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Abstrak 
Desain yang optimal dari motor induksi besar adalah proses yang melibatkan keterampilan listrik 

dan mekanik serta keterampilan tentang dinamika termal dan fluida. Di dalam perkembangan terakhir 
tentang teknik perancangan mesin, seorang perancang tidak dapat mengandalkan metode analisis 
standar. Dalam simulasi multiphysics yang dilakukan berdasarkan metode elemen hingga dengan kopling 
lemah, nilai batas rotasi pada antarmuka diantara celah udara dan rotor tidak dapat diterapkan langsung 
untuk analisis dinamika fluida. Sebuah metode multi-komponen fluida yang baru, diusulkan untuk 
mengatasi pengaruh dari putaran rotor pada konveksi udara. Tulisan ini menyelidiki sebuah simulasi 
model multi-fisika 3-D yang digunakan dalam simulasi temperatur terdistribusi di dalam udara pendingin 
motor induksi. Kenaikan suhu di motor dikarenakan kerugian Joule dalam gulungan stator, induksi arus 
eddy di dalam rangka kandang tupai, dan disipasi panas secara konveksi oleh konduksi udara dan 
material padat. Kerugian Joule yang dihitung dengan analisis medan eddy 3-D digunakan sebagai input 
untuk analisis medan termal , sangat tergantung pada analisis medan fluida udara yang akurat. Melalui 
perhitungan medan terkopling, struktur ventilasi baru untuk motor 15-fase telah diusulkan, sehingga kinerja 
pendinginan dapat meningkat. 
 
Kata kunci: medan arus Eddy, metode elemen hingga (FEM), medan fluida, motor induksi asinkron 
berpendingin udara, simulasi Multiphysics 
 
 

Abstract 
 Optimal design of large induction motor is a process that involves electrical and mechanical skills 

as well as thermal and fluid dynamic skills. For recent machine layouts, one cannot rely on standard 
analysis methods. In multiphysics simulations which are done by weak coupling finite-element method, 
rotation boundary values on interface between air gap and rotor cannot be applied directly for fluid-
dynamical analysis. A novel multi-component fluid method is proposed to deal with the influence of rotor 
rotation upon the air convection. This paper investigates a 3-D multi-physics simulation used in simulation 
of temperature distribution in air-cooled induction motor. The temperature rise in motor is due to Joule’s 
losses in stator windings and the induced eddy current in squirrel cages, and heat dissipation by air 
convection and solid conduction. The Joule’s losses calculated by 3-D eddy-current field analysis are used 
as the input for the thermal field analysis, which deeply depends on accurate air fluid field analysis. 
Through the coupled-field calculation, we proposed a new ventilation structure of a 15-phase motor to 
improve the cooling performance. 

  
Keywords: air-cooled asynchronous induction motor, Eddy current field, finite-element method (FEM), 
fluid field, Multiphysics simulation 
 
 
1.  Introduction 

The modern challenge of an electrical engineer is to design electric devices that are 
suitable for operation in demanding applications. Today, there is an economic interest to 
increasing the power density of the machine. However, such a choice of operating the design to 
the maximum limit yields a corresponding increase in the operating temperature of the machine. 
As a consequence, it is necessary to adopt insulating materials that are well suited for high 
operating temperature and to improve the cooling system, including air-cooled and water-cooled 
system [1]. Large-capacity induction motor needs a large amounts of air for cooling as they 
produced large losses. During the design stage, the thermal analysis plays a key role. A correct 
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prediction of the temperature rise in each part of the machine will lead to the maximum 
exploitation of the materials and the highest performance of the machine [2]. Furthermore, the 
thermal analysis of induction motors, due to the complexity of air course and the influence of 
rotation upon air-flow, cannot be accurately evaluated by using traditional lumped circuits 
together with empirical curves method. Therefore, a coupled analysis of eddy-current, fluid and 
thermal fields is mandatory to compute the temperature rise [3]. 

Useful research has been carried out concerning cooling and ventilation of motors [4]. In 
the motors with the axial and radial ventilation system, axial fans are placed on both sides of the 
motor. Cooling air, taken in from the exterior to the interior by axial fans, is sent to exothermic 
parts. Then, the air is vented through the radial paths inside the iron core. Moreover, the 
influence of centrifugal force and Coriolis force caused by rotation upon air-flow in the air gap 
must be considered [3]. However, according to no-slip boundary condition in fluid dynamic 
theory, rotation velocity on interface between air gap and rotor cannot be applied directly. To 
deal with this problem in fluid field analysis, we proposed a novel multi-component fluid model, 
which all rotor parts are taken as fluids under some constraint conditions. 

In the last decade years, the 2-D finite element method (FEM) is usually used to 
analyze the coupled electromagnetic-thermal fields, or coupled thermal-fluid fields in various 
motors [4]-[8]. Seldom, researches were carried out on coupled electromagnetic-thermal-fluid 
fields with 3-D FEM. The rotor rotation-effects on air convection have been investigated by 
equivalent thermal circuit [2]. 

Nevertheless, for the axial movement of air, end ring of squirrel cage and rotor rotation-
effects on air convection, 2-D model is inadequate to achieve more accurate results. Therefore, 
an accurate ventilation system design of air-cooled induction motors requires 3-D coupled 
electromagnetic fluid and thermal field finite-element analysis, which is investigated in this 
paper.  

In addition, in this paper, magnetic saturation and nonlinear resistivity with temperature 
are also taken into account. During the design stage of a 15-phase 14-pole 10MW a 
synchronous motor, according to the motor parameters provided by the motor designers, the 3-
D model is established to calculate the temperature distributions. The results show that it is 
necessary to improve the ventilation structure to decrease stator windings temperature below 
the permissible insulation material temperature. Furthermore, the simulated results of the 
improved model with rotor axial paths are compared with those of original model. Then, the 
maximum temperature rise of stator windings decreases by 18%. Therefore, the cooling 
performance is improved. 
 
 
2.  Multi-component Fuild Methods 

The forced convection of air satisfies the Navier-Stokes equations in cylindrical 
coordinate system [9] [10]. 
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where vr, vθ, and vz are respectively the components of velocity in the r-, θ- and z- directions, ρ1 
is the density of air, µ is the viscosity coefficient of air, p is the fluid pressure. 

To deal with the restriction of no-slip boundary condition in fluid dynamic analysis, we 
proposed a multi-component fluid model which all rotor solid components (squirrel cage and iron 
core) are taken as fluids under constraint conditions as follows: 
1) The velocity of squirrel cage and iron core only has tangential velocity, namely, vr＝0, 

vθ=vθ(r), and ∂vθ/∂θ=0. 
2) Ignoring gravity, the flow can be regarded as pure shear flow, and pressure is constant along 

the flow direction, namely, ∂p/∂θ=0.  
Under the conditions above, the fluid equations of rotor component can be simplified as: 
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where ρ2 is the actual density of rotating parts. As shown, viscosity coefficient does not affect 
the results. 
 
 
3.  Research Method 

The flowchart of the entire analytical methodology is shown in Figure 1. Based on the 3-
D FEM model of a motor, eddy-current and fluid simulations are carried out to obtain the losses 
of every element and air-flow velocity of every node. The thermal computation is tightly coupled 
to the electro-magnetic and fluid-dynamical results. The resistivity of stator windings and squirrel 
cage is updated in accordance to the thermal field calculation result until the maximum 
difference of temperature between two adjacent steps is less than 0.01℃ [11]. 

 
 

 
 

Figure 1. The flowchart of the entire analytical methodology 
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3.1. 3-D Eddy-Current Field Equations 
Using Maxwell’s equations in which the magnetic vector potential and the electric scalar 

potential are introduced, the eddy-current field equations can be given as [9] [12]:  
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where V1 is the eddy current region (rotor squirrel cage), V2 is the source current region (stator 
windings), and V3 is the ferromagnetic material region (iron core of stator and rotor). 

The basic principle of the nonlinear time-harmonic analysis considering magnetic 
saturation is to replace the DC B-H curve with the effective B-H curve [11]. With the effective 
permeability, µe, the saturation of ferromagnetic material can be taken into account in time-
harmonic analysis. 

Electrical resistivity is estimated from the following equation [12]: 
 

( ) ( )0 1R T R C T= + ×                                                                                           (11) 

 
where R0 is the resistivity at 0, C is temperature coefficient. 
 
3.2. 3-D Fluid Field Equations 

Because of the large Reynolds number (> 2300), the fluid gets turbulent. The standard 
k-ε turbulence model was used in the turbulence calculation. The equations are written as [13] 
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where Gk is the turbulent generation rate, µt = ρCu(k

2/ε) is the viscosity coefficient. As the 
constants in the equations, C1ε = 1.44, C2ε = 1.92, Cµ = 0.09, σk = 1.0, σε = 1.3. 
 
3.3. 3-D Thermal Equations 

In air-cooled induction motors, the heat radiation is negligibly small and the heat 
dissipation is mainly due to air convection and solid conduction. In addition to the fluid equations, 
the energy equation must be solved as well [9]. 
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where ρ is fluid density, c is the specific heat, k is the coefficient of heat conductivity, u, v, w are 
the respective x-, y-, z- direction potentials of the fluid velocity, T is the fluid temperature, and Q 
is the heat generation ratio. 
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For the stator windings and iron core, the steady state heat conduction equation for 
solid is given as [14]: 

 

( ) ( ) ( )x y z

T T T
k k k Q

x x y y z z

∂ ∂ ∂ ∂ ∂ ∂+ + = −
∂ ∂ ∂ ∂ ∂ ∂

                                                                    (16) 

 
where kx, ky, and kz are the coefficient of heat conductivity in the x-, y- and z- directions, 
respectively. 

Two types of boundary condition are used in this study. In the computational domain, 
the heat transfer coefficient of surface between air and rotor components can be obtained by 
coupled iteration of fluid, energy and conduction equations, so that the convection condition 
need not be applied. However, in the outer surface of stator core, the convection condition can 
be represented as [6] [13]: 
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where h is the heat transfer coefficient, and T0 is the air temperature. 
 
 
4.  Simulation Results and Analysis of A 15-phase Motor 
4.1. 3-D Multiphysics Simulation 

A 15-phase 14-pole 10MW a synchronous motor structure is during the design stage. 
According to the parameters provided by designers, the 3-D calculation model has been built, 
as shown in Figure 2(a). Although the influence of end windings cannot be ignored because of 
the complexity of its structure and large amount of computation, it was not considered 
temporarily in this study stage. The model is meshed with prism-shaped elements, as shown in 
Figure 2(b) and (c). There are 1,106,786 elements and 565,989 nodes. Tables 1 and 2 give the 
main geometrical and material properties of the model, respectively. 
 
 

 

  

(a) 3-D Partial model of 15-phase 
motor 

(b) Finite-element model (c) Partial enlarges of 
finite-element model 

 
Figure 2. the 3-D calculation model  

 
 

Table 1. Main Geometry Value of the Analyzed Model 
Part Geometrical Parameters Value 

Stator 

Outside diameter of stator core (mm) 2600 

Inside diameter of stator core (mm) 2195 

Number of stator slots 210 

Rotor 

Outside diameter of rotor core (mm) 2183 

Inside diameter of rotor core (mm) 1840 

Number of rotor slots 192 

Slip 0.0075 

Rated rotational speed (r/min) 200.5 
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Table 2. Material Data of the Analyzed Model 

Material 
Resistivity 
(10-8

Ω·m) 

Thermal 
conductivity 
(W/(m·K)) 

Specific 
heat 

(J/(kg·K)) 

Density 
(kg/m3) 

Stator 
winding 

1.65×(1+ 
0.004×T*) 

kx＝2 
ky＝4 

kz＝380 
390 8900 

Stator 
core 

- 
kx＝40 
ky＝40 
kz＝2 

460 7900 

Rotor 
squirrel 
cage 

1.65×(1+ 
0.004×T*) 380 390 8900 

Rotor 
core - 40 460 7900 

* T is temperature of the copper conductor (�) 
 
 

In the computation of the eddy-current field, the rated source current is 343.4 A. The 
rated frequency of current is 23.57 Hz. Considering the influence of rotor rotation, the frequency 
(f) is converted into f×slip. In the computation of the fluid and thermal field, total air volume of 
design is 4.54 m3/s, and pressure on outlet boundary is defined as a standard atmospheric 
pressure. The rated rotational speed was applied to rotor and shaft. Considering the low 
conductivity of insulation material, the thermal conductivity of stator windings is anisotropic. The 
ambient temperature is set to 25 0C. 

 
 

 

 

 
Figure 3. Current amplitude density of rotor 

squirrel cage 

 
Figure 4. Cross-sectional view of air velocity 

distributionThe air-flow speed is indicated 
by arrow field 

 
 

 
 

 
Figure 5. Temperature distribution of stator 

win dings 

 
Figure 6. Air-flow near iron core in the new 

structure 
 
 
Figure 3 shows the current amplitude density of rotor squirrel cage. It presents the 

periodic distribution. In order to clearly show the air movement, Figure 4 gives the fluid flow 
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vector graph on a cross section of the 3-D model. With a significant influence of rotor rotation, 
the movement of air on outlet is diffuse. Figure 5 illustrates the temperature distribution, which 
has the maximum on the stator windings near the outlet of air. 

 
4.2. Ventilation Structure Improvement 

To improve the cooling performance, we proposed a different ventilation structure. As 
shown in Figure 6, there are radial paths in the stator and rotor iron cores. Air flows from rotor 
axial paths to rotor radial paths, air gap and stator radial paths, and then to the outside of the 
stator iron core. 

With the same electromagnetic loading condition, the coupled-fields of the new model 
are calculated using the methodology mentioned in Section 2. In addition, the ventilation mode 
is changed because of the structure. In the motors with the axial and radial ventilation system, 
axial fans are placed on both sides of the motor. With the same total air volume, fluid field is 
simulated. 

 
  

Figure 7. Flux density distribution in air gap Figure 8. Cross-sectional view of air velocity 
distribution 

 

  
(a) Temperature distribution of shaft (b) Temperature distribution of stator windings 

 
Figure 9. Thermal results 

 
 

Table 3. Thermal Class Designation 
Temperature(℃) Thermal class designation 

90 90 
105 105 
120 120 
130 130 
155 155 
180 180 

 
 

Figure 7 shows the flux density in air gap. It presents the radial ventilation ducts have 
effect on the air-gap flux density. In order to show the air movement clearly, Figure 8 gives the 
fluid field pattern on cross sections of the 3-D model. The air velocity distribution in each radial 
ventilation duct is identical. From the results of temperature, the maximum temperature of stator 
windings is 115 0C, as shown in Figure 9. 

From the results, the maximum temperature rise of the stator windings decreased 18%, 
compared with the original motor. Furthermore, according to IEC 62114-2001 (Electrical 
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insulation systems-Thermal classification), as shown in Table 3, the permissible insulation 
material thermal classification reduces from class 130 to class 105. Thus, it is found that the 
cooling performance of new motor is improved by the ventilation structure with rotor axial paths. 
 
 
5.  Conclusion 

This paper proposes a 3-D coupled-field analysis to predict temperature distribution in 
large air-cooled a synchronous induction motor. Furthermore, a novel multi-component fluid 
model is proposed to deal with the influence of rotor rotation upon the air convection. For a 
motor during design stage, we put forward a new ventilation structure with radial paths to 
improve the cooling performance. It is proved that the axial and radial ventilation system has 
better cooling effectiveness for large electrical machine. 
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