1OSR Journal of Electrical and Electronics Engineering (IOSR-JEEE)
e-ISSN: 2278-1676, p-ISSN: 2320-3331, Volume 19, Issue 4 Ser. 1 (July. — August. 2024), PP 01-09
www.iosrjournals.org

The Effect Of Rotor And Stator Slot Numbers On The
Performance Of Three-Phase Induction Motors Used For
Transport Application
Asuquo Eke, Gertrude Fischer, Ake David, Okon Ekpenyong, Akpama E.J.,

Department Of Electrical/Electronic Engineering
Cross River State University, Calabar. Nigeria

Abstract

Modeling and design of the induction motor were done with a reference frame approach, spacing of rotor slots
has a significant effect on an induction motor. Correct selection of a number of rotor bars in relation to pole pairs
and quantity of stator slots. A poor design choice on this section of the machine could result in unsustainable
torques in the finished product. Designing is the act of deciding the actual dimensions of the motor parts and
components that constitute the motor. This was done by employing the FEM method and it was implemented using
motor cad. Two motors were designed having the same parameters with a difference in rotor/stator slot numbers
24/26, and 28/36 only. This was done to determine the impact of the stator and rotor slot number on the motor
performance. The results reveal that designl has an efficiency of 88.5 % while motor design2 has 72.8%. a high
starting torque was discovered in motor designl with a small settling time of 0.115 seconds. Motor design 2 has
a high starting current of at a time 0.0225 seconds and also, motor design 2 has a higher power capacity of
12,000W when compared to 8000W of motor designl.
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I.  Introduction

The number of rotor slots and stator slots are two significant design characteristics that affect the
performance of a three-phase induction motor. Look at how these elements affect the motor's performance. The
rotor slots are the apertures on the rotor's surface where the rotor windings are located. The number of rotor slots
has an immediate impact on the characteristics of motor performance. An induction motor with more rotor slots
has a larger starting torque. This is because a greater number of slots results in a more distributed and balanced
rotor winding, resulting in a higher efficiency. Synchronous Speed: The number of rotor slots determines the
motor's synchronous speed. A motor with more slots may have a somewhat lower synchronous speed than a motor
with fewer slots. Motors with many number of rotor slots have lower torque ripple, resulting in smoother
operation and less mechanical stress on the motor. The stator slots are the apertures on the stator that house the
stator windings. The number of stator slots has the following effects on motor performance. The number of stator
slots influences the presence of harmonics in the magnetic field of the motor. An incorrect selection of stator slot
numbers might result in increased harmonics, resulting in greater losses. The spatial distribution of the magnetic
field and the associated torque generation are influenced by the stator slot arrangement. The appropriate selection
of stator slot numbers can increase motor efficiency and optimize torque production. The design of the stator slot
has a direct impact on the motor's noise and vibration levels during operation. A careful choice of slot numbers
can result in a quieter and smoother motor operation. The form and quantity of stator slots affect the cooling
effectiveness of the motor. Adequate cooling is required to avoid overheating and ensure proper motor
functioning. Overall, both the rotor and stator slot numbers are important in influencing the performance of a
three-phase induction motor. A well-balanced combination of these factors, coupled with other design
considerations, can result in a high-performance, energy-efficient motor. However, motor design is a difficult
process with several trade-offs, and an in-depth analysis is required to arrive at the best configuration for certain
applications. [1,4.6,10]

Induction motor rotor slots are responsible for enclosing the rotor windings. Several performance
characteristics are affected by the number of rotor slots. Number of rotor slots determines the motor's starting
torque. The higher the number of rotor slots, the greater the initial torque. This is because additional rotor slots
provide higher rotor performance. Torque Ripple is affected by the number of rotor slots, which relates to the
change in torque during each revolution. A greater number of rotor slots aids in torque ripple reduction, resulting
in smoother motor operation. The number of rotor slots selected can affect the motor's efficiency. Optimal slot
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numbers can reduce rotor resistance, leakage reactance, and rotor current losses. Improper rotor slot number
selection may result in higher noise and vibration levels. Higher harmonics present in the air gap magnetic field
can cause auditory noise and mechanical vibrations. In a three-phase induction motor, the stator number refers to
the number of stator windings or phases. The winding configuration of the stator. The stator windings generate
the necessary spinning magnetic field for motor operation. Increasing the stator phases (for example, from three
to six) can result in a more sinusoidal and smooth magnetic field distribution, which reduces harmonics and
improves motor performance. The number of stator windings influences the starting torque of the motor.
Additional stator windings can improve starting torque, which is useful in applications requiring strong starting
torque. Efficiency is influenced by the stator winding configuration. A well-designed stator winding arrangement
can reduce copper losses and increase power factor, resulting in increased efficiency. The harmonic content of the
motor's input current is affected by the number of stator phases. Increasing the phases of the stator can aid in the
reduction of harmonic distortion. It's vital to remember that choosing rotor slot numbers and stator winding
topologies includes trade-offs and the best design is determined by the unique application requirements, such as
required torque, efficiency, starting performance, and cost concerns. To identify the best combination of slot
numbers and stator windings for a specific motor design, extensive analytical and simulation approaches are often
used. A three-phase induction motor's rotor and stator slot count can have a considerable impact on its
performance and features. Here's how each parameter influences how the motor behaves. The number of rotor
slots influences the motor's starting and running torque. An optimal number of rotor slots aids in the generation
of increased torque at low speeds, as well as the improvement of the motor's starting capabilities. Cogging torque
is a pulsing torque produced when the rotor of a motor aligns with the stator slots. A mismatch in the number of
rotor slots and stator slots can cause cogging torque to be reduced or increased, resulting in unwanted vibrations
and noise. Increased rotor slot count can result in higher rotor losses due to increased eddy current and hysteresis
losses. The synchronous speed of the motor is determined by the stator slot number. The revolving magnetic field
produced by the stator winding rotates at a synchronous speed. Synchronous Speed (rpm) = (120 * Frequency) /
Number of Stator Slots is the formula. The number of stator slots influences the harmonic content of the air gap
magnetic field in the motor. either too few or too many stator slots can increase harmonics and produce more
noise in the motor operation. The starting torque and torque ripple characteristics of the motor are influenced by
the stator slot number. A higher stator slot number might result in smoother torque production and improved
starting performance. Overall, the rotor and stator slot designs are critical in optimizing the performance of a
three-phase induction motor. It involves a trade-off of several aspects, such as starting torque, operating efficiency,
cogging torque, and noise. Proper rotor and stator slot selection and design are critical for achieving the necessary
motor performance for certain applications. To fine-tune these characteristics based on the motor's intended
application and load requirements, computer simulations and prototyping are frequently used. [12,14]

Proper selection of stator slot numbers can lead to a higher power factor, which is desirable for efficient
power utilization. The choice of stator slot numbers can influence torque ripple. Minimizing torque ripple
enhances motor smoothness and reduces mechanical stress on the motor and driven machinery. The number of
stator slots can impact the motor's starting performance, affecting its ability to produce sufficient torque during
start-up. It is essential to strike a balance between the number of rotor and stator slots, taking into account various

In practical motor design, engineers consider a range of factors, including material properties,
manufacturing constraints, electromagnetic considerations, and economic factors to arrive at the best compromise
between efficiency, performance, and cost-effectiveness for a particular application. The performance of a three-
phase induction motor is influenced by several factors, including the number of rotor slots and stator slots. Both
these factors can affect the motor's efficiency, power factor, starting torque, and overall operating characteristics.
Let's look at each one separately. The number of rotor slots in an induction motor influences its starting torque,
efficiency, and smoothness of operation. Here's how rotor slot numbers impact the motor's performance. [15,17]

More rotor slots generally result in higher starting torque. This is because a higher number of rotor slots
provides better torque production capability during motor start-up. A moderate number of rotor slots is often
preferred for achieving better efficiency. Too few or too many slots may lead to increased rotor losses, reducing
overall efficiency. A higher number of rotor slots can lead to more harmonics and increased noise levels, affecting
the motor's acoustic performance. In some cases, uneven distribution of rotor slots, known as rotor skewing, can
help reduce torque ripple and improve motor performance. [10, 17.19, 20]

II. Dynamic Model Equation For Three-Phase Induction Machine
The dynamic model equations of the induction motor can be obtained from the dq0 equivalent circuit of
the induction motor shown in Figure 3.1, figure 3.2, and Figure 3.3. (TriptiRai and Prashant, 2016).
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Fig. 1.0: D-axis equivalent circuit of an induction motor.
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Flg 2.0: Q-axis equivalent circuit of an induction motor.

Under balanced conditions the three-phase stator voltage of an induction motor can be expressed as
equation (1), (2), and (3). [2,5,8, 22]

Va=+2 Vrms sin( @ t) (1)
Vb =2 Vims sin (@t — ) )
VC=\/EVrmssin(m+ 2?”) 3)

These three-phase voltages are transformed into a two-phase synchronously rotating reference frame of
dq0 axis. This transformation is achieved through the application of the following transformation matrix as shown
in equation (4).

1 1
-1V,
V(x _2 2 ¢
i 0 B _v|| @
2 21tV
Then, the dq axis voltages are shown in equation (9):
Vd] _ [ cosf sin@ [Va] 5)
Vgl l—sin® cos6!1Vg

The instantaneous value of the stator and rotor currents of a three-phase induction motor is calculated by
using the following matrix equations (6) and (7);

ly cos@ —sinf][la
[V}] [sin 6 cos@ ] [iq] ©)
. 1 0
al 11 _¥Bfyi
p|=| 2 2 [ia] (7
il [_1 _va[tF

2 2

The stator and rotor voltage equation of the direct and quadrature (d-q) axis of an induction motor are
given in equations (8), (9), (10), and (11).

Vos = Rylgs + 5 Ags + O Agr (8)
Vas = Rylas + 5 2gs -0, Ags ©)
Vqr=Rriqr+iAqr+(a)e— a)r)zqr (10)
Var = Rylar + 5 20 - (0 = © ) day (11)

Where,Adgy , 445 , Agr , and Agsare the stator and rotor flux linkage of the d and q axis, these equations
show the synchronously rotating reference frame for the two-phase d-q-axis of the induction motor.

DOI: 10.9790/0853-1904010109 www.iosrjournals.org 3 | Page



The Effect Of Rotor And Stator Slot Numbers On The Performance Of Three-Phase Induction........

For squirrel cage induction motor, the rotor voltagesVg,, Vg, are set to zero, since the rotor cage bars are
shorted. Therefore, the flux linkage equation can be expressed as equations (12), (13), (14), (15), (16), (17), and
(18).17, 22, 23]

dAgs o, Rs
dfcl =, Vas — ) Ags + X_ls(lmq - Aqs)] (12)
L b
Pas ) (Vg + o2 gy + 55 (g = Ags) 13
A b|Vds ) qs X md qs ( )
L b
0]
drqr =) Ry
L= |Vgs — o, Agr + X—"(Amq — Aqr) (14)
dAqr [ o, Rr
d_(;l: a)b Vqs + (a)—b Aqr + X_lr(lmq - /‘lqr) (15)
Where;
Ags . Agr
Amg = Xmi [xcl1 + XLIT] (10
Ags . Aqr
Ama =X [+ 5Z] (17)
Xml =

1 1 1
(EJ’ X5 X_lr)

(18)
To obtain the currents, therefore substitute the value of flux linkages as shown in equations (19), (20), (21), and
(22).

lgs = - ( qs — mq) 19)
lgs =3~ (7\ds = Ama) (20)
igr = X0 ( ar = Amq) 2y
qr = {( ar = Ama) (22)
Based on the above equations, the torque and rotor speed can be determined as equations (23) and (24).

T, = ( ) (Aqriar — Agrigqr) (23)
0, =31~ T) (24)

III.  Motor Design
The stator bore diameter of the SCIM is given according to [18, 21, 24]

3 ’2?25
Dis(SCIM) = ;Tgczp' (25

where pole pairs, apparent airgap power, aspect ratio, supply frequency, and Esson's constant (147 x 103
J/m3) are represented by the variables p1, Sgap, A, f, and CO, respectively.

For dimensioning the SCIM, the following formulas are used to get the pole pitch, T(SCIM), stack length,
Lst(SCIM), and slot pitch,

mDis(scim T(scIM
T8(SCIM):T(s¢rmy = % Lgsescimy = AT(scimy Ts(scimy = (3q 2 (26)
The aspect ratio, pole pitch, and stator slots per pole are respectively represented as A, Tscm, and q,

whereas the stator outer diameter, Dogsciv, airgap length, and rotor outer diameter are approximated as follows:

Disg
Dos(SCIM)| = %> 27)
Iescimy = (0.1 4+ 0.012 X /P, (28)
Dor(scimy = Dis(scimy — g(SCIM)- (29)

The rated power is given by Pn. The determination of the number of turns per phase, W1, depends on the
airgap flux density, Bgscimy, and is done as follows:
w, = 0.22V(scim) ’ (30)
Kw1faiT(SCIM)Lst(SCIM)Bg(SCIM)
where Vsciv, Kwi, and a;, stand for supply voltage, stator winding factor, and pole spanning coefficient,
respectively. The number of conductors per slot, n¢scim), is given as:

_ awq
" pia S

Nescim)
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A represents the number of parallel current pathways. It should be noted that because a double-layer
winding includes two distinct coils in each slot, an even number of slots is necessary. The definitions of the wire
gauge diameter (dco) and rated current (1) are as follows:

o (32)

lin = ncos(¢p)V3Vscim’

21;
D., = /é, 33
co mapJ(sciM) ( )

where a,,Jscim), and 1 represent conductors in parallel, current density, and efficiency, respectively.
Assuming all the airgap flux passes through the stator teeth, the useful slot area, A, and stator tooth
width, by, are respectively given as:

Ay, = nd2oapne(scim) (34)
4K rin
B T
__ Bg(scimyT(scimy
bes = 0.96Bes (35)

The fill factor and stator tooth flux density are as follows Kgi and By, respectively.
For stator slot sizing, the lower width, b, higher width, by, and slot height, hs, are given as:

by = ”(Din(SCIMA)I:Zhos"'ZhW — by, (36)
by, = \[4Asutaan b, (37)
S
245y
hg, = T (38)

The lower slot height, wedge height, slot effective area, and number of stator slots
are denoted as hos, hw, Aq, and N, respectively. If stator and rotor teeth give the same effects, the teeth saturation

factor (1 + Ky) is calculated as follows:
1+K, = 1t FmestFmer. (39)
Fmg
where Fni, For, and Fug represent stator tooth, rotor tooth, and airgap MMFs, respectively.

The end-ring current, I.r, and magnetization current, I,,, are respectively calculated as:

Ior = — 2o, (40)
Zsm(NL;)
_ ”pl(F/Z) (41)

L ?{/EW1KW1'
where I, Nr, and F are the rotor bar current, the number of rotor slots, and the magnetization MMF,
respectively.
For the rotor slot sizing, the rotor slot pitch, T, and tooth width, by, are respectively calculated as:
D; -2
T = 7( m(scnvxr g(SCIM))’ (42)
_ TrBg(scim
ber = 0.96Bt; (43)
The rotor tooth flux density is represented as By The rotor slot geometry is obtained by using the slot
area, Ay, equation given as follows:

Ay =2 (d} + dF) + L2, (44)

The diameters d; and d» are obtained simultaneously from

_ (Dre=2hor)—Nybtr _ _ LA
d, = — N and d, —d, = 2h,tan = (45)

The symbols Dor (SCIM), hy, her, and her stand for the rotor's outer diameter, rotor slot height, rotor back
core height, and lower rotor slot height, respectively.

IV.  Results And Discussion
The motor design parameters are shown in Table 1 and Table 2
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__Table 1.0: Motor Designl

[ —]

Stator Parameters Value Rotor Parameters Value
Slot Number 24 Rotor Bars 26
Housing Dia 255 | Bar Opening [T] 15
Stator Lam Dia 135 | Bar Opening Depth [T] 15
Stator Bore 135  |[Bar Tip Angle [T] 20
Tooth Width 2 Rotor Tooth Width [T] 4
Slot Depth 18 Bar Depth [T] 22
Slot Comer Radius 0 Bar Comer Radius [T] 133
Tooth Tip Depth 1 Airgap 03
Slot Opening 0.800045 | Banding Thickness 0
Tooth Tip Angle 30 Shaft Dia 30
Sleeve Thickness 0 Shaft Hole Diameter 05
Table 1.2: Motor Design2
Stator Parameters Value Rotor Parameters Value
Slot Number 28 Rotor Bars 26|
Stator Lam Dia 245 | Pole Number 4
Stator Bore 135 | Bar Opening [T] 15
Tooth Width 2 Bar Opening Depth [T] 15
Slot Depth 18 || Bar Tip Angle [T] 20
Slot Comer Radius 0 Rotor Tooth Width [T] 4
Tooth Tip Depth 1 Bar Depth [T] 2
Slot Opening 0.800045 || Bar Comer Radius [T] 133
Tooth Tip Angle 30 | Airgap 03
Sleeve Thickness 1] Banding Thickness 0
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Fig.1a: Efﬁciency/s;eed motor 1

Fig. 1b: Efficiency/speed motor 2
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V.  Discussion Of Results

Two motors were designed with the same parameters except the numbers of rotor and stator slots differ
as shown in Table 1.0 and Table 2.0. For motor 1, the rotor and stator slot numbers are28/36 while motor 2 has
24/26 respectively. The design and simulation were done using Motorcad version 2022. The performances of the
two motors were tested, and the results are shown in the figures above, figurela and 1b to figure 7.0. the two
motors have a reference speed of 1500rpm. Figures 1a and 1b are graphs of efficiency against speed, motor 2 has
an efficiency of 88.5% while motor 1 has an efficiency of 72.8%. Figures 2a and 2b are graphs of speed against
time, motor 1 has a better speed settling time of 0.15sec, whereas motor2 settling time is at 0.25sec. graphs of
torque against speed are shown in Figures 3a and 3b. motor1 has a higher starting torque of 68.5Nm while motorl
has a starting torque of 48.5Nm both at the speed of 100rpm. The graphs of currents against time are shown in
Figures 4a and 4b. motor] has a starting current of 30Amps and a settling time of 0.15sec while motor2 has a
starting current of 16Amps and a settling time of 0.225sec. Figures 5a and 5b are graphs of torque against time.
Motor1 has a starting torque of 68Nm at settling of 0.0025sec while motor2 has a starting torque of 48.5Nm at
settling time of 0.25sec. Figures 6a and 6b are the graphs of power against speed. Motorl has a capacity of
12,000W while motor2 has a capacity of 8,000W. Figures 7a and 7b are the graphs of flux lines of the design
motor showing the hot spot in terms of its density and potential. The motor's cost and manufacturability may be
affected by the number of slots. Specialized manufacturing methods may be needed for complex slot designs,
which would raise production costs. As a result, designers must balance manufacturing sustainability with
performance requirements. The number of slots can affect the motor's acceleration, speed regulation, and
beginning torque, among other operating properties. For transportation applications, smooth motor starting and
operation can be ensured through proper slot design.

VI.  Conclusion

The effect of rotor slot numbers on motor efficiency is complex. While additional slots can result in
stronger starting torque and lower torque ripple, they can also result in larger copper losses due to increased rotor
resistance. As a consequence of this, depending on the precise design and operating conditions, efficiency varies.
An incorrect stator slot count can cause magnetic saturation, resulting in increased iron losses and motor
overheating. The stator slot number can affect the motor's beginning performance, including starting torque and
current drawn during startup. A higher slot count can result in stronger starting qualities. Designing a motor for a
higher efficiency required a better selection of the motor’s parameters. Thus, this work is recommended to motor
manufacturers, system engineers, and production Engineers, especially those that require a higher efficiency and
better output. An induction motor's rotor and stator slot numbers are chosen for transportation-related reasons,
and this choice has a significant impact on the motor's efficiency, dependability, and manufacturability. These
elements can be optimally balanced by proper slot design to satisfy the unique needs of transportation networks,
guaranteeing dependable, streamlined operation.
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