created in Labview software using N19234-N19225-N19239 modules.

With the test setup, motor d-q axis currents, power factor, input/output powers, motor
speed, torque, and input/output phase voltages were obtained. In the creation of the efficiency
map, it is necessary to determine the torque values at different speeds. It must be ensured
that the speed ranges Aw of the speed parameter are changed between a minimum value
(Wpin) and a maximum value (wqy). This process is provided by the ABB ACS 880. For each
speed, the torque is varied between a minimum value (T},,;,;) and a maximum value (Ty;ax)
in appropriately selected AT steps to obtain a sufficient number of torque points. The I-LAB
program allows the creation of test scenarios. With the test scenario created, the predetermined
AT value and the increasing torque values will be applied to the motor at different speeds at
the same values. At each operating point, 4 s of data were obtained. All tests were carried
out in accordance with the IEC 60034-30-2 standards applicable to the measurement of the
efficiency classes of variable speed AC motors [30].



Machines 2022, 10, 838

8of 17

20

Torque (Nm)
w« 3 &

(=]

FEM Torque-Speed

Figure 4. Test Bench (1) Test motor (2) OS3 motor shaft alignment device (3) Bearing (4) Load motor (5)
Cooling unit (6) Torque sensor (7) Encoder.

3. Results

Both FEM and experimental studies were carried out within the framework of the
procedure given in Figure 3. The rotor speed was gradually increased from 0 to 3000
(30 speed points) in the speed range of 100 rpm. In each speed range, the motor was tested
in 2 Nm intervals (9 torque stages) from 0 to 18 Nm, but the max torque level was chosen
as 17.5 Nm, which corresponds to 125% of the nominal torque of the motor.

The FEM and experimentally obtained torque/speed and power/speed graphs are
given in Figures 5 and 6, respectively. When the figures are examined, it will be more useful
to examine the graphics in two separate regions as the speed range up to the nominal speed
of the motor (1500 rpm) and the speeds higher than the nominal speed of the motor. While
the input power increases up to the nominal speed of the motor, the shaft torque remains
constant. In operation at speeds higher than the rated speed, the input electrical power is
almost constant, while the output mechanical power is slightly reduced. For this reason,
while it is the constant torque region up to the nominal speed, the region where it operates
at higher speeds than this speed value is expressed as the constant power region.

Experimental Torque-Speed

20
@6 0000600060000 0 a0 =15 ° Lo -
9 909 990000000000 % 00 =z & an o o
© 6 0000000600600 00000600 — SRR bR el 2 e
6 0600560600606 00®05S 0650060650 210 6600546 0060006060906a8 0 vu°°
2
© 5 a000060006006006060006D00O0G o cocoosoooeoooooea %o °0°
[ 0 00 09 00 00000 0D 0 g 9 g ® 69000
¥ e s Sl e e o . S r oo R
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0 500 1000 1500 2000 2500 3000 o 500 10003 1300 2000 2500 3000
Speed (rpm) peed (rpm)
(a) (b)

Figure 5. Torque/Speed map of AF-SynRM (a) FEM result (b) Experimental result.
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Figure 6. Power/Speed map of AF-SynRM (a) FEM result (b) Experimental result.

As can be seen from both the FEM and experimental results, while the MTPA point is
around 65 degrees, it is seen that the current angle increases for the attenuation above the
nominal speed (Figure 7). Theoretically, although the maximum moment is 45 degrees, the
current angle also increases as the barriers on the g-axis begin to saturate with the increase
in load current.

FEM GAMMA Experimental GAMMA
18- 80 18- 80
16 - 16 ' -
_14 _14
s12 e £n g
210 653 210 65 o
g L
s a £Is a
2 60 2 60
6 6
4 55 4 55
2 50 2 50
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Speed (rpm) Speed (rpm)
(@) (b)

Figure 7. Gamma angle map of AF-SynRM (a) FEM result (b) Experimental result.

Figures 8 and 9 show the voltage and current values measured in the AF-SynRM under
variable speed and load conditions. In Figure 10, the curves of the power factor are also
given. When the graphs are examined, current, voltage and power factor show similarities
both in the FEM and experimental results. Motor phase voltages vary depending on the
speed, regardless of the load. This change was observed more clearly in the experimental
study. It has been observed that the nominal voltage value is applied to the windings
at rated speeds and higher speeds. However, the power factor and current values vary
with the load. It was observed that while the motor current approaches the limit values in
the constant torque region, it drew more current to obtain the required output power in
the constant power region. The power factor is around 0.7 at nominal speed and torque
(Figure 10). While the power factor is higher at low speeds, this value decreases as the motor
accelerates to high speeds. Although there are similarities between FEM and experimental
results, there are slight differences in the nominal operating region of the experimental
results compared to the FEM results. These differences are due to the fact that the motor
driver changes the current angle by recalculating it for each operating point.

The efficiency map of the motor is important for the effective use of a motor in variable
speed applications. The efficiency of the motor is obtained by the ratio of output power to
input power. One factor that affects the efficiency is the copper losses in the windings. Since
copper losses depend on the motor current, they vary regardless of speed. Copper losses
increase as the motor load increases. The graphs of the FEM and experimentally obtained
copper losses in the AF-SynRM are given in Figure 11. In both experimental studies with
FEM, it is seen that around 150 W of copper loss occurs in nominal operating conditions
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and around 400 W in the maximum current regions. Core losses and mechanical losses also

occur in the AF-SynRM. Output power is obtained when all electrical and mechanical losses

are subtracted from the input power. Mechanical losses do not show speed-independent
properties like copper losses. While the mechanical losses vary according to the motor
speed, the core losses vary with the motor voltage. For this reason, the total loss graph
given in Figure 12 differs from the copper loss graph. These differences are observed both
in FEM and experimentally. It is also seen in the graphs of the total losses that the losses do
not depend on a single parameter and vary depending on the speed and load.

FEM Veltage

T 150

-3 S
E} E
2 100 3
S

pi

50
v e n
500 1000 1500 2000 2500 3000
Speed {rpm}
(@)

Experimental Voltage

Torque (Nm)
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N a2 N

1000

1500
Speed (rpm)

2000

(b)

2500

Figure 8. Voltage map of the AF-SynRM (a) FEM result (b) Experimental result.
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Figure 9. Current map of the AF-SynRM (a) FEM result (b) Experimental result.
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Figure 10. Power factor map of the AF-SynRM (a) FEM result (b) Experimental result.
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Figure 11. Copper losses map of the AF-SynRM (a) FEM result (b) Experimental result.
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Figure 12. Total loss map of AF-SynRM (a) FEM result (b) Experimental result.

When efficiency graphs (Figure 13) are examined, both the FEM and experimental
data are consistent. While the efficiency is around 90% in the constant torque region and
nominal torque values, above the nominal speed and around 50% load, the efficiency is

slightly higher. In this case, it shows that the designed motor is slightly more efficient in
high-speed driving.

18- . FEM Efficiency 18 . L Fxperimental Efficiency

09 0.9
E 08 z 0.8
= e
- ©10
ES 0.7 z 0.7
= s 8
= 4

06 . 0.6

4
05 2 E __J P
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Speed (rpm) Speed (rpm)
(a) (b)

Figure 13. Efficiency map of the AF-SynRM (a) FEM result (b) Experimental result.

In order to make the obtained results more meaningful, the experimental results were
compared with radial flux motors of the same output power. The motor referenced as
Model 1 is 2.2 kW and 1500 rpm [31]. The other motor, referred to as Model 2, has 2.2 kW

and 3000 rpm [32]. The comparison results of the AF-SynRM and Model 1 are presented
in Figure 14.
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Figure 14. Compared test results Model 1 [31] vs. AF-SynRM (a) Voltage result (b) Current result (c)
Input power result (d) Output power result (e) Efficiency result.

As can be seen in Figure 14, although the voltage and current levels of the motors have
different values due to the drivers used, the input and output power levels are close to
each other at the same load torque values. According to the performance values measured
at 1500 rpm, the AF-SynRM motor efficiency values are better than the radial flux motor
below the full load value, while the efficiency value is 1.25% lower than the rated load. At
full load, the efficiency values of both motors are very close to each other.

Another study used for comparison purposes is the study published by Jorge and
Estima [32]. In this study, 2.2 kW 1500 rpm and 3000 rpm motor test data were taken as
references. According to the efficiency map graph obtained for 2.2 kW 1500 rpm motor
test data, the highest efficiency value is 88.4%, and this value is around the full load and
nominal speed. These values are similar to the proposed AF-SynRM performance values,
and the presented values are consistent. One of the factors affecting efficiency at high
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speeds is the material structure used in the motor. Since the rotor is manufactured of solid,
non-laminated steel, it is necessary to calculate the rotor losses. Higher harmonics can
cause significant losses even though the rotor rotates at synchronous speed. When the
motor operates at high speeds, the inverter supply frequency also increases. Depending
on the frequency increase, the losses in the cores increase. In addition, the manufactured
motor was optimized for 2.2 kW 1500 rpm, and the experimental studies were realized at
the different drive and current angles. As a result of this, while the published test data
for 2.2 kW 3000 rpm motor, the efficiency value is 88.4% at full load values, this value is
86.2% for AF-SynRM. It is seen that there is a difference of approximately 2%. According to
the comparison results for both models, the performance values of the presented motor
model are within the given regulation limits. They are similar to the radial flux motors
manufactured and optimized for industrial purposes.

One of the conditions that affect the motor performance in the energy efficiency of the
motor is its structural features. A structural deformation will directly affect motor efficiency
and acoustic level. The structural strengths of the motor as stator and rotor are suitable for
its nominal speed. In this study, since the motor was tested above the nominal operating
conditions, structural changes that may occur in the moving parts of the motor were also
examined. Moreover, in the AF-SynRM, flux barriers are negatively affected by irregular
axial traction. This mechanical strength depends on the electrical load applied to the stator
windings. The magnetic pulling force was tested with FEM at the maximum load and
obtained as 2.3443 kN. This magnetic pull force caused a displacement of 0.000074226 mm
in the rotor. The point where the displacement occurs is at the top (thinnest) barrier on the
surface of the rotor [23]. The motor was analyzed with the mechanical effects occurring in
the bearings and motor shaft under 7 Nm, 14 Nm, and 17.5 Nm loads. Figure 15 shows the
bearings mounted on the shaft and their positions.

91.2 mm
o
1¥§0,0,0) il .

center of gravity
(o) o

deep groove ball

deep groove ball : )
bearing non-locating

bearing locating

Figure 15. Bearing positions on the rotor shaft.

Figure 15 shows the distance between bearings and the center of gravity. The life
calculation of the bearings is based on Equation (16) [33].

10° /C\*
where Ly, is the lifetime of the bearings (hrs), n is the rotational speed (rpm), C is the
dynamic load number, F is the equivalent load, and p is the life coefficient (3 for ball

bearings and 10/3 for roller bearings). Accordingly, lifetime calculations and general
catalog data of bearings are given in Table 2.
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Table 2. Bearing data.

Description 6008-RS1 16006-RS1 Unit
Lifetime 14 x 10° 42 x 106 hour

Dynamic load rating (c) 17.8 119 kN

Static load value (co) 11 7.35 kN
Friction moment 478 4.98 Nmm

Lost power 1.5 1.6 W

As can be seen in Figure 15, the forces acting on the skf brand 6008 and 16,006 series
bearings are the shaft, rotor, and rotor fastener. The effects of these forces on the bearing
were calculated, and 130 N was applied at the center of gravity point between the two
bearings. When the catalog data of 6008 and 16,006 bearings are examined, the static load
coefficients are given as 17.8 kN and 7.35 kN, respectively [34]. When evaluated in this
context, there is no deformation on the bearings. Figure 16 shows the model designed for
the structural analysis of the shaft and bearings and the results of the analysis.
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Figure 16. Structural analysis of the motor shaft and bearings (a) Forces applied to the motor shaft
and mesh structure (b) von Mises stress analysis results of the motor shaft (¢) Displacement analysis
results of the motor shaft (d) Mechanical load analysis results in bearings.

A standard solid mesh type was created for the analysis. As a result of the mesh, a
total of 761,637 total nodes were created. The forces applied to the moving parts of the
motor while the motor was tested under 7 Nm, 14 Nm, and 17.5 Nm load were calculated,
and structural analysis of the moving parts was carried out. The maximum values obtained
in these analyzes occurred under a 17.5 Nm load. For this reason, only the graphs for the
17.5 Nm load case are given in Figure 16. The maximum von Mises stress in the shaft under
the effect of the maximum applied torque of 17.5 Nm torsional moment was obtained
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as 142 MPa. When the torsional effect is considered, the shear stress of the material is
taken into account. This value is approximately 0.58 times the flexural yield strength. In
this case, the shear stress limit of the material is 435 MPa. Thus, the shaft was 3.06 times
safer under the effect of torsional moment. According to the deformation analysis, the
maximum displacement of the shaft was obtained as a very low value of 30.6 um in the
rotor connection area. Therefore, the shaft operates in the safe region under maximum
output torque.

4. Discussion

Due to the low loss and low rotor temperature of the SynRM, studies on its use in
electric vehicles are increasing in the literature. The presented motor model was man-
ufactured and tested for the first time in the literature [23]. In this study, performance
curves were obtained by operating at 30 different speeds and nine different load levels.
Our research group continues to work on getting better results by integrating different
magnet structures (ferrite—Neodymium etc.) into the existing prototype. Furthermore, due
to the axial flux motor topology, the barriers change conically from the inner diameter to
the outer diameter. As mentioned before, since it is the first model to be manufactured
and tested in the literature, studies are ongoing to make it suitable for mass production by
making improvements in the barrier part. It is expected that the motor topology presented
here will find more place in industrial applications than its radial flux counterparts when
the advantages of axial flux motors are combined with sufficient progress in this field.

5. Conclusions

This paper presents the efficiency mapping of an 8-pole AF-SynRM with a rated power
of 2.2 kW for variable speed applications. In the torque speed graph of AF-SynRM, the
motor performance in constant torque and constant power regions is analyzed by FEM, and
the results are verified experimentally for the first time. It is also observed that the motor
current and power factor vary depending on the load. The power factor is obtained as 0.85
at low speeds under load. It was measured as 0.7 in and around the nominal operating
region and was measured as 0.6 at high speeds. Mechanical losses and core losses increase
in high-speed regions. The results obtained show that the efficiency of the proposed AF-
SynRM is around 90% at nominal speed and 50% load level. At high speeds and loads
lower than 50%, AF-SynRM operates with an efficiency of 86% with a 4% decrease in motor
efficiency. In addition, the structural analysis of the presented motor at high speeds and
under overload is tested by FEM. In the results obtained, a 0.000074226 mm displacement
occurred in the thinnest flux barrier of the rotor due to the magnetic pulling force, while
the other motors and fasteners were within the safety coefficient limit values.

The results are also compared with radial-flux motors with the same output power.
The results obtained from the presented AF-SynRM are generally very close to the radial
flux SynRM results of equivalent power. Although the efficiency of AF-SynRM is better for
values below the rated speed and rated load, it is observed that the radial flux topology is
2% more efficient than the AF-SynRM topology for high-speed cases.

As a result, it is shown that AF-SynRM can be preferred as an alternative to other
motor types, especially in variable speed applications such as electric vehicles. The study is
unique in that the efficiency map of the AF-SynRM topology is obtained for the first time,
and the results are experimentally verified.
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