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ABSTRACT

In this study, the effect of the rotor slot depth of the single-phase asynchronous motor (SPAM) on the output
performance was examined. Single-phase and two-pole squirrel cage asynchronous motor with run capacitor
that has 96 W output power was used in analysis. SPAMs having Nema B class rotor which have variable
resistance rotor slot structure, starting and steady-state operation were analyzed by 2D finite element method.
The rotor bar cross sectional area and the rotor bar materials were taken as the same, and the rotor slot depth
(Hs2) parameter was changed. Rotor slot structures having different depth were obtained by changing the Hs,
in the range of 3-7 mm with steps of 0.25 mm. Performance variables according to different rotor slot depths
were comparatively examined as speed (n), input-output powers (Pi-P,), efficiency (), current (1), torque (T),
and power factor (PF). The magnetic flux densities (B), flux lines and current densities in the rotor bars (J) at
the stator and rotor were visually presented. The Nema B class motor with the best performance values for all
parameters was determined as the best model. In this model, the average speed, power factor and efficiency
are 2954 rpm, 0.9 and 68.9%, respectively in steady-state operation. Magnetic flux densities (B), flux lines
and current densities in rotor bars (J) at different points of the stator and rotor were examined and it was
observed that they did not exceed the limit values defined in the literature.

Keywords: Single phase asynchronous motor, finite element method, variable resistance rotor slot, slot depth
of rotor.

1. INTRODUCTION

It is known that SPAMSs have superior properties because they are powered on single-phase
grid and have low costs and simple structures. Furthermore, the fact that SPAM does not have a
rotating magnetic field is known as its major disadvantage. Since a rotating stator magnetic field
is not formed, single-phase asynchronous motors cannot start by themselves.

It is expected that whereas a high-performance asynchronous motor has a high starting torque
and low current at the starting time, it has a low rated slip and high efficiency in steady-state
operation [1]. The most basic way of achieving this is to design two parallel bars (top bar with a
high rotor resistance and reactance, and the bottom bar with a lower rotor resistance and
reactance) in which the rotor current can flow. While most of the current prefer the high
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resistance path due to the skin effect when the frequency of the rotor is relatively high at the
starting time, they pass through the low resistanc e section during the steady-state operation.
Thus, thanks to the two different rotor bar, while starting current is limited due to the high
resistance effect of the rotor at the starting time, the decreasing of motor efficiency is prevented
by the low resistance effect of the rotor during the steady-state operation. By using a deep slot or
double cage rotor slot structure, the rotor resistance can be ensured to be variable.

A few studies examining the effect of variable resistance rotor slot design on motor
performance using deep slot or double cage rotor slot structure are given below.

In the study given in [2], the effect of rotor and stator slot geometric sizes on the performance
characteristics of a squirrel cage induction motor was investigated. The average torque, output
power, efficiency increases and torque fluctuation, power losses decreases with the selection of
the optimal value of the rotor slot depth, which is one of the geometric sizes considered. It is
concluded that squirrel cage induction motor has good working performance with the selection of
the optimal value of the rotor slot depth.

In their analysis study, Akhtar et al. [3] concluded that the rotor slot structure significantly
affected the asynchronous motor performance. According to their study, while short and wide
rotor slots should be preferred in applications where locked rotor torque is important, deep and
wide rotor slot types should be preferred in applications where high efficiency is desired. In
addition, it was also observed in this study that when all parameters were constant, by using of
narrower and higher slot type, the efficiency increased but the power factor decreased.

Yoshino et al. [4] presented 2 different double cage rotor slot models for a squirrel cage
induction motor. The rotor slot structure of the first model consists of 2 parts, the upper part of
which is rectangular and the lower part which is deep slot. The second model consists of 3 pieces,
the top of which is 2 rounds and the bottom of which is deep slot. In both models, the deep slot
rotor part has lower electrical resistance and the upper parts have higher electrical resistance.
Therefore, in starting operation, the majority of the current flows from the upper part of the rotor
due to the reactance distribution at high frequency, in normal operation with lower frequency, the
rotor flows through the deep slot forming the bottom of the slot. Both rotor slot models designed
increase the locked rotor torque of a high efficiency asynchronous motor in rated operating
condition.

In a study in the literature, the advantages of asynchronous motors with double cage rotor slot
structure over asynchronous motors with single cage rotor slot structure are presented. The author
et al. examined the torque-speed and stator current-speed characteristics of asynchronous motors
with single and double cage rotors using Matlab software. As a result of the study, in applications
where the starting torque is important, the use of a double cage rotor slot can be preferred because
of increasing the starting torque and decreasing the starting current [5].

Igbal and Singh [6], have compared recent studies related to the effect of the rotor slot
geometry on the performance of the asynchronous motor. As a result of the studies discussed, the
rotor slot depth, width, slot shape, rotor slot number, rotor core material, rotor winding, rotor slot
opening which forms the rotor slot geometry has a significant effect on the performance of the
induction motor.

In this study, the rotor slot depth (Hs;) of SPAM with single-phase, two-pole and run
capacitor that has 96 W output power was changed in the range of 3-7 mm with steps of 0.25 mm
and as a result, different rotor slot models were obtained. The rotor bar areas and the rotor bar
materials of all models were bought as the same. The model having the best performance was
determined by taking into account the performance variables (speed, input-output power,
efficiency, current, torque, power factor) of models with different rotor slot depths. The
requirement to remain within the range of values permitted in literature was examined by
controlling the values of the flux densities in stator-rotor cores and the values of the current
densities in rotor bars of the model with best performance.
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2. MATERIAL AND METH OD

In the design of the variable resistance rotor bar , in order to benefit from the skin effect, the
smallest value that the sloth depth () can take is calculated by using Equation (1).

- /&
8= HoTtf (1)

In this equation, 4, py, , fand uo refer to the least skin effect depth that it should be, specific
resistance (Q.m), frequency (Hz), and magnetic permeability of the cavity (H/m), respectively [7].

The test motor in NEMA B deep slot class category used in this study was numerically
modeled with FEM method by using the Ansys/Maxwell software. Then, in order to improve the
motor performance, rotor slot models with different depths were obtained by changing the rotor
slot depth (Hsy) in 3-7 mm with 0.25 mm steps. In all designed models, the total rotor slot area
was kept constant in order to keep the current density passing through the rotor bars constant. The
keeping of the rotor slot area constant in all models ensured that production costs were the same.
As a result of the electromagnetic analysis, the model with deep slot and having the best
performance values was determined as the best model.

2.1. Mathematical Approximation

It is known that rotor bar resistance and rotor bar inductance are the leading parameters
determining the motor performance in single-phase asynchronous motors. For the motor having
deep slot structure, the rotor bar resistance (Ry,) is obtained by using Eq. (2).

lpr
Rpr = pbrALbr @

In this equation, py, refers to the rotor bar specific resistance which is the inherent property of
the rotor bar. In the same equation, I, and Ay, are defined as to the rotor bar length and rotor bar
area, respectively [8]. I, which is placed in the rotor slots by different methods and refers to the
length of the rotor bars is a magnitude that directly changes with the depth of the rotor slot.

The rotor bar inductance (Lp) is another important parameter for determining the motor
performance is expressed by Eq.(3).

Ly = Mo-lpr- NZ. Ap 3

In this equation, u, refers to the magnetic permeability of the airgap. In the same equation, Nr
and 2, are defined as to the number of rotor slots and the rotor bar permeability coefficient,
respectively.

The rotor bar permeability coefficient (Ab) is a magnitude that varies depending on the
geometry of the rotor slot. In the literature, detailed calculations in order to determinate to Ab for
different motor classes in [8,9].

Rotor slot pitch (tr) which depends on the size of the external radius of the rotor (Dor) and the
number of rotor slot (Nr) varies with Eq. (4).

_ 2mXDgr _ 2TXx30.22

-~ or _Z 707t -3
=T =T =6326x 107 m @

In single-phase asynchronous motors, the rotor tooth width (by,) is accepted approximately 0.3
ratio of the rotor slot pitch (z,) [8].

by = T, X 0.3 = 1.898 X 10~3m (5)
Rotor slot bottom width (Bg,) is calculated by using Eqg. (6).
Bg; = T, — by = (6.326 — 1.898) x 1073 = 4.428 x 103 m (6)

In this study, NEMA class B rotor slot structure is investigated, the permeability coefficient
(4p) is calculated by using Eq. (7).
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In Eq. (7), k; refers to deep slot constant that varies between 0.645 and 0.785 in the literature.
And k; (ky<1) refers to the inductance attenuation factor. The geometric dimensions of the rotor
slot in the equation are described in Table 1. As seen in Equation 7, the permeability coefficient is
a magnitude that changes depending on the slot depth (Hs,) parameter. The decrease on slot depth
contributes to the decrease on permeability coefficient and thereby decrease on value of the
leakage inductance.

2.2. Finite Element Method (FEM)

The finite element model of the test motor that used in this study was created by using the
Ansys/Maxwell software. This analysis provides high precision solutions. This software created a
mesh structure consisting of finite small elements of designed SPAM’s geometry to achieve the
numerical solution with FEM. Figure 1 (a) shows the mesh view of the stator core and the stator
windings, Figure 1 (b) shows the mesh view of the rotor core and the rotor bars, respectively.

(b)

Figure 1. (a) The stator core and the stator windings, (b) The rotor core and the rotor bars

2.3. Model of SPAM

A SPAM with squirrel cage rotor has 96 W output power, 2950 rpm shaft speed and 0.31 Nm
load torque, respectively. Main and auxiliary windings were placed into 24 slots in stator core. In
order to reduce eddy current losses, the stator and rotor cores were manufactured from laminated
steel with a 0.95 stacking factor. The analyses were carried out on the half-model by taking
advantage of the symmetrical feature of SPAM which was discussed in the scope of the study.
Figure 2 shows the analysis model of the motor.
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Figure 2. Deep slot model of SPAM
The SPAM consists of 30 rotor bars that are described as “tapered rotor slot model” and
whose lower edge are rounded, and the upper edge are triangular. The symbols of the parameters
forming the tapered rotor slot geometry of the motor are presented in Table 1.

Table 1. The rotor slot geometric dimensions of the SPAM

Symbol Explanations
H Rotor slot
52 height/depth

Bg Rotor slot top width
Rotor slot  bottom

Be | width
B Rotor slot opening
0 width
h Rotor slot opening
o height

Hyo Rotor slot-core height

A, Rotor slot area

Two-dimensional finite element analyses of the models with rotor slots in different depths and
having same rotor slot areas (A, = 21.85 mm?) were performed. In the analyses, slot depth (Hg)
was changed between 3< Hgp, <7mm with 0.25 mm steps and through this way, rotor slot models
with different depth were obtained (Figure 3).

mm
mm
mm

Figure 3. Demonstration of models having different rotor slot depths
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Although the By, Hg; and Hyy parameters of the examined models were equal, lower and
upper widths (B, Bsy) of the slot were changed in order to keep the slot areas equal at different
slot depths. In these changes, it was paid attention the slot teeth to remain in parallel structure. As
a result of the analyses, both the electrical and magnetic investigations of the models were
performed and the optimal rotor model with deep slot was determined.

2.4. The starting circuit of SPAM
The starting circuit of the motor taken in the scope of the study is shown in Figure 4.
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Figure 4. Starting circuit of SPAM

The parallel connected horizontal branches in starting circuit show the main and auxiliary
winding, respectively. Rgn, Leem and Lgy, refer to main winding resistance, main end-winding
inductance and main winding phase inductance, respectively. Rg,, Leca, Lsa also refer to auxiliary
winding resistance, auxiliary end-winding inductance and phase inductance of auxiliary winding,
respectively. Phase inductances vary depending on the magnetic flux. Permanent capacitor (C)
connected serially to the auxiliary winding and the starting resistance (Rs) connected parallel to
this are shown. In the case of the starting of the motor with a run capacitor, the starting resistance
connected parallel to capacitor is activated with a switch. When the motor reaches 2800 rpm after
starting, the starting resistance (Rs) is deactivated by means of this switch and the auxiliary
winding remains active continuously through the capacitor.

3. RESULTS AND DISCUSSIONS
3.1. The Results of the Analysis

In the analyses, the effect of the slot depth increasing on the output performance were
observed. Performance variables of such as speed, electromagnetic torque, stator current, power
factor, input-output power and efficiency are taken into consideration. There is no significant

change in the speed. There is a very small increase of 0.09% (about 3 rpm) between the highest
and lowest speed values.
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Considering all slot depths, the average value of electromagnetic torque is considered as
approximately 0.33 Nm due to the small difference it is negligible. Because there is no significant
change in torque and speed with respect to the slot depth. Therefore the output power of the motor
can be accepted approximately constant.

The increase in the slot depth changes the magnetic reluctance accordance with length of the
magnetic flux path and cross section. This change causes a change in the current and power factor
of the one phase stator because of influencing the inductance. Figure 5 shows the change in the
current drawn from the source depending on the increase in the rotor slot depth.
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Figure 5. Variation of current depending on rotor slot depth

As seen in Figure 5, the current gradually decreased depending on increase in the depth, and
after taking the value of 0.7192 A, which is the smallest value in Hy, = 4.25 mm value, it
gradually increased, and at the value of Hy;=7 mm, it reached to value of | =0.996 A.

The starting current according to the rotor slot depth is approximately 10.3 A and there is no
significant change in the starting current according to the change of Hs,. And the motor reaches
steady state after 0.55 s for all of the rotor slot depths.

Figure 6 shows the power factor change depending on rotor slot depth.
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Figure 6. Variation of PF depending on rotor slot depth

As seen in Figure 6, the power factor takes values between 0.7- 0.9. When the depth is
increased from Hg, = 3 mm, the PF gradually increases; after taking the value of 0.9, which is the
highest value, in the range of H,,=3.75-4.75, it drops to 0.8 in the range of Hy,= 6-7 mm. When
the PF is considered as the performance variable, it should be selected in the range of Hg,=3.75-
4.75.

Table 2 shows the input/output power, efficiency and power factor variations of the motor in
steady-state time depending on the increase in rotor slot depth. It is observed that motor efficiency
increases between the height of the slot (Hs, from 3 mm up to 4 mm, it remains approximately
constant between 3.75 and 4.75 mm and it decreases after 5 mm.
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Table 2. Input/output power and efficiency values depending on rotor slot depth

Rotor slot depth Input Output power,P, Efficiency,n
Hs power,P; (W) (%)
(mm) (W)
3.0 151.613 95.641 63.082
3.25 142.997 96.189 67.266
35 141.909 96.144 67.751
3.75 140.777 95.912 68.130
4.0 140.398 96.738 68.902
4.25 140.338 95.824 68.281
4.5 139.826 96.315 68.882
4,75 141.199 96.257 68.171
5.0 143.100 95.915 67.027
5.25 142.321 95.855 67.351
55 145.777 96.855 66.440
5.75 150.681 96.327 63.928
6.0 150.614 96.044 63.768
6.25 153.991 94.149 61.139
6.5 160.256 96.080 59.954
6.75 168.987 96.127 56.884
7.0 174.271 96.261 55.236

When the electrical and mechanical parameters were considered, the optimum rotor slot depth
was determined as Hy, =4 mm. After selecting the optimal rotor slot geometry, magnetic flux
density values in the regions of the stator yoke, stator teeth, rotor yoke, rotor teeth were
examined. After the model with the optimal rotor slot geometry is selected considering the
electrical and mechanical parameters, it should be paid attention the requirement that the
magnetic flux density in the stator, rotor teeth and yoke does not exceed the limit values permitted
in the literature. In the literature, the maximum values of magnetic flux density were defined by
Lipo [2004] as 1.7 T in stator yoke, 2.1 T in stator teeth, 1.7 T in rotor yoke and 2.2 T in rotor
teeths [10]

Figure 7 shows the vectorial (Figure 7 (a)) and scalar (Figure 7 (b)) distributions of the
magnetic flux density of the stator and rotor cores of the model with the optimal rotor slot depth.
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Figure 7. Magnetic flux distribution of the model with optimal rotor slot depth with transient
analysis (a) vectorial, (b) scalar

When the maximum values of the magnetic flux density in the various regions of stator and
rotor cores of the model with optimum rotor slot depth were examined, it was observed as 1.36 T
in the stator yoke region, 1.04 T in the stator teeth region, 1.58 T in the rotor yoke region, and
1.61 T in the rotor teeth region. Based on the results obtained, it was concluded that the magnetic
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flux density in various regions of the stator and rotor did not exceed the limit values specified by
Lipo (2004). When selecting the optimal rotor slot geometry, the rotor bar current density (J) as
well as the electrical performance variables and the core magnetic flux density (B) should also be
considered. The rotor current density of the model in the steady state is given in Figure 8.
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Figure 8. Distribution of current density passing through the rotor bars of the model having
optimal rotor slot depth

The current density in rotor bars (Jb) must be in the range of 2.2 < Jb< 4.5 A/mm2 in small
motors having aluminum rotor bars [11]. Considering the current density of the rotor bars of the
designed model, it is observed that the permissible limits are not exceeded (Figure 8).

Figure 9 shows the time-dependent variation of the speed for the models having different
rotor slot depths. As it can be seen in Figure 9, the shaft speed of motor reaches steady-state to the
smallest time (t=0.56 s) for Hs;= 3 mm. And it reaches steady-state to the longest time (t=0.67 s)
for Hy,= 6.25 mm.
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Figure 9. Time-dependent variation of the speed in different rotor slot depths

It is known that depending on the skin effect, most of the current prefer the path with high
resistance at the starting time when the rotor frequency is relatively high. The top surface areas
and geometries of bar that are active at the start time have the same properties in all models.
Therefore, it is concluded that the time dependent curves times of the motors to reach the steady
state are in very close values to each other.

4. RESULTS

In this study, a SPAM that has run capacitor having label values of 96 W output power and
has NEMA B class rotor slot structure was used as the test motor. It was aimed to improve the
output parameters by changing the rotor slot depth in order to increase the efficiency and
performance of the motor. For this purpose, 2-dimensional analyses were performed by changing
the depth of the slot (Hs,) in the range of 3-7 mm with 0.25 mm steps. In these analyses, while all
motor parameters were constant, the effect of the rotor slot depth on the electrical and mechanical
performance and efficiency of the motor was examined.

There is no significant difference between the speed values due to the increase in rotor slot
depth. The average value of the load torque is approximately 0,312 Nm for all of the rotor slot
depths. The power factor takes values between 0.7- 0.9 for different rotor slot depths. Motor
efficiency increases due to changes in input and output powers for rotor slot depth between 3-4
mm. When the rotor slot depth is bigger than 4 mm, motor efficiency decreases. When the
electrical and mechanical parameters are considered, the optimal rotor slot depth is determined as
Hs; =4 mm.

According to the results of the analysis for the transient and steady state conditions, the values
in which each variable was the best in terms of performance parameters were determined. The
geometric dimensions of the rotor slot for Hy, = 4 mm where the best performance data were
obtained are given in Table 3.
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Table 3. The rotor slot geometric dimensions for Hy;=4 mm

Symbol Quantity Size
Hs Rotor slot height/depth 4 mm
By Rotor slot top width 3.67 mm
B, Rotor slot bottom width 2.96 mm
B Rotor slot opening height 1 mm
hor Rotor slot opening height 1.525 mm
Hygo Rotor slot-core height 0.2m
A Rotor slot area 21.856 mm?

The electrical and mechanical parameter values in steady state for Hi,=4 mm are shown in
Table 4.

Tablo 4. Performance data for Hy;=4 mm

Parameter ( 4I_n|§?n)
Starting Time 0.5 sec
Rated Speed 2954 rpm
Phase current 0.729 A
Electromagnetic Torque 0.331 Nm
Load Torque 0.313 Nm
Power Factor (PF) 0.875
Input Power 1404 W
Output Power 96.7 W
Efficiency %68.9

In the current studies proposed in the literature, electrical and mechanical performance values
are considered when choosing the optimal model for an SPAM. In this study current density on
bars and distribution of the magnetic field density on stator and rotor cores density have to take
into consideration besides electrical performance variables when an optimal slot geometry is
chosen.

In this study, it was concluded that after the model selection with the best rotor slot height and
after the proceeding of the designed motor to the steady state, the maximum values of the
magnetic flux density in the region of the stator, rotor yoke and teeth, and the current density in
the rotor did not exceed limit values permitted in the literature.

Another original aspect of this study, rotor bar areas and rotor bar materials were kept constant in
all models so that the current density passing through the rotor bars was the same value.
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