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with 5.77% torque ripple.

The aim of this study is to research the effect of rotor slots geometry and squirrel cage material on motor per-
formance in Axial Flux Induction Motors (AFIM) by analysing with finite element method. It is aimed to present a
motor design with higher efficiency and low torque ripple, especially for use in electric vehicles. This study aims
to design a double stator AFIM with a rated power of 50 kW. Aluminium, and copper cage motors with same
stator structure but with 6 different rotor slots geometries are compared. Saturation of cores and current density
of coils are considered as limit parameters. Using copper bars with rotor slotl, 92.12% efficiency was obtained

1. Introduction

Induction motors are more widely used than other members of the
electric motor family. The main reasons for their widespread use are that
they are easy to produce, have a simple and robust structure and low
maintenance costs. Since induction motors do not contain magnets, they
always maintain their advantages in terms of cost. The fact that magnet
costs have become an important component in motor cost has caused
motor manufacturers to focus on magnetless designs. For this reason, in
addition to the advantages mentioned, induction motors have regained
the attention of researchers despite their low starting torque, high
starting current, low power factor at low slip and inefficiency compared
to alternatives. These disadvantages can be partially overcome by
developing motor control methods. Induction motors have become
widely used in variable speed applications such as electric vehicles with
the developments in speed control methods. Induction motors, which
have the potential to be used in current applications such as electric
vehicles with their established technology, encourage researchers to
work on this subject.

Thanks to the developments in production technologies, complex
designs have become possible. In addition, it has become necessary to
produce electric motors in lower volumes with high torque density. One
of the motors that best meets this need is the axial flux (AF) motors[1].
AF motors have higher torque density in the same volume compared to
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radial flux alternatives. Since the magnetic flux is distributed axially in
AF motors, the motor diameter is larger than the axial length [2]. This
provides a longer force arm and thus high torque is obtained. The con-
struction of AF motors is more complex than conventional radial flux
motors. Due to the inside to outside expansion of the diameter, the
magnetic flux path is shortest at the inner diameter and longest at the
outer diameter [3]. This results in narrower tooth thickness at the inner
diameter and wider teeth at the outer diameter. Different tooth thick-
nesses result in teeth closer to saturation in the inner diameter and lower
flux density in the outer diameter. For this reason, AF motors are
problems that should be handled in three dimensions (3D). Simulations
with 3D models cause long analysis times and extra processor load [4].
This causes difficulties for the designers. The extra load of the design
process due to the 3D model can be significantly reduced by using two-
dimensional (2D) linear equivalent models obtained by using the di-
mensions of the AF motors with average diameter values [5].

Axial Flux Induction Motors (AFIM) provide advantages over radial
flux alternatives, especially in terms of torque density. However, since
they need to be produced in larger diameters at high powers, it causes an
increase in the axial pulling force between the rotor and stator. The
increased axial force causes a balance problem. This problem can be
minimized by using double air gap topologies[6]. In double air gap to-
pologies, a more balanced force distribution is obtained since a sym-
metrical pulling force is formed. In addition, for double air gap
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topologies, in the rotor yoke between the air gaps, topologies that allow
the magnetic flux to pass directly from the rotor core to the stator core or
to complete the flux path separately from the stator cores can be ob-
tained. This enables different slot designs in the rotor slot structure
compared to conventional radial flux induction motors. Among double
air gap topologies, double rotor AF motors have been reported to pro-
vide higher torque density at high current density levels [7]. In double
air gap designs, coreless designs also become possible[8]. In addition, it
has been reported that yokeless designs contribute to motor efficiency as
core losses affecting motor efficiency are reduced [9]. The fact that the
stator magnetic flux completes its flux path without splitting on the rotor
core causes the rotor core to consist of as many parts as the number of
slots. In the production phase, this obstacle can be overcome by using a
solid rotor core. However, in this case, the laminations of the rotor core,
which must be positioned radially, cannot be obtained. The production
of the rotor core in this way will have a negative effect on the motor
efficiency. With the developments in additive manufacturing tech-
niques, it has become possible to produce the rotor core in laminated
form [9]. In Fig. 1, the components of an AFIM with double stator NS
topology are shown using the % model.

Aluminium (Al) is generally preferred as rotor bar material in in-
duction motors. Although mostly cast rotors are produced from Al, with
the developing technology, cast rotors can also be produced by copper
(Cu) injection method. Special Al and Cu alloys are also used especially
for motors operating at high slip, which are in class D in NEMA classi-
fication [10].

Cu squirrel cages have lower resistance than Al cages and therefore
provide an advantage in efficiency. However, Al is preferred because it
can be shaped more easily than Cu and is a relatively inexpensive ma-
terial. For example, high resistance Cu alloy material is generally
preferred in NEMA C and D class motors[10].

The geometrical design of the rotor slot is an important stage in
determining the motor performance. Because the shape of the torque
speed curve is largely determined at this step. Typically, rotor slots have
trapezoidal, rectangular, round or Boucherot geometries[11].

In AFIM, as in radial flux motors, rotor bars with low skin effect
result in low starting torque and high efficiency. The opposite effect is
observed with high skin effect. Especially during acceleration, the skin
effect causes the rotor bar current to concentrate on the upper part of the
bar, which plays an active role in determining the starting torque and
starting current. When the motor is at standstill, the skin effect forces the
current to flow through the top of the bar. This upper part of the bars of
the squirrel cage is designed to have high resistance and reactance. With
high resistance and reactance, low instantaneous current and high tor-
que are obtained.

For Double Stator Axial Flux Induction Motors (DS-AFIM), with
double cage structures and deep slots in rotor geometric shapes, it is
aimed to obtain high efficiency, high starting torque, low starting cur-
rent and low nominal slip at the same. For this purpose, it is possible to
obtain a variable resistance for transient and steady state operation by
changing the rotor slot structure[12]. At low speeds, high bar resistance
increases the starting torque. However, at high speeds, high bar resis-
tance negatively affects the efficiency[12]. The motor load will increase
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in a proportional increase with the slip. This means an increase in rotor
frequency. Since leakage reactance will also increase at high rotor fre-
quency, negative effects on motor performance are observed[12]. When
the effect of rotor shape on the torque speed curve is analysed, it is
shown that short and wide bars provide higher initial torque and higher
power factor, while deep and wide bars provide an advantage in effi-
ciency[13]. Round slots have been reported to provide better acoustic
performance than rectangular slots in the same slot area[14].

Deep slot motors have a higher leakage reactance. This means low
starting current. Open slots cause high air gap concentration, which
means low power factor (pf), high air gap reluctance and high ripple
losses in the teeth, as well as noise and vibration. Open slots also require
higher magnetizing current. However, the leakage reactance is lower in
open slot motors. Motor torque at full load and pull out torque are
inversely proportional to motor leakage reactance. In other words, open
slot motors have high breakdown torque and high pull out torque at the
expense of low pf. In semi-closed slot motors, the width of the slot
opening is narrower than open slot motors. In this way, the air gap
characteristics are better than the open slot. The advantages are lower
air gap concentration factor, lower magnetization current, low tooth
ripple loss and low noise. It is generally the preferred slot type in in-
duction motors. The disadvantage is that the leakage flux and leakage
reactance are slightly higher. In these motors, pf is better, but break-
down torque and pull-up torque are lower than open slot.

High leakage reactance in closed slots limits the starting current. The
disadvantage is that high leakage reactance reduces the overload ca-
pacity. Semi-closed slots have better overload capacity. Deep conical
(deep trapezoidal) shaped slots are usually used in combination with a
round upper slot part. This is because the high leakage reactance in the
rectangular region at the bottom of the slot, forces most of the current to
flow through the round upper region at start-up. This non-uniform
current distribution increases the effective rotor resistance, thus
increasing the starting torque. Tooth pulsation losses decrease as the
number of slots increases. The slot openings increase the air gap reluc-
tance and the air gap reluctance changes according to the slot position.
The changing reluctance in the air gap causes tooth pulsation loss and
noise. Tooth pulsation loss and noise can be minimized with a high
number of slots or semi-closed slots with narrow openings. After these
processes, optimization can be applied for both stator and rotor slots and
better motor performances can be obtained with more precise mea-
surements[15]. In addition, the optimization process should be evalu-
ated in terms of cost instead of being considered only in terms of motor
performance[16].

In this study, DS-AFIM designs with different rotor slot geometries
have been made for use as traction motors in electric vehicles with a
nominal power of 50 kW and a maximum power of 75 kW, taking into
account the effects mentioned in the rotor slot design. In the designed
motors, double stator NS topology is used to complete the magnetic
circuit between the two stators without separating the flux from the
rotor core. Double stator topology was preferred due to the ease of
integration of the cooling jacket into the motor body. In traditional
manufacturing methods, which are more common in today’s conditions,
it is very difficult to produce the rotor core in pieces from laminated

Rotor core snd Stator

Fig. 1. 3D "% model of double stator AFIM.
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steel. For this reason, the rotor core is modelled as solid steel. Further
studies will be carried out to produce the rotor core with additive
manufacturing method and soft magnetic material. Since the design
purpose of the motor is to be used in electric vehicles, better starting
torque and high efficiency at nominal operation are targeted. For this
reason, double chamber slots were also analysed in the rotor geometries.
In order to obtain high efficiency, Cu is preferred in rotor bars. In order
to compare the effect of Cu used in the squirrel cage, more commonly
used Al cage motor analyses were also performed in the same rotor slot
geometry. To fairly compare the effects of the materials and slot ge-
ometries, the stator parameters were selected at the same values for each
motor. The comparisons are based on the results of analyses using the
Finite Element Method (FEM) on 2D linear models of AFIMs. Since the
motors will be used in variable speed applications, the results are
expressed in speed dependent torque, current, efficiency and power
graphs. To obtain these graphs, 2D linear models of the motors were
analysed parametrically. In this study, AFIM with high torque density,
surpassing that of radial flux counterparts, is developed for utilization as
a traction motor in electric vehicles. To circumvent the need for mag-
nets, which are classified as rare earth elements, and to capitalize on the
expertise garnered from radial flux designs, an induction motor is cho-
sen. Double stator topology is used to overcome the unbalanced axial
force, which is an important drawback of axial flux motors. The effects
of various rotor geometries in AFIM designs, where research is less
frequent compared to radial flux alternatives, are investigated by
examining six different rotor slot geometries. In addition, expectation
for high efficiency motors in electric vehicles has been met by using
copper squirrel cage. The effect of squirrel cage material and rotor slot
geometry at different slip values is presented through speed-dependent
torque, current, efficiency and power graphs. Each motor is analysed
using 2D linear equivalent models instead of using complex and time-
consuming 3D models. The comparison of AFIMs in terms of both slot
geometry and squirrel cage material using linear equivalent models is
expected to provide useful guidance for researchers.

2. Axial flux induction motor design

Since the motor proposed in this study will be used as an electric
vehicle drive motor, the motor requirements and related dimensioning
have been determined appropriately[14]. The motor design criteria are
given in Table 1. In a study examining the torque and current ripples due
to the number of poles, number of stator slots and number of bars in a
radial-flux induction motor, some preliminary information is given to
the designers [17]. Therefore, for an 8-pole motor, stator slot

Table 1

Motor design parameters.
Parameter Value
Pole number 8
Stator slot number 48
Rotor slot number 54
Outer diameter (mm) 245
Inner diameter (mm) 150
Stator thickness (mm) 40
Rotor thickness (mm) 30
Air gap (mm) 0.7
Stator windings Copper

Rotor material (Solid)
Stator material (Laminated)

JFE _Steel 50JN1000
JFE_Steel_35JN270

Rated frequency (Hz) 266.67
Rated Speed (rpm) 4000
Lamination stacking factor 0.97
Bss0 — Stator slot opening width (mm) 2.5
Bss1 — Stator slot wedge maximum width (mm) 6.5
Bss2 - Stator slot body bottom width (mm) 6.5
Hss0 — Stator slot opening height (mm) 1.5
Hss1 - Stator slot wedge height (mm) 1.5
Hss2 — Stator slot body height (mm) 18.75
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combinations are proposed as 24,48 and 72 when the bars are not
skewed. The number of rotor slots is proposed as 22,26,34 for 24 stator
slots, 30,50,54,58 for 48 stator slots, 42,50,58 and 82 for 72 stator slots.
Thus, as one of the combinations in which minimum torque and current
ripple is obtained, 8 pole 48/54 slot number is preferred.

In AFIM design, sizing equations are a practical method for deter-
mining the dimensions of the designed motor, such as slot dimensions,
according to the air gap flux density. The air gap flux density is calcu-
lated according to the equation given in Equation (1)[18].

Pax = B,yaSin <§ 0— (A)l‘[) (1)

Here ¢,, is the axial rotary magnetic flux in the air gap, Buq, is the
maximum flux density in the air gap, p is the number of poles, 0 s the
rotary mechanical angle in the air gap and, w;, is the angular velocity.
The total magnetic flux density is obtained according to equation (1) and
then divided by the number of poles to obtain the magnetic flux per pole
[18].

(D%, ~ DB

®, out 2p (2)
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Magnetic flux per pole ¢, calculated according to Equation (2). Here
D, motor outer diameter, D;, refers to the inner diameter of the motor.
In Equation (3) and Equation (4) ¢,, and @y refers to the magnetic flux in
the rotor teeth and rotor yoke respectively. Q; is the number of rotor
slots. According to the determined magnetic flux density limit values,
the axial length of the rotor yoke is determined according to Equation
(5)[18].
lry — (Dom + Diu)Bma.r (5)

DBy Criam

In Equation (5) B, and Cin represent the maximum flux density at
the rotor yoke and the rotor stack factor, respectively. Depending on the
number of rotor slots and slot dimensions, the magnetic flux density in
the rotor teeth will change. Moreover, due to the geometry of axial flux
motors, the motor diameter increases from inside to outside. Since the
slot dimensions are constant, the rotor teeth will have the narrowest
tooth thickness at the inner diameter and the widest tooth thickness at
the outer diameter. Therefore, the calculation of the tooth thickness
should be based on the inner diameter value. When the rotor geometry
changes, the narrowest region should be determined by considering
these calculations. Thus, the rotor tooth width is determined according
to Equation (6). In Equation (6) B;, refers to the maximum flux density
in the rotor teeth[18].

By Din
Y 0B, Crtan ©

Rotor slot width and height are calculated according to Equation (7)
and Equation (8), respectively. In Equation (7) 7, refers to the slot
spacing. In Equation (8) i, refers to the rotor bar currents magnitude, J;
refers to maximum current density of rotor bar, C, g refers to rotor slot
fill factor[18].

Wrst = Tr — Wiy (7)

hr,sl = i (8)

Jr Cr.ﬁllwr,xl
3. Linear model of axial flux induction motor

The final design of AFIM is a problem that must be addressed in 3D.
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However, designers may want to implement many different alternatives
in their designs before the final model. This is quite time consuming with
3D models [19]. For this reason, it is one of the preferred methods to
analyse AFIMs via 2D linear models, where faster results can be obtained
[18]. In fact, there are studies on linear modelling of not only AFIMs but
also different AF Motors [20]. In 2D designs, especially effects that can
only be measured with 3D models, such as winding end effects, can be
analysed with acceptable accuracy in 2D models[4]. In 2D Linear models
of AFIMs based on the average diameter, the accuracy of the solution can
be increased in a similar way to the average diameter, but with a larger
number of slices of different diameter values [2122]. In all cases, 2D
models are advantageous in terms of analysis time. But although most of
the intermediate processes are performed with 2D models, the 3D final
model is taken into consideration by the designers before prototyping. In
the AFIM 2D model, a 2D Linear model is used, which is obtained ac-
cording to the slot and tooth dimensions of the average value of the inner
and outer diameter. Since the rotor and stator are positioned parallel to
each other in axial flux motors, the 2D linear model is obtained by
unwrapping the section taken from the average diameter value. The area
A, of the circular section from the 3D model and the rectangular area A;
of the 2D linear model are equal. A, and A; are calculated according to
Equation (9) and Equation (10) [23].

T

Ac=ss

(D; - D7) ©)
_(Di—-D}) 2D, +D) _ 7

2_ 2
A== P (D:-D}) (10)

The time dependent torque graph of an AFIM analysed with a 2D
Linear model obtained according to the design parameters taken from
the average diameter and a motor analysed using the 3D model are
shown in Fig. 2. In these analyses, the slot defined as Slot1 in Fig. 3 was
analysed with Cu squirrel cage at a nominal power of 50 kW. Therefore,
the average moment values at steady state were obtained as 123.84 Nm
and 120.88 Nm for 3D and Linear models, respectively, while the cur-
rents were obtained as 205.72 A;ms and 196.05 A;,s. When the 3D model
is taken as reference, it means that results are obtained with a relative
error of 2.39%.

Working with a 2D model instead of a 3D model has some disad-
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vantages in terms of FEM. The main one is that motor components such
as end windings and squirrel rings are expressed as approximate
equivalent resistances. In addition, the skew operation can be defined as
an external function rather than its geometric shape through the 2D
model. In 2D model, the active components of the motor are also
considered with the FEM method. The 3rd dimension (z-axis) is
expressed by the active radius value (R,) of the stator. R, is calculated
according to Equation (11)[23]. In the 2D linear motor model, the rotor
motion must be defined as displacement since there is no part rotating
around a center. Again, because of the linear model, since there is no
angular motion, there is no torque produced. Instead, a force is obtained
in the linear plane. The obtained force is multiplied by the radius value
and the torque value obtained from the 3D model is expressed.

D, - D
T2

In the FEM analyses performed in this study, 2D linear models of the
motors were used. Fig. 3a shows the 2D linear DS-AFIM model using
rotor slot number 1. Fig. 3b shows the rotor slot used with the same
stator slot and winding structure but different slot geometry.

Factors determining motor performance such as motor starting tor-
que, power factor and efficiency are taken into consideration in the
determined rotor slot geometries. Deep and wide slots are proposed to
obtain better starting torque and power factor [4]. Cooling is an
important factor for more efficient operation in electric motors[24].
Since it is used more and more widely in electric vehicles, a liquid-
cooled design is planned. According to this, the current density in the
stator windings should be in the range of 6-14 A/mm? in designs where
the stator windings are cooled with a liquid-cooled stator jacket[25]. In
peak operation, it can exceed 25 A/mm?[2627].

R, (€N)

4. Effect of rotor bar material and slot geometry

Speed dependent graphs are good indicators in the evaluation of
motor performance. Because as the load on the rotor shaft increases, the
rotation speed will decrease and accordingly the slip will increase. The
results obtained depending on the slip value in grid-fed AFIMs give in-
formation about the starting torque, pull-up torque, breakdown torque
and nominal operation of the motor. When this slip and skin effect are
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Fig. 2. Torque-time graph of 3D and 2D Linear models.
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considered together, while there is a constant frequency in the stator
windings, a variable frequency will occur in the rotor bars according to
the load. This variable frequency will cause differences in the inductance
of the current flowing in the rotor bars and in the distribution of the
current due to the skin effect. At this point, the geometrical shape of the
rotor slots and therefore the rotor bars will cause significant effects on
the speed-dependent torque performance.

At low speeds, high bar resistance will increase the starting torque.
However, at high speeds, high bar resistance will negatively affect the
efficiency. Short and wide rotor slots are the right choice for better
starting torque and power factor, while deep and wide slots are ad-
vantageous in terms of efficiency[12].

Al cage is generally preferred as AFIM squirrel cage material as in
conventional radial current induction motors. The primary reason for
this preference is the cost and then the metallurgical properties of Al
such as melting point and conductivity. Bars can be produced as fabri-
cated Al or die-cast by using suitable moulds. With the progress in
production technologies, die-cast cages have started to find more and
wider use every day. In addition, although it is seen as a disadvantage in
terms of cost, the use of Cu as a cage material has come back to the
agenda due to the demand for high efficiency motors and increasing
magnet costs[28]. Thanks to the Cu bars, 54% less losses due to squirrel
cage can be achieved[29]. Figs. 4 to 9 shows the results of the FEM
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analysis of Cu and Al bars using different rotor slot geometries. CPU used
in the analyses is Intel Core i5-6500HQ 3.2Ghz and the memory speed is
8 Gb RAM. TAU mesh method was used in the analyses. The number of
elements in the mesh networks is 23,566 for Slotl. In the parametric
analyses, the transient solution method was applied up to 0.1 s for each
of the 99 steps. The time step was determined as 8e-5 s in the performed
solutions.

The shape of Slotl was determined by a slot geometry similar to the
AURAGEN G8500 rotor slot, as it is a previously manufactured and
tested DS-AFIM|[23]. While determining the dimensions of this slot
shape, basic dimensions were obtained according to 50 kW shaft power.
According to the inner and outer diameter values obtained, the thinnest
tooth thickness was determined as 3.32 mm in the stator. In the rotor,
since the number of slots is more, the slot pitch is shorter. Accordingly, it
is necessary to determine the width of the main body of the rotor slots
narrower than the main body of the stator slots in order to prevent
saturation in the rotor teeth. In the designs made, the rotor tooth width
in the narrowest region in the 54 slot rotors was determined to be 3.73
mm. As mentioned before, the narrowest zone is formed at the inner
diameter of the teeth.

In the slot design, designs were determined by considering the sat-
urations in the cores. Torque, current, efficiency, power factor and shaft
power, which are the determining parameters of motor performance,

Slot2 - Al
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Fig. 5. Slot2 slip dependent performance curves.
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Fig. 6. Slot3 slip dependent performance curves.

were measured by FEM using parametric analysis. In the analyses, speed
dependent results were evaluated as it is a good guide in determining the
motor performance especially in variable speed applications. After
dimensioning the rotor slot for each slot type, the rotor bar material was
first determined as Al and then Cu and the analyses were repeated.

In Fig. 4, the performance graphs of the slotl are presented. By
looking at the torque graphs in Fig. 4(a) and Fig. 4(b), it is seen that the
breakdown torque occurs at 3600 rpm in Al cage and 3700 rpm in Cu
cage. The torque values at these speeds are obtained as 322.79 Nm and
323.67 Nm, respectively. The starting torques were measured as 114 Nm
and 98.5 Nm for Al and Cu cage, respectively. At 50 kW output power,
the performance data of each motor are shown on the graphs. Accord-
ingly, the efficiency, power factor, torque and current values of the Al
cage are 90.41%, 0.67, 121.38 Nm and 196.62A, respectively, when
rotor slotl is used at 50 kW output power. These values were measured
as 92.12%, 0.67, 120.88 Nm, 196.05 A in Cu cage. Nominal power was
reached at a speed of 3934 rpm in Al cage and 3950 rpm in Cu cage.

Fig. 5 shows the performance graphs of the slot2. In the torque
graphs, the breakdown torque occurred at 3800 rpm for Al cage and

occurred at 3860 rpm for Cu cage. The torque values at these speeds are
299.12 Nm for Al and 301.14 Nm for Cu. The starting torque is 94.9 Nm
for Al cage and 80.41 Nm for Cu cage. At 50 kW output power, the ef-
ficiency, power factor, torque and current values are 92.05%, 0.65,
120.30 Nm and 195.9 A for Al cage at 3969 rpm. For Cu cage at 3974
rpm, these values are 92.11%, 0.61, 120.15 Nm and 214.03 A,
respectively.

Fig. 6 shows the performance graphs of the rotor slot3. Accordingly,
the breakdown torque obtained as 289.56 Nm at 3820 rpm for Al cage
and obtained as 301.03 Nm at 3880 rpm for Cu cage. The starting tor-
ques were obtained as 91.5 Nm and 73.58 Nm for Al and Cu cages,
respectively. The efficiency, power factor, torque and current values for
the nominal power value obtained at 3966 rpm and 3973 rpm for Al and
Cu are 91.61%, 0.64, 120.41Nm and 202.74 A for Al cage. These values
are 91.91%, 0.6, 120.17 Nm and 218.05 A for Cu cage.

Fig. 7 shows the values of efficiency, power factor, torque, and cur-
rent values of the rotor slot 4 depending on the slip. Accordingly, the
breakdown torques were obtained as 300.94 Nm and 300.14 Nm at
3780 rpm and 3860 rpm for Al and Cu cages, respectively. The starting
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Fig. 7. Slot4 slip dependent performance curves.

torque is 103.1 Nm for Al cage and 79.41 Nm for Cu cage. 50 kW output
power was achieved with 91.56% efficiency, 0.67 power factor, 120.4
Nm torque and 196.12A stator current at 3965 rpm in Al cage. In Cu
cage, rated power was obtained with 91.60% efficiency, 0.61 power
factor, 120.26 Nm torque and 218.91 A current at 3971 rpm.

Fig. 8 shows the performance graphs of the rotor slot5. According to
graphs, 50 kW output power was obtained at 3961 rpm in Al cage. In Cu
cage, this power was reached at 3971 rpm. At this power value for Al
cage, the efficiency, power factor, torque and current values were
90.07%, 0.61, 120.53 Nm and 214.07 A, respectively. These data were
obtained as 90.62%, 0.57, 120.24 and 232.37 A for Cu cage, respec-
tively. Breakdown torques were obtained as 285.26 Nm and 301 Nm at
3840 rpm and 3890 rpm speeds for Al and Cu cages, respectively. The
starting torques obtained for Al and Cu cage motors for slot5 are 135.9
Nm and 110.2 Nm, respectively.

Fig. 9 shows the performance graphs of the rotor slot6. Accordingly,
the breakdown torque obtained as 314.82 Nm at 3780 rpm for Al cage
and obtained as 332.77 Nm at 3860 rpm for Cu cage. The starting tor-
ques were obtained as 103.13 Nm and 77.20 Nm for Al and Cu cages,
respectively. The efficiency, power factor, torque and current values for
the rated power value obtained at 3957 rpm for Al cage are 90.75%,
0.67, 120.68Nm and 194.41 A for Al cage. These values are 91.79%,
0.64, 120.24 Nm and 205.76 A at 3970 rpm for Cu cage.

A summary of the values expressed graphically in Figs. 4 to 9 is given
in Table 2. According to this, 50 kW nominal power can be obtained with
the highest efficiency in Cu material cages. The highest power factor of
0.67 was obtained in Cu cages, except for the 1st slot, which was lower
than Al alternatives. In addition, the nominal output power of the Cu
cages was obtained at 4 to 13 rpm lower speed in all rotor slot types.
When the double cage slots were analysed among each other, the
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Fig. 8. Slot5 slip dependent performance curves.

difference in speed between Al and Cu became slightly more pronounced
in the slots numbered 5 and 6, where the upper side of the slot has a
corner. When the slots numbered 3, 4 and 5 were compared among
themselves to examine the effect of the upper cage geometry of the slots,
the highest efficiency was obtained in the Cu slot numbered 3, while the
best power factor was obtained in the Al slot numbered 4 with 0.67.

It is more meaningful for motor design to evaluate performance
measures such as efficiency and power factor together with current
density in windings and flux density in cores. For this reason, Table 3
shows a summary of the current and flux density values of each slot type
at 50 kW, 75 kW and 120 kW. Based on this, considering the core ma-
terials used in the stator and rotor, saturation will occur at flux densities
higher than 2.1 T magnetic flux density. For the current density in the
stator windings, a thermal failure will occur in the windings above the
maximum value of 25 A/mm? with the liquid cooled stator jacket.
Therefore, among all slot types, 120 kW output power can be obtained
only when Cu cage is used in slot number 3. However, since the torque
ripple at this level is 17%, it is not suitable for use in electric vehicles at
this power level. In all slot options, 50 kW output power can be obtained
according to the specified limit value. But, when 50 kW nominal and 75
kW maximum output power is desired to be obtained with a maximum
ripple of 10% in order to be used as a traction motor in electric vehicles,
the options are narrowed. The only option that can meet these con-
straints with both Al and Cu cage is rotor slot number 1. Slot number 4
can fulfill these constraints with only Al cage. Table 3 also shows the
average flux density of the air gap at different power levels when Al and

Cu cages are used in each slot geometry. This resulted in an average air
gap magnetic flux density between 0.5771 T and 0.695 T.

Fig. 10 shows the comparison of the starting and nominal current and
torque values of each rotor slot. If low current and high torque are a
priority in the selection of the rotor slot geometry of the designed motor,
Fig. 10 will provide preliminary information on this matter. Based on
this, although the Cu cage slot geometries numbered 2 and 3 stand out in
this regard, they are found to be unsuitable because they do not meet the
other design criteria.

2D parametric FEM analyses of the rotor slot geometries were per-
formed with ANSYS Electronics software using full models. According to
the results of this analysis, the magnetic flux density on the rotor and
stator cores at 50 kW nominal power and the distribution of flux lines on
1/6 models are expressed in Fig. 11. It is seen that there is no saturation
in the motor parts, only negligible localized saturation in the tooth re-
gions occured.

5. Conclusion

In this study, an 8-pole motor with a nominal power of 50 kW and a
peak power of 75 kW is designed with different rotor slot geometries and
different cage materials to be used as a traction motor in electric vehi-
cles. 6 different rotor slot geometries are tested with FEM using both Al
and Cu cages. 2D linear models of AFIMs were used in the analyses since
they provide advantages in terms of analysis time and processor load. In
order to reveal the effect of rotor slot shape and cage material on the
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Fig. 9. Slot6 slip dependent performance curves.
motor output parameters, the stator design was applied in the same way
;[alile 2 " . for all motors. In this way, 12 motors were analysed at 98 different
otor periormance parameters. speeds and slip-dependent performance graphs were obtained. As a
Rotor Slot Type /  Speed Efficiency pf Torque Current result of the analysis, the highest efficiency at nominal operation was
i 0,
Cage Material (rpm) %) (Nm) A 92.12% when the rotor slot geometry number 1 with Cu cage was
Slot1 / Al 3934 90.41 0.67 121.38 196.62 selected. In this motor, the current in the stator windings was measured
Slotl / Cu 3950 92.12 0.67  120.88 196.05 as 196.05 Arms at 50 kW output power. A current density of 11.744 A/
Slot2 / Al 3969 92.05 0.65  120.30 195.90 2 din the stat indi This val determined
Slot2 / Cu 3074 0211 061 12015 214.03 mm” was measured in the stator windings. This value was de er;nme as
Slot3 / Al 3966 91.61 0.64 120.41 202.74 a de51gn constraint since the motor can reach up to 25 A/Il'll’l’l current
Slot3 / Cu 3973 91.91 0.60  120.17 218.05 density by using the stator cooling jacket according to the determined
Slot4 / Al 3965 91.56 0.67  120.40 196.12 design parameters. In addition, as another limiting factor, the maximum
Slot4 / Cu 3971 91.60 0.61 120.26 218.91 . s
Slots / Al 2061 9007 061  120.53 21407 value of the ma.gnetlc flux den.51ty in the :ta}tor and rotor cores were set
Slot5 / Cu 3071 90.62 057  120.24 232.37 as 2.1 T. A maximum torque ripple of 10% is targeted to ensure smooth
Slot6 / Al 3957 90.75 0.67 120.68 194.41 operation, which is among the important criteria in electric vehicles
Slot6 / Cu 3970 91.79 0.64  120.24 205.76 such as high efficiency and high thermal tolerance. According to these
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design criteria, for each rotor slot geometry and cage material, the
maximum magnetic flux density in the stator teeth and the maximum
current density in the windings were evaluated at power levels of 50 kW,
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Table 3
Magnetic flux density and current density for different power levels.
Output power Stator tooth B,y Stator winding Jmax (A/ Rotor By Rotor bars Jy,ax (A/ Air gap average Bayg Tork ripple
(kW) (T) mm?) (M) mm?) (T (%)
Slot 1 Al 50 1.9353 12.1512 1.5974 7.1415 0.6378 4.9501
75 2.0657 16.596 1.5681 10.7538 0.6253 4.6797
122 2.3504 34.5923 1.2073 26.0059 0.6195 3.6899
Cu 50 1.8738 11.744 1.6075 6.6631 0.6388 5.7758
75 2.071 16.6867 1.5727 10.7272 0.6253 4.4717
122 2.3374 36.218 1.1773 27.7221 0.6185 4.4466
Slot 2 Al 50 1.994 11.9145 1.7475 9.5648 0.6266 10.6041
75 2.1561 16.9679 1.9785 13.6918 0.6457 17.5189
119 2.5149 37.9433 2.1326 47.5079 0.6949 29.2804
Cu 50 1.9341 12.2535 1.7826 9.4387 0.6079 16.8961
75 2.1904 15.8236 2.0133 16.751 0.5771 8.5708
122 2.3967 37.2987 2.2445 59.3174 0.695 33.2838
Slot 3 Al 50 2.0745 9.9689 1.7518 8.9269 0.6393 17.0706
75 2.1434 14.679 1.779 17.6224 0.6332 19.0345
116 2.3992 28.0181 2.0166 30.7491 0.645 22.167
Cu 50 2.0095 9.8229 1.8086 8.2986 0.625 14.0013
75 2.1825 14.3615 1.811 18.7653 0.6237 20.8513
125 2.3704 23.8245 2.0954 31.3248 0.6741 17.0595
Slot 4 Al 50 1.9466 10.5242 1.6689 7.8151 0.6324 8.5145
Slot 75 2.0667 12.8679 1.884 13.8868 0.661 6.5597
5 119 2.3578 26.9268 2.229 34.2567 0.6469 26.6253
Cu 50 2.0962 11.5201 1.9231 8.5003 0.6383 11.5755
75 2.4575 31.4627 2.0943 49.2515 0.6437 26.6616
121 2.4087 32.0494 2.103 40.3298 0.6522 26.6219
Slot 5 Al 50 2.097 10.6219 1.836 12.9833 0.6519 19.5637
75 2.0854 15.3228 0.814 19.8549 0.6224 16.772
115 2.4478 27.8966 2.0596 29.5352 0.6405 18.9449
Cu 50 1.9386 10.5513 1.8313 11.7339 0.635 15.0984
75 2.1707 17.8593 2.0551 23.805 0.6458 23.5898
122 2.3728 27.0752 2.1144 33.7235 0.6276 40.3297
Slot 6 Al 50 1.8842 9.618 1.3349 10.0398 0.6415 15.9998
75 2.0272 12.4118 1.6035 21.4854 0.626 13.5777
125 2.3421 31.2747 1.5024 39.4789 0.6423 19.4112
Cu 50 1.907 9.8367 1.4013 13.0427 0.6428 17.2224
75 2.0697 14.9273 1.3466 18.4682 0.6422 15.2608
135 2.4301 31.576 1.5415 51.0047 0.6167 24.9212
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Fig. 10. Starting/rated torque and current ratios.
75 kW and at each alternating breakdown torque. In these evaluations, cage, and 5.7758%, 4.4717% for Cu cage, respectively. In these slot
the max magnetic flux density in the rotor core, max current density in types and materials, as in all other alternatives, the design limit values at
the rotor bars, air gap average flux density and torque ripple were 120 kW level were exceeded in terms of both flux density and current
analysed. The lowest torque ripple was obtained in slot number 1 at all density. In the rotor slot geometry number 1, which was determined as
power levels. At 50 kW and 75 kW output power, the torque ripple the most suitable option, higher efficiency was obtained with Cu cages
values in the slot number 1 were obtained as 4.9501%, 4.6797% for Al compared to Al cages. When the results are considered as a complete set,
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high efficiency and low torque ripple, which are the main targets, have
been achieved in the rotor geometry number 1 with Cu cage motor. In
this study, the DS-AFIM 2D linear model was used to analyse different
rotor slot geometries and cage materials. The study will contribute to
researchers working in this field in terms of comparing different rotor
slot geometries and cage materials in the use of AFIMs, which stand out
as a magnetless motor, in electric vehicles. By applying the appropriate
optimization method to the obtained results, it is possible to achieve
higher efficiencies, especially by improving the pf value.
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