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I. INTRODUCTION

Induction motors (IM), particularly squirrel cage induction motors, are widely used in various 
sectors, including domestic, commercial, and industrial applications, due to their versatility 
and reliability. The squirrel cage rotor construction is favored for its simplicity, robustness, and 
low cost, which contribute to its widespread adoption across industries. The design’s durabil-
ity ensures minimal maintenance, while its cost-effectiveness makes it accessible for various 
applications, from household appliances to heavy-duty industrial machinery. Moreover, high-
efficiency motors have become increasingly important in modern applications, as they reduce 
energy consumption and minimize environmental impact by requiring fewer raw materials 
during manufacturing. This focus on energy efficiency aligns with global sustainability goals, 
driving industries to adopt more eco-friendly solutions. To ensure these motors meet the 
required standards for industrial use, performance tests, and efficiency classifications are regu-
lated by established standards [1]. These standards provide guidelines for evaluating critical 
performance parameters, including load capacity, starting torque, temperature rise, and volt-
age range, ensuring that motors operate reliably and efficiently under varying conditions [2-5].

The design of electrical machines is a complex process that draws upon knowledge from various 
scientific fields. These include fundamental principles of physics, in-depth studies of electromag-
netism, and an understanding of thermal dynamics, mechanical engineering, and even acoustics. 
Each of these fields plays a crucial role in the overall design process, influencing the machine’s 
performance, efficiency, and reliability [6-8]. For instance, physics provides the foundation for 
understanding energy conversion processes, while electromagnetism governs the operation of 

WHAT IS ALREADY KNOWN ON THIS 
TOPIC?

• The volume of induction motor 
components directly impacts material 
usage and cost.

• The ratio of motor stack length to stator 
outer diameter significantly affects motor 
efficiency and performance.

• Optimization techniques are widely 
utilized for improving motor designs to 
balance performance and material usage.

WHAT THIS STUDY ADDS ON THIS 
TOPIC?

• This study demonstrates how varying the 
stator outer diameter and stack length at a 
constant steel sheet volume influences the 
efficiency and mechanical power of three-
phase induction motors.

• By employing surrogate optimization 
(SO) and advanced simulation tools, 
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the motor’s magnetic fields and interactions [9]. Thermal studies are essential for managing heat 
dissipation, ensuring that the machine operates within safe temperature ranges, and prevent-
ing damage due to overheating [10]. Mechanical aspects are critical for the structural integrity 
and durability of the motor, particularly in high-stress industrial environments [11]. Acoustics, 
although sometimes overlooked, is important for minimizing noise levels, which is a key consid-
eration in environments where noise pollution is a concern.

Designing an induction machine, in particular, is a highly intricate and multivariate problem 
because it requires the integration of these diverse fields. Engineers must account for numer-
ous factors, balancing competing priorities and adhering to strict physical constraints [12, 13]. 
This involves performing complex statistical calculations to optimize the machine’s performance 
while meeting requirements such as efficiency, durability, and cost-effectiveness. Moreover, the 
design process is iterative, often requiring multiple rounds of simulation, testing, and refine-
ment to achieve the desired outcome [14]. The result is a carefully engineered product that 
meets the specific demands of its intended application while adhering to industry standards and 
regulations.

Developments and demands in automotive technology have created the need for producing 
more efficient electric or hybrid vehicles. Induction or permanent magnet motors are largely 
used in commercially produced electric vehicles [15, 16]. While an electric vehicle must operate 
with constant torque to climb and take off on a slope, constant power must be produced at dif-
ferent speeds while the vehicle is in motion. A study is carried out to increase the constant power 
region over a wider range [17]. The effects of leakage and magnetization inductance in the con-
stant power region are investigated [18].

The dimensions of the stator slot, rotor slot, and core parts have a great influence on the perfor-
mance of the IM [19-21]. It is observed that the efficiency and power factor of the IM increased 
with the increasing the core axial length [22-24]. The stator slot is effective in increasing motor 
efficiency and reducing the harmonic losses in the stator [25]. It is seen that the torque value of 
the motor increased by optimizing the physical parameters of the rotor housing [26, 27]. It has 
been suggested that the rod winding heats less and achieves higher efficiency than the knitted 
winding [28].

In this study, the ratio between the stator outer diameter and the motor length is changed by 
keeping the volume of the motor stack package constant, and the effect of this ratio on the 
motor performance is investigated. The stator outer diameter value was calculated using the 
Surrogate optimization algorithm to maximize the efficiency value of the motor. While the stator 
outer diameter value has been increased, the motor length has been reduced in a quadratic ratio. 
On the other hand, other physical parameters of the motor are kept constant. The effect of this 
change on motor performance is investigated.

II. DESIGN OF THREE-PHASE INDUCTION MOTOR

This title explains the calculation of the physical parameters of a 1.1 kW induction motor and its 
analysis. The power value of the motor to be designed is determined as 1.1 kW, and the physical 
parameters of the motor are calculated analytically. The frequency of the stator and the number 
of dipoles, which are other important parameters for the motor, are determined as 4 and 50 Hz, 
respectively.

A. The Calculation of Induction Motor Physical Parameters

1) The Stator Parameters
While calculating the basic stator parameters, the Sgap value is calculated first. A few parameters 
must be determined beforehand to calculate other physical parameters for the induction motor. 
Efficiency (η) and power factor (cosϕ) are required to be 80% and 0.83, respectively. Considering 
these values, when the air gap power (Sgap) is calculated as in (1), the Sgap value is obtained as 
1656.6 VA.

S
P

gap �
� �. cos

 (1)

a comprehensive analysis of motor 
performance is provided for a 1.1 kW 
motor design.

• The findings highlight the critical role 
of the Kd ratio in optimizing motor 
performance, offering a new perspective 
for efficient motor design in low-power 
applications.
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Where P expresses the mechanical power of the motor. The ratio of 
the stator length to the stator spring of each pole is called the stack 
aspect ratio (λ). It is seen that the stack aspect ratio is in the range 
of 0.5–2.5 [29-31]. Therefore, it is selected that λ is 1.2. Fig. 1 shows 
Esson’s constant versus air gap power. Esson’s constant, the volume 
utilization factor, is obtained as 135 j/dm3 from the graph in Fig. 1.

All necessary parameters are obtained to calculate the stator bore 
diameter (Dis) with the equivalence in (2). So, Dis is 80.5 mm.

D
p p

f
S
C
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gap�

2

0� �.
. .  (2)

The Dis and lambda, the ratio of the rotor stack length to the arc 
length of each pole, are known. So, the stator stack length is 75.8 
mm. The pole arc length (τ) is obtained by dividing the stator 
bore circle length by the number of poles. Thus, τ is calculated as 
63.2 mm.

The number of stator slots (m.q) for each pole can be 6 or 9, where 
m expresses the number of phases. In this study, q is 3. A larger q 
value generally affects motor performance positively and causes a 
decrease in harmonics and losses [32]. The stator slot’s arc length 
(τs) is obtained by dividing each phase’s stator pole arc length by 
the number of stator slots. Thus, the arc length for the stator slot 
is obtained as 7 mm. For motors below 100 kW, it is seen that the 
ratio of the stator’s inner diameter (Dis) to the outer diameter (Dos) 
is approximately 0.6 [33-35]. Considering the literature, this ratio is 
0.53. Note that Dos is obtained by dividing the Dis value by the said 
ratio, so Dos is 150.05 mm. Another important parameter in motor 
performance is the air gap (g) value between the stator and rotor. The 
second equivalence in (3) is used for the calculation of g as 2p is 4. 
Note that g is calculated at approximately 0.3 mm. If this value is too 
large, it negatively affects motor efficiency and power factor, while it 
positively affects air gap field harmonics and additional losses.
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2) The Calculation of Stator Winding and Stator/Rotor Slot
In induction motors, stator winding design is made to distribute to 
the slots the coils of the phases and to determine the current direc-
tions of the coils in the slots. For this reason, parameters such as the 
number of turns and slots must be calculated. The stator slots rep-
resent the parts where the coils will be wound. Therefore, the total 
number of stator slots is obtained by multiplying the number of sta-
tor slots (m.q) for each pole and the total number of poles. The total 
number of stator slots is 36. Regarding the winding of the coils in 
these slots, the stator winding coefficient (kw) is 0.90.

Flux density in the air (Bg) is one of the important parameters for 
electrical machines. For this value, 0.7 T is considered the initial 
value. However, in the following sections, Bg is calculated according 
to the number of turns. Fig. 2 shows form factor kf and flux density 
shape factor αi versus teeth saturation.

The tooth saturation coefficient (Ksd) is selected as 0.4, and the polar 
spread coefficient (αi) and form factor (kf) corresponding to the Ksd 
value from Fig. 2 are obtained at 0.729 and 1.085, respectively. The 
polar flux (ϕ) is calculated by (4) and is 2.4 mWb.

� � �� i gL B. . .  (4)

The number of turns (W) for each phase is calculated by (5) and is 
556.14 turns/phase. The number of conductors per slot, ns, is calcu-
lated by dividing W by the product of the number of pole pairs and 
q.ns is 92.69 turns/slot. That value must be an even number as there 
are two different coils per slot in a couple of layer winding; ns is taken 
92. When W and Bg are calculated according to the new ns value, they 
are obtained as 552 and 0.705 T, respectively.
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 (5)

Note that the stator nominal current (In) is calculated by dividing the 
mechanical power value by the nominal voltage value, efficiency, 
and power factor values. It is obtained that In is 3.60 A. If high effi-
ciency is desired at the power mentioned above and speed level, 

Fig. 1. Esson’s C0 constant versus Sgap (air gap apparent power).
Fig. 2. Form factor kf and flux density shape factor αi versus teeth 
saturation [11].
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the winding losses dominate the wire’s current density (J). Therefore, 
the J value is 4 A/mm2. The magnetic wire cross-section (Awire) is cal-
culated as 0.900 mm2 by dividing the nominal current value by the 
current density. Since the cross-sectional area of the wire is known, 
the wire diameter (Dwire) is easily calculated. Thus, the wire diameter 
is found to be 1.02 mm.

There are two separate windings in the slot. The occupancy coeffi-
cient (kfill) is 0.35–0.4 for motors below 10 kW for each phase, while it 
is taken between 0.4–0.44 for motors above 10 kW. It is chosen to be 
0.4. The area of each stator slot (Aslot) is calculated in (6) and found to 
be 199.38 mm2.

A
d a n

k
slot

wire s

fill
�
�. . .

.

2

4
 (6)

The number of parallel branches (a) is 1, and some stator slot param-
eters Bs0 and Hs0 are chosen as 1 and 1 mm, respectively.

The constant, which is the expression of the influence of lamination 
insulation thickness for 0.5 mm thick lamination (kfe), is 0.96, and 
rotor tooth flux density (Br) is 1.55 T. The stator slot’s tooth width (bs) 
is calculated as 3.22 mm (7). Note that the sum of Bs1 and bs of the 
stator equals one thirty-sixth of the arc of the circle passing through 
Bs1 in Fig. 3. Bs1 is calculated as 4.39 mm considering that.

b
B
k B

x
g x

fe x
�

.
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 (7)

Two separate equations containing Hs2 and Bs2 can be written. These 
are equations of the stator slot area and the arc length of the circle 
passing through Bs2. These two equations are solved, and Bs2 and 
Hs2 are obtained as 8.88 mm and 24.24 mm, respectively. The current 
(Ibar) passing through the short-circuit bars of the rotor is calculated 
as 337.45 A using (8).

I
k m k W I

N
bar

i r n

r
=

. . . . .2
 (8)

The ratio of stator mmf to rotor mmf (ki) and the occupancy coef-
ficient of the rotor (kr) are 0.864 and 0.901, respectively. Nr expresses 
the number of rotor slots. Since the rotor short-circuit bar is made of 
aluminum, its current density (Jr) is less than that of copper wire. Jr 
is 3.42 A/mm2. The rotor slot area is 96.67 mm2 by dividing Ibar by Jr. 
By proportioning the rotor outer arc length to the number of poles, 
the pole arc length (τr) for each phase is obtained as 9 mm. The rotor 
pole flux density coefficient (Br) is 1.60 T. The rotor slot’s tooth width 
(br) value is 4.11 mm in (7). Some rotor slot parameters Bs0, Hs0, and 
Hs01 are chosen as 1, 1, and 0.1 mm considering the parameters in 
Fig. 3, respectively. Note that the sum of Bs1 and br of the rotor equals 
one twenty-eighth of the arc of the circle passing through Bs1 of the 
rotor. Bs1 is calculated as 4.16 mm. Considering the rotor slot area 
equations and the arc length of the circle passing through Bs2 on the 
rotor, Bs2, and Hs2 are obtained as 0.1 and 18.52 mm, respectively.

3) Optimisation of Stator Out Diameter
Optimization is a series of statistical mathematical calculations that 
allow finding the best input parameter to maximize or minimize the 
output of a system. In the study, the surrogate optimization tech-
nique is used to find the best stator outer diameter parameter that 
will maximize motor efficiency [36-37]. The mentioned technique 
tries to minimize the system output. Therefore, motor losses are 
determined as the output of the system. The method is terminated 
after 200 iterations. Table I gives the Dos, L, and Kd values obtained by 
the optimization technique.

where Kd represents the ratio of the stator’s inner diameter to its 
outer diameter. While increasing Dos, the L decreases in a quadratic 
ratio. As a result, the volume of the motor stack package is not 
changed.

III. RESULTS AND DISCUSSION

The analyses are made by keeping the volume of the motor stack 
constant. Table 1 presents the operation conditions of IM for each 
Dos obtained by SO. This algorithm tries to minimize the output of 
the plant. Therefore, as shown in Fig. 4, SO converges its output to 
the minimum by making multiple attempts for the system input. 
Fig. 4 gives the convergence curve of the Surrogate optimization 
algorithm for total loss minimization. All parameters in the analy-
sis are constant except those corresponding to Dos. It is seen that 
decreased L and Kd values occur due to increased Dos.

With the increase of Dos value, the L is shortened. Thus, the stator’s 
inner surface area is reduced. Fig. 5 shows the stator phase current 
versus speed and Dos value. This event means that the flux path 
decreases. Therefore, it is observed in Fig. 5 that as the stator’s inner 
surface area decreases, the motor’s starting current increases. When 
the Dos value increases by 100% from 150 to 300 mm, the motor’s 
starting current increases by 140% from 1.457 to 3.503 A.

Fig. 3. Physical parameters of the stator/rotor slot.
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In electric motors, current and loss values are directly proportional. 
Fig. 6 shows the total loss versus motor speed and Dos value. For this 
reason, it is seen in Fig. 6 that the increase in the starting current 
causes an increase in the stator copper losses, and the decrease in 
the flux path causes an increase in iron losses. When the Dos value 
increases by 100% from 150 to 300 mm, the motor’s total loss 
increases by 212% from 278.80 to 870.43 W.

As L decreases, the wire path gets shorter, and the stator stack 
surface area increases. As the wire path is shortened, stator cop-
per losses are reduced. When the L value decreases by 74% from 
73.563 to 18.97 mm, the motor’s efficiency increases by 5.39% from 
76.2 to 80.3%. Afterward, as the Dos increases, the motor efficiency 
decreases. Fig. 7 shows each operating condition’s motor efficiency 
value versus speed. Considering that the motor stack package is of 
constant weight for all operating conditions, it can be said that the 
cases are approximately the same in terms of motor cost. Therefore, 
the state with the highest efficiency can be selected.

Fig. 8 shows the highest efficiency value of the motor at each oper-
ating condition corresponding to Dos obtained by SO. The most 

TABLE I. STATOR OUTER DIAMETER, LENGTH, AND KD

State Dos (mm) L (mm) Kd

1 152.343 73.563 0.483

2 153.515 72.444 0.472

3 154.687 71.350 0.461

— — — —

99 247.207 27.938 0.113

— — — —

198 297.656 19.270 0.065

199 298.828 19.120 0.064

200 300.000 18.970 0.063

Fig. 4. Convergence curve of the surrogate optimization algorithm 
for total loss minimization.

Fig. 5. Stator phase current versus speed and Dos value.

Fig. 6. Total loss versus speed and Dos value.

Fig. 7. Efficiency versus speed and Dos value.
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efficient case found by SO for this study is the one where the motor 
efficiency is 80.3% and Kd is 0.113.

IV. CONCLUSION

This study investigates the effects of asynchronous motor stator 
outer diameter and motor length on motor performance. The results 
show that the stator outer diameter value decreases as the Kd value 
increases. For this reason, the stator back iron height value has been 
increased, and the magnetic flux density value in these parts has 
been decreased.

As the motor length is reduced with the increase of the stator outer 
diameter value, there is no noticeable change in the motor weight. 
Considering that information, it is obvious that there is no serious 
change in motor cost since the stack pack volume of the motor is 
constant.

The study shows that the motor efficiency can be increased by 5.63% 
even if the motor cost does not change. Therefore, for all operation 
conditions, it is observed that the highest efficiency is obtained 
when the ratio of stator outer diameter to motor length is 8.85.

Optimization of the motor’s physical parameters will be analyzed in 
more detail in future research to increase the energy efficiency and 
performance of the motor. In particular, the effect of these param-
eters under different load profiles and operating conditions will be 
investigated.
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