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Abstract 

This paper aims to objectively calculate the 480-kW squirrel cage induction motor (SCIM) design for the electric multiple 
unit (EMU) trains. This is done by optimizing the stator slot and rotor slot design to get efficiency and power factor targets. The 
stator slot design is achieved by limiting the width and height of the stator slot pitch according to the specified range. A depth-
to-width ratio is used according to the range to optimize the design of the rotor bar slot. The design process of the induction 
motor consists of three steps: it determines the specification design target, calculates the specified parameters of the induction 
motor, and simulates the design to obtain the most optimal motor design using ANSYS Maxwell. The simulation performance 
values obtained an efficiency of 92.547 % and a power factor of 0.915. This value is obtained from the optimization of the rotor 
slot and has met the minimum requirements of efficiency and power factor in designing a SCIM. The design proposed in this 
paper can be developed and applied in the Indonesian domestic railway manufacturing industry. 

Copyright ©2023 National Research and Innovation Agency. This is an open access article under the CC BY-NC-SA license 
(https://creativecommons.org/licenses/by-nc-sa/4.0/). 

Keywords: squirrel cage induction motor; stator slot; rotor slot; motor efficiency; motor power factor. 

 
 

I. Introduction 

Railways with electric-powered trains use a 
distributed traction system known as electric 
multiple unit (EMU). EMU has several advantages, 
such as low energy consumption with the pollution-
free operation, good traction and braking 
performance, and operational reliability with optimal 

redundancy [1][2]. An induction motor (IM) is a type 
of motor that is reliable to be applied in EMU trains. 
This characteristic has made them the first choice of 
train designers and builders [3]. Most IM are chosen 
as electric vehicle engines because they are known 
for their sturdy construction, cheaper production 
costs, and ease of control [4]. In particular, the type of 
motor widely used for the train propulsion system is 
squirrel cage induction motor (SCIM). The advantage 
of SCIM is it has a smaller size and lighter weight 
than other types of motors, e.g. DC motor, wound 
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rotor induction motor (WRIM), and wound rotor 
synchronous motor (WRSM). In addition, SCIM has 
minimal ground disturbance for the traction motor 
due to the removal of brushes and commutator. The 
effect of removing the instrument is that it can save 
costs and reduce maintenance time [5]. 

Research on the optimization of IM design in 
electric-powered trains has grown rapidly. Among 
them is IM design optimization on stator slots, rotor 
slots, and rotor shafts with finite element analysis 
(FEM) analysis using MATLAB [6][7][8]. With the 
same tools MATLAB, IM optimization was done with 
air gap variations to get the best efficiency and power 
factor [9]. In other research, design optimization IM 
was done by selecting slot types and materials to 
achieve optimal motor efficiency and performance 
using different tools, namely ANSYS Maxwell 
[10][11]. Another method was introduced for motor 
optimization using the Taguchi and Fuzzy 
optimization method sequentially [12]. 

In Indonesian railways, an electric-based railway 
drive system has been implemented. The current 
EMU trains in Indonesia use traction motors with 
output power 100 kW and 180 kW [13][14]. Another 
type of electric train used in Indonesia is diesel 
electric multiple unit (DEMU) which uses a traction 
motor with 550 kW output power [15]. High speed 
train (HST) in the world, which has a speed of 250-
300 km/h, uses traction motor with specifications 
between 300-1200 kW [16][17][18]. In Indonesia, the 
Jakarta-Bandung high-speed train is currently being 
built with a maximum operating speed of 350 km/h 
which is fully managed by the Chinese government 
[19]. However, in Indonesia itself there is no research 
on HST designation IM that accommodates Indonesia 
HST specification, namely with a speed of 250-300 
km/h. 

Based on these findings, this research design and 
optimize a 480 kW SCIM to be applied as a traction 

motor of an EMU train. By optimizing the SCIM 
design, it can achieve maximum efficiency and power 
factor targets. The 480 kW SCIM is the first EMU-type 
induction motor for HST in the Indonesian domestic 
railway manufacturing industry. The design process 
for a SCIM through stator and rotor slot geometry 
optimization to get the best motor performance 
based on efficiency and power factor values with 
minimum targets that must be achieved. The 
formulated SCIM design was then validated using the 
ANSYS Maxwell. The simulation results of the 
proposed design have been proven to work on target. 

This paper is organized as follows. An explanation 
of the steps in optimizing the design of an induction 
motor with its mathematical calculations, along with 
the characteristics of the induction motor as a 
railway traction motor, is presented in Section II. 
Section III reviews the results of the design 
optimization method and is reported along with the 
electromagnetic-thermal analysis of the optimal 
solution. Finally, the conclusion and points for some 
future extensions are given in section IV. 

II. Materials and Methods 

A. Design stage 

IM design is a process of iteration to achieve the 
expected target. The optimization is completed by 
analytical or numerical solution techniques. The 
optimization method uses the initial design and 
constraints to solve the problem. In science, 
parametric solutions with limited steps or iterative 
methods converging to heuristic solutions or 
algorithms satisfying proximate solutions are used. 
However, several parameters are allowed to be 
optimized at the same time. To find the highest 
performance, this paper uses two optimization steps 
according to the complete design procedure [20], as 
shown in Figure 1. 

1. Design target setting: The traction motor is 
used to drive the EMU train. The design must 
achieve the appropriate performance, such as 
target torque, maximum power, and shaft 
speed range. 

2. Selection of motor type and size: The selected 
motor must have high efficiency and be easy to 
maintain. The size of the motor will affect the 
speed, torque, and power. A comparison of 
similar traction motors was conducted, then 
confirmed with the available space in the bogie 
of a high-speed EMU train. 

3. Mathematical modeling of the technical 
specifications of the traction motor: The 
derivation of the equation of the traction motor 
is used for calculations in obtaining the stator 
and rotor designs, which are the main 
components of the traction motor. When 
selecting the number of poles and slots of the 
traction motor, it is necessary to consider the 
rotational speed, harmonic slots in the air gap, 
and leakage inductance. Then the number of 
poles selected must be able to be implemented 
at the targeted speed and torque. In addition, a 
factor is used in determining the number of  

Figure 1. Research methodology flowchart 
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poles and slots in the traction motor, namely 
the dimensions motor. 

4. Optimization of the stator and the rotor 
topology: First, the volume size on the stator is 
calculated. Then, select and count the number 
of stator slots, the number of slot conductors, 
coils, and windings. The design of this stator 
includes the dimensions of the stator slot. 
Perform the calculation of the length of the air 
gap. Then, the diameter of the rotor, the 
number of rotor slots, and the dimensions of 
the shaft. This rotor design also includes the 
rotor slot sizes in the selected type. 

5. IM performance analysis: IM performance 
analysis to get an idea of the traction motor 
design performance. Motor performance 
assessment is taken from the efficiency and 
power factor generated when the traction 
motor is simulated. 

6. Design evaluation: Design evaluation is used to 
determine the feasibility of the traction motor 
technical specifications that have been 
prepared. 

B. Specification design target 

Based on performance requirements and field 
conditions, the general technical specifications of IM 
as a traction system can be seen in Table 1. The SCIM 
design specifications in Table 1 are sourced from 
similar research and input from expert traction 
motor engineers. Some of the factors considered in 
designing an IM are that the motor should have 
efficiency and power factor according to the 
requirements for a high starting torque. To achieve 
the performance, it is necessary to define the details 
of the induction motor design: the length of the 
stator, the diameter of the stator, the width of the air 
gap, the shape of the stator slot, and the rotor slot, 
and others [21][22]. This process can be seen in the 
research methodology in Figure 1. 

C. Mathematical modelling 

The IM calculation uses several stages of the 
equation [23][24]. Calculation of input from 
apparent power, as equation (1), 

𝑆 = ℎ.𝑝.𝑥 0.746
𝜂 cos𝜙

= 𝑃
𝜂 cos𝜙

 (1) 

where 𝑆 is apparent power in kVA, 𝑃 is active power 
in kW, 𝜂  is efficiency, and cos𝜙  is power factor. 
Synchronous rotation speed in rpm is calculated 
with equation (2), 

𝑛𝑚 = 2.60.𝑓
𝑝

 (2) 

where 𝑛𝑚 is synchronous rotation speed in rpm, 𝑓 is 
frequency in Hz, and 𝑝 is number of poles. Count 
rated torque, which is defined as equation (3) 

𝑇𝑠 = 5250 𝑥 𝑆
𝑛𝑚

 (3) 

Measuring the main dimensions of the motor, 
namely the diameter and length of the motor, using 
equation (4) 

𝐷2𝑙𝑎 =  𝑣𝑇𝑇𝑠 (4) 

where 𝐷  is stator inner diameter, 𝑙𝑎  is stacking 
length, 𝑣𝑇 is volume constant, and 𝑇𝑠 is rated torque. 

1) Stator topology 

Stator bore diameter is defined by equation (5) 

𝐷 =  𝐷𝑜−0.647
1.175+1.03/𝑝

 (5) 

where 𝐷  is stator inner diameter, 𝐷𝑜  is outside 
diameter, and 𝑝 is number of poles. Determining the 
number of stator slots through equation (6) 

𝑆1 = 𝑝 𝑥 𝑞 𝑥 𝑚 (6) 

where 𝑆1  is the number of stator slots, 𝑝  is the 
number of poles, 𝑞 is the number of pole/slot/phase, 
and 𝑚 is the number of phases. Measuring the stator 
slot pitch, that is the distance measured between the 
stator gear and the slot along the diameter of the 
stator hole. Stator slot pitch (𝜆1 ) is obtained through 
equation (7) 

𝜆1 =  𝜋𝐷
𝑆1

 (7) 

The stator slot width (bs1) obtained by the range of 
limitations of 𝜆1  using equation (8) 

0.5 𝜆1  ≤  bs1 ≤ 0.6𝜆1 (8) 

As for getting the stator slot depth (ds1) on the 
following stator slot width range using equation (9) 

2bs1 ≤  ds1 ≤  4bs1 (9) 

Based on Figure 2, the width of the stator slot 
consists of a conductor of coil side and slot liner. The 

Table 1. 
Design specifications of SCIM 
Parameter Type/Value 

Type SCIM 

Number of Phases 3 phases 

Number of Poles 4 poles 

Input voltage  2300 VAC 

Output capacity 480 kW 

Frequency 85 Hz 

Rotational speed 5600 rpm 

Cooling Forced ventilation 

Operating temperature 75 oC 
 

 
Figure 2. Stator slot design 
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coil side consists of two sides with a liner slot that 
functions as ground insulation on the stator slot 
component. While the height of the slot is composed 
of a conductor of coil side, coil separator, slot liner, 
and slot wedge. From Figure 2 to get the stator slot 
width ( bs1 ) and the stator slot depth ( ds1 ) in 
equation (8). 

2) Rotor topology 

To get the dimensions of the rotor, it begins by 
determining the number of rotor slots through 
equation (10) 

𝑆1 − 𝑆2 =  ±3𝑘𝑝           (𝑘 = 1, 2, 3, . . . ) (10) 

where 𝑆2 is the number of rotor slots. The air gap 
affects the magnetization of the required current. 
The distance of the air gap, obtained by 
equation (11) 

𝛿 = 0.2 + 2√𝐷𝐷 (11) 

where 𝛿  is air gap distance, 𝐷  is Stator inner 
diameter, and 𝐷  is the stator core length. Rotor 
diameter (𝐷𝑟) obtained using equation (12) 

𝐷𝑟 = 𝐷 − 2𝛿 (12) 

In Figure 3, in designing an IM, it is necessary to 
pay attention to the rotor width (br1, br2) and the 
rotor depth (dr1, dr2). The rotor slot in Figure 3 is 
designed with the rotor slot open with the width of 
the rotor bar (br2) that must fit to avoid excessive 
rotor leakage reactance. Designing the rotor slots 
must be precise so that the cross-sectional area of 
the rotor rod meets the tolerable current density. 
The current density of the rotor rod is affected by the 
height of the rotor bar slot (dr1, dr2). Determine the 
height and width of the rotor slots by using a depth-
to-width ratio (rdw) with a range of 3 ≤ 𝑟𝑟𝑟 ≤ 6 
through equation (13) and equation (14) 

br1 = � 𝑠𝑏
𝑟𝑟𝑟

�
1/2

 (13) 

dr1 − dr2 = (𝑟𝑟𝑟𝑟𝑏)1/2 (14) 

where br1  is the rotor bar width, dr1 − dr2 is the 
rotor bar depth, 𝑟𝑟𝑟 is the depth-to-width ratio and 
𝑟𝑏 is the cross-section area of the rotor bar. 

D. Induction motor characteristics 

The performance of IM is usually measured on 
torque and output power. The graph is divided into 
three parts: when the torque is constant, the power 
is constant, and the slip is limited, as shown in 
Figure 4. When the torque region is constant, the 
voltage-frequency ratio (V/f) is constant; it causes 
the engine output power to increase linearly 
proportional to the increase in supply power. When 
the supply frequency continues to increase, it results 
in a constant motor current. At the same time, the 
air gap flux decreases; this condition occurs when 
the power area is constant. When the slip area is 
limited, when the engine is operating, it will 
maximize the torque output and reduce the motor's 
outgoing power. The acceleration of the traction 
system ability on the incline and maximum speed is 
characteristic of the torque and power of the 
induction motor [24][25]. 

 
Figure 3. Rotor slot design 

 
Figure 4. Induction motor performance characteristics 
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As an electric traction system, the induction 
motor must meet the following requirements: 
starting and rising at low speed, it should have high 
torque, while at high speed in the cruising area, it 
should have high power; fast torque response with 
high efficiency when the speed and torque range is 
wide; reliable and resistant in various operating 
conditions of the train and when regenerative 
braking has high efficiency [26][27]. 

The characteristics of IM performance measured 
by ANSYS Maxwell are power factor, efficiency, and 
developed torque. The input power factor is 
equation (15) 

𝑃𝑃 =  cos(∠ ⩂1−  ∠Ṽ1) (15) 

PF is the power factor, ∠ ⩂1 is phase voltage angle, 
and ∠Ṽ1 is phase current angle. The efficiency is the 
percentage ratio of output and input power using 
equation (16) 

𝜂 =  𝑃𝑜
𝑃𝑖

 𝑥 100% (16) 

𝜂  is efficiency, 𝑃𝑜  is output power, and 𝑃𝑖  is input 
power. Developed torque is obtained by dividing 
developed power by shaft speed using equation (17) 

𝑇𝑟 =  𝑃𝑑
𝜔𝑚

 (17) 

𝑇𝑟 is developed torque, 𝑃𝑟 is developed power, and 
𝜔𝑚 is shaft speed. 

Requirements on the design of the 480-kW SCIM: 
• η ≥ 90 % 
• PF ≥ 0.85 
• Pout = 480 kW 

III. Results and Discussions 

A. Initial design 

The design specifications of the SCIM in Table 1 
are then simulated and validated. This motor is given 
a dimension limitation of 500 mm. The minimum 
requirement for the motor is an efficiency value of 
90 % with a minimum power factor of 0.85. Then the 
motor is modeled using the derivation results of 
equation (1) until equation (17). So that from the 
results of the mathematical modeling above, we get 
the geometric dimensions of the stator slots and 
rotor slots. 

Figure 5 is a description of the cross-sectional 
geometry type of the stator slots, where in ANSYS 
RMxprt module is referred to type 6. This model is 
used because it makes it easier in production or 
manufacturing. In the stator slot optimization test, 

the variables that must be considered are Hs0, Hs1, 
Hs2 as the height of the stator slot. The stator slot 
widths are Bs1 and Bs2. Table 2 being the stator slot 
design specification to be verified and validated is 
obtained from equation (8) and equation (9). The 
dimensions of the stator slots in Table 2 are obtained 
from the calculation of the parts of the slot stators, 
which can be seen in Figure 2. 

Furthermore, in the motor design, the cross-
sectional geometry type of the rotor slot from type 4 
in ANSYS RMxprt is shown in Figure 6. In the rotor 
slot, the height of the rotor is divided into three 
parts, namely Hr0, Hr1, and Hr2. As for the width of 
the rotor, it consists of Br0, Br1, and Br2. In detail, 
the dimensions of each variable can be seen in 
Table 3. Detailed dimensions of the rotor slot are 
obtained from equation (13) and equation (14). 

Based on the SCIM design specification data 
shown in Table 1, the dimensions of the stator slot in 
Table 2 and the rotor slots in Table 3, simulations 
were carried out using ANSYS Maxwell. This 
simulation is used to obtain SCIM performance 
values at the initial design. The result indicates that 
to get an output power of 480 kW; the required 
input power is 519.78 kW. Then, the efficiency value 
is obtained 92.35 %, PF of 0.90, and mechanical shaft 
torque of 1807.44 Nm. 

Table 2. 
Stator slot dimension 

Name Value Unit 

Hs0 0.4 mm 

Hs1 3.2 mm 

Hs2 40 mm 

Bs1 16 mm 

Bs2 13 mm 

 
Table 3. 
Rotor slot dimension 
Name Value Unit 

Hr0 3 mm 

Hr1 0 mm 

Hr2 43 mm 

Br0 4 mm 

Br1 7 mm 

Br2 7 mm 

Air gap 1 mm 

 

 

Figure 6. Rotor slot geometry type 

 
Figure 5. Stator slot geometry type 
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B. Optimize stator slot and rotor slot 

The iteration to obtain the best IM performance 
was carried out by changing the design of the stator 
slot: the size of the depth and width of the stator slot 
(Hs2 and Bs2), as shown in Figure 5. The Hs2 and Bs2 
values are obtained from the range of the stator slot 
width values (Bs1) function given by equation (8). 
The value of Bs2 is changed to be the same as Bs1. 
Design optimization of stator slot width (Bs2) is in 
the range of 0.5𝜆1 , 0.55𝜆1 , 0.6𝜆1  acccording equation 
(8). Then, the stator slot depth range (ds1) is about 
the depth of Hs2 obtained from the overall stator 
slot height size minus the stator wedge slot size. The 
stator wedge slot is 3.615 mm. Iteration of the motor 
stator slot design to get the best motor performance 
in the motor depth range (Hs2), equation (9) with 
range 2Bs1, 3Bs1, and 4Bs1. The simulations were 
carried out without changing the rotor slot design 
shown in Table 3. The simulations results in motor 
performance characteristics that can be seen in 
Table 4. 

From Table 4, changes in the dimensions of the 
stator slots (Hs2 and Bs2) affect the efficiency and 
power factor. With an Hs2 value of 24 mm and a Bs2 
of 13 mm, the smallest efficiency value is 87.143 %, 
but the PF value is 0.913. On the other hand, the 
largest Hs2 value is 49 mm, with a Bs2 of 13 mm. 
The highest efficiency value is 92.477 %, with the 
lowest PF is 0.884. 

Then, the Rotor slot design optimization is done 
to get the best induction motor performance. The 
variables that affect the rotor design are the width 
and height of the rotor. The induction motor rotor 
slot has a bar depth-to-width ratio (rdw) ratio in 3 
rdw ≤ 6. An optimization test to get the rotor bar 
height value is obtained by multiplying the rdw 
variable per one level, which is 3, 4, 5, and 6. 
Meanwhile, the rotor width is obtained by dividing 
rdw by the rotor bar area. The rdw value used has 
the same variables, namely 3, 4, 5, and 6. The 
optimization of the rotor slot using the stator slot 

design is in Table 2. The simulation results of the 
design optimized rotor slot can be seen in Table 5. 

From Table 5, for the rotor slot design, the 
optimum design was obtained by setting the motor's 
efficiency target to above 90 % and PF 0.85. The 
highest efficiency value is 92.547 %, with a PF value 
is 0.915. Changes in Hr2, Br0, and Br2 resulted in an 
efficiency greater than 92 %. Shaft torque is rated at 
±1804-1806 Nm with a minimum PF in the range of 
0.89 to 0.91. The optimized design has reached the 
minimum required target from this rotor slot 
simulation. 

C. Performance characteristics analysis 

Table 6 contains a comparison of motor 
performance values resulting from the optimization 
of rotor slots and stator slots. The dimensions of the 
stator slot and rotor slot in the initial design and S6 
resulted in efficiency values of 92.353 % and 
92.712 %, with a PF of less than 0.9. Meanwhile, 
during the optimization of stator slots and rotor slots 
in S2, the lowest efficiency value was 87,143 %, with 
a fairly high PF of 0.913. The most optimal geometric 
dimensions of stator and rotor slots were obtained at 
R6 with an efficiency value of 92.547 %, PF 0.915, 
and the lowest rated slip of 0.005. This rated slip 
value is close to zero, which means that the 
mechanical rotational speed will approach the 
synchronous speed in this operation. The simulation 
uses the ANSYS Maxwell analytical tool to obtain the 
characteristics of the IM. 

Figure 7 shows the visualization of the magnetic 
flux density and Figure 8 shows flux lines from the 
most optimal SCIM design (R6). Magnetic flux is 
defined as the number of magnetic force lines 
passing through a surface. Figure 7 shows that at a 
speed of 2539.2 rpm and a rotor position of 83.52 
degrees, the largest magnetic flux density value is 
2.4286 Tesla. Based on Figure 7 and Figure 8, it can 
be compared that when the lines of magnetic force 
increase, the value of the magnetic flux density also 
increases. The magnetic flux in an induction motor is 

Table 4. 
Optimize stator slot geometry 

No Hs2 Bs2 Shaft torque (Nm) η (%) PF 

S1 21 13 1809.50 87.211 0.915 

S2 24 13 1808.01 87.143 0.913 

S3 33 13 1808.21 91.421 0.904 

S4 35 13 1806.76 91.805 0.902 

S5 40 13 1807.44 92.353 0.898 

S6 44 13 1806.64 92.712 0.895 

S7 49 13 1808.79 92.477 0.884 

 

Table 5. 
Optimize rotor slot geometry 

No Hr2 Br0 Br1 = Br2 Shaft torque (Nm) η (%) PF 

R1 35 5 8 1807.87 92.408 0.912 

R2 35 5 9 1806.27 92.475 0.915 

R3 35 5 10 1803.97 92.527 0.917 

R4 39 5 8 1806.29 92.432 0.908 

R5 39 5 9 1806.72 92.497 0.912 

R6 39 5 10 1805.38 92.547 0.915 
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generated from the current flowing in the stator coil. 
The magnitude of the current that varies at any time 
on each phase in the stator coil produces a different 
magnetic flux, as seen in Figure 7. There are areas 
with different colors. With the magnetic flux in the 
stator coil, a current will be induced in the rotor, as 
shown in the magnetic flux line in Figure 8. As a 
result of the current in the rotor and the magnetic 
field in the stator, it can rotate the rotor. 

Figure 9 shows the value of the magnetic flux 
density in the air gap between the stator and rotor 
sections. The magnetic flux density at the ends of the 
stator and rotor can reach a value of 2.4286 Tesla, 
which is the largest value. This can be due to the 
largest magnetic field induction found in that part. In 
the air gap section, there is also a magnetic flux 
value because that section is also passed by 
magnetic field lines. 

Table 6. 
Simulation of SCIM 

Parameters Initial design S2 S6 R6 

Stator slot geometry 
Hs0 (mm) 0.4 0.4 0.4 0.4 

Hs1 (mm) 3.2 3.2 3.2 3.2 

Hs2 (mm) 40 24 44 40 

Bs1 (mm) 16 16 16 16 

Bs2 (mm) 13 13 13 13 

Rotor slot geometry 
Hr0 (mm) 3 3 3 3 

Hr1 (mm) 0 0 0 0 

Hr2 (mm) 43 43 43 39 

Br0 (mm) 4 4 4 4 

Bs1 (mm) 7 7 7 7 

Bs2 (mm) 7 7 7 7 

Performance 
Input power (kW) 519.78 550.68 518.124 518.72 

Output power (kW) 480.03 479.88 480.363 480.058 

Mechanical shaft torque (Nm) 1807.44 1808.01 1808.64 1805.38 

Efficiency (%) 92.353 87.143 92.712 92.547 

Power factor 0.899 0.913 0.895 0.915 

Rated slip 0.006 0.007 0.006 0.005 

Rated shaft speed (rpm) 2536.17 2534.57 2536.22 2539.2 

 

 
Figure 7. Magnetic flux density of the IM design 
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Figure 10 shows the graph of the flux linkage on 
the stator coil of an SCIM R6 in Table 6. Flux linkage 
is defined as the value of the magnetic flux through a 
coil. The graph shows an average linkage flux value 
of ±3.20 Wb. In addition, it can be observed that 
there is a shift in the phase angle due to the 
difference in the phase angle of the current flowing 
in the stator coil in the form of a 3-phase electric 
current. 

Figure 11 shows the graph of core loss on an 
SCIM R6. Core loss is defined as losses in iron which 
is the total of Eddy current losses, hysteresis losses, 
and additional/excess losses. Based on the graph in 
Figure 5, it can be observed that at the beginning of 

the rotation, the core loss value is high, and it 
decreases when it reaches a steady state. 

Figure 12 shows the graph of the losses in the 
SCIM R6 design such as the core loss is losses in iron, 
the solid loss is electrical losses for “solid” or “single””  
type conductors, the stranded loss is ohmic or 
resistance losses of “stranded” type conductors for a 
3-phase machine, and mechanical loss in the 
simulation is losses in the shaft of the motor. In 
Figure 12, it can be observed that the value of the 
losses fluctuates at the beginning of the motor 
rotation and decreases when it reaches a steady 
state. 

 

Figure 8. Magnetic flux lines of the IM design 

 
Figure 9. Air gap flux density of the IM design 
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Figure 13 shows the average loss value of the 
SCIM R6 design. The average total motor losses value 
is 16.8167 kW. The average total loss value is the 
sum of the average core loss, solid loss, stranded loss, 
and mechanical loss, as shown in Table 7. Basically, 
the calculation of the core loss depends on the 
particular steel type and the sheet thickness. The 
solid loss depends on the distribution of the eddy 
current density and stranded loss depends on the 
resistances of the coils that influence of coil wire 
length and wire cross-section.The performance 
characteristics of the torque-speed motor is shown 

in Figure 14. When the speed is low, between 115 to 
±2500 rpm, which indicates a constant torque region, 
the torque is in a high and constant condition of 

 
Figure 10. Flux linkages of the IM design 

 

Figure 11. Core loss of the IM design 

 
Figure 12. Losses of the IM design 

Table 7. 
Motor induction losses 

No Losses Value (kW) 

1 Average core loss 3.3913 

2 Average solid loss 2.0772 

3 Average mechanical loss 0 

4 Average stranded loss 11.3482 

 Average total losses 16.8167 
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±1800 Nm. Then, it decreases when the speed is 
above 2500 rpm. In Figure 15, the power-speed 
performance shows three states. When the speed is 
115 to ±2500 rpm, the power increases from 21 to 
480 kW. When the power increases from 2500 rpm 
to 4100 rpm, the power states at a constant value 

480 kW at constant power region. Then, the 
rotational speed is above 4929 rpm; the power 
shows a downward trend representing slip limited 
region. 

Besides that, ANSYS Maxwell produces a flat 
cross-sectional shape from SCIM which can be seen 

 
Figure 13. Average losses of the IM design 

 
Figure 14. Torque-speed characteristics of the optimal IM design 

 

Figure 15. Power-speed characteristics of the optimal IM design 
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in Figure 16. The figure shows the core part of SCIM 
consists of stator cores and rotor cores. A 
comprehensive 3D model of the SCIM has been 
created too, which can be seen in Figure 17. The 
simulation shows a visualization of the dimensions 
of the stator, rotor, winding stator, rotor bar, and 
shaft parts. 

IV. Conclusion 

In this research, we have shown that the In this 
paper, the SCIM design has been conducted by 
optimizing the stator slot and rotor slot design to get 
efficiency and power factor targets. The motor with 
specifications: 3-phase, 4-pole, 480 kW output 
power, 2300 VAC input voltage operated at a 
frequency of 85 Hz. This design has been simulated 
using ANSYS Maxwell. The stator-rotor slot design is 
optimized by changing the stator-rotor slot size 
based on each parameter's range limit. From the 
simulation, it is found that optimization on the rotor 
slot affects the efficiency of the motor to be better 
than optimization on the stator slot. The best SCIM 
performance value obtained is a size geometry slot 
stator Hs0 of 0.4 mm, Hs1 of 3.2 mm, Hs2 of 40 mm, 
Bs1 of 16 mm, and Bs2 of 13 mm. The geometry size 
of the rotor slot is Hr0 of 3 mm, Hr1 of 0 mm, Hr2 of 
39 mm, Br0 of 5 mm, Br1 of 10 mm, and Br2 of 
10mm. From the size of the stator slot and the rotor 
slot dimensions, the obtained efficiency is 92.547 % 
with a power factor of 0.915, a rated shaft speed of 
2536.17 rpm, and a rated slip of 0.005. The data 
shows the highest efficiency value, the optimal 

power factor value, with the smallest slip rated value. 
From the optimization to get the best SCIM design 
performance, the minimum losses are obtained and 
produce the optimal dimension of SCIM. Hopefully, 
the result from this study can be developed and 
applied in the Indonesian domestic railway 
manufacturing industry, especially for EMU trains. 
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