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Abstract
Inductors are frequently used in railway electrical tractions systems in 
filtering and current limiting operations. Magnetic fields are generated due 
to the flow of large AC currents through the coils, which intend induce 
currents on the coils as well as the metallic components in the vicinity, 
causing electromagnetic heating. The heating may cause temperatures to 
exceed project temperature requirements and in the worst case distort the 
functionality of drive system. The purpose of this work is to simulate the 
Electromagnetic Heating effect of inductors in 3D using COMSOL Multi-
physics. First a 3D CAD model of the inductor geometry is imported to 
COMSOL and the magnetic fields for a giving current excitation are 
estimated. Then the power losses are fed in to a heat flow simulation to 
predict the temperature distributions. Cooling is simulated by driving cool 
air through the heated coils and the surrounding metal objects. The 
temperature distributions for different current excitations and air flow 
velocities are estimated. Simulation is performed on conceptual project 
inductor model. The 3D inductor modeling approach established in this thesis 
work could be used to characterize the electromagnetic heating issues early 
in the project design phase. 
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Chapter 1 
Notations
Angular frequency                                                                             

Angular velocity                                                                                      

Area                                                                                                         

Boltzman constant                                                                           

Capacitance                                                                                              

Conductivity

Electric charge

Electric charge per unit area

Electric charge per unit volume                                                       

Electric current

Electric current per unit area      

Electric field strength

Electric polarization

Electric potential

Electric susceptibility       

Electronic charge (absolute value of)

Energy                                                                                                       
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Energy per unit volume                                                                   

Force                                                                                                         

Force per unit volume                                                                              

Frequency                                                                                           

Impedance                                                                                                

Length                                                                                                   

Magnetic flux                                                                                          

Magnetic flux density                                                                              

Magnetic susceptibility                                                                           

Mass                                                                                                        

Mass per unit volume                                                                              

Mobility                                                                                                   

Period                                                                                                  

Permeability of vacuum                                                                           

Permittivity of vacuum                                                                    

Planck’s constant

Power

Power per unit volume                                                                    

Pressure                                                                                                     

Relative permeability                                                                               

Relative permittivity                                                                        

Resistance                                                                                                 
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Chapter 2 

1 Introduction 
2.1 Description 
Inductors are usually used in railway electrical tractions systems in filtering 
and current limiting operations. Magnetic fields are produced because of the 
large AC current flows through the coils, which be going to induce currents 
on the coils along with the metallic components in the vicinity which causing 
electromagnetic heating. The heat generated cause temperatures to surpass 
project temperature requirements and in the worst case may cause different 
problems such as functionality in to the drive systems. 

Magnetic field simulations are proposed to predict magnetic fields and 
induced currents for a given current excitation. The power losses from the 
magnetic field simulation are fed to a heat transfer simulation to predict the 
temperature distribution. Cooling is achieved by driving cool air through the 
heated metal. The air flow is simulated as laminar flow coupled to the heat 
transfer simulation. The conjugate heat transfer model in COMSOL is used. 
The conjugate heat transfer module couples the heat transfer and the laminar 
flow. The cooling effect is investigated by varying the air flow inlet velocity 
and observing the influence on the steady state temperature distribution. 
Simulation allows us to accurately predict the electromagnetic field 
distribution, electromagnetic forces and power dissipation in a proposed 
design. In this thesis, COMSOL multi-physics are used to model the 
electromagnetic heating process of power inductors and its surrounding. 
Simple model are first constructed to characterize the electromagnetic 
heating process. Conceptual project inductor model is later simulated. The 
model geometry imported in to COMSOL and the material properties are 
assigned.
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2.2    Thesis outline 
The rest of the thesis is organized as follows: 

Chapter 2 describes the electromagnetic heating modeling process using 
simple coil models in COMSOL. This includes the estimation of magnetic 
fields from the coil, heat transfer modeling and cooling with laminar flow. 
Basic assumptions in COMSOL are presented. 

Chapter 3 presents the modeling of a project conceptual inductor model in 
COMSOL. 

Chapter 4 is summarizes the thesis with discussion and conclusion and 
suggestion for future work. 

2.3 Electromagnetic Heating Modeling 
(Induction Heating)
In this chapter the induction heating process in COMSOL will be discussed, 
using a simple inductor model. The process is described in section 2.1. It 
involves geometry creation, estimation of magnetic fields and induced 
currents for giving excitation and the resulting in power losses. The power 
losses then used to estimate the temperature distribution. The coils are cooled 
by driving in air at different velocities and temperatures. The flow chart 
below shows the work process during the investigation in different fields. 
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With the purpose of study Electro -magnetic field for simple model inductor, 
we can use the Magnetic Fields (mf) Physics and also conjugate heat transfer 
for studying heat transfer and heat losses in coils and bars. 

In order to study Electromagnetic flux in coils we need to set or select the 
equation in to study controlled, then add multi coil boundaries for any type 
of coils .Here, there are two coils so we can add two multi turn-coil 
boundaries. After that we can select Electric Insulation for the coil 
boundaries and one of the internal coil boundaries and one of the internal 
boundaries, an Input, as excitation. It should be mentioned that in Input 

Temperature distribution  

Pressure Distribution 

Velocity Profile 

Magnetic Fields 

Inlet Velocity 

Temperature 
Boundaries 

Heat Transfer 

+

Laminar flow 

Magnetic Flux  

Induced current 

Power losses 

Current, 
Voltage

Simple 
Geometry

Figure 1: Flowchart for electromagnetic heating
modeling process. 
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option the other internal boundaries between sections should be remove 
because would get some errors during study. 

In Magnetic Field study in multi coil, there is skin effect so in order to study 
that we can add Impedance boundary condition for every coil and select just 
boundaries of bars and core.
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Chapter 3
3.1 Inductor Model Description

Figure 2: Two concentric coils with two support bars.

The inductor model consists of two concentric coils with an iron core. The 
inductor rests on two supporting metal plates as illustrated in figure 1. Coil 
1(inner) has 1000 turns and coil 2 (outer) has 500 turns, with each carrying a 
current of 10 [A/N] at 50 [Hz]. The problem is to compute the magnetic fields 
and induced currents on the coils and the metallic bars. Then estimate the 
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power losses and eventual temperature distribution for a giving air flow. The 
modeling process in COMSOL is illustrated in the flow diagram in figure 1.  

3.2        Magnetic Field Estimation 
In order to estimate the magnetic fields in COMSOL, the Magnetic Fields 
(mf) Physics interface is used.  

The magnetic fields interface uses Ampere’s Law to estimate the magnetic 
fields for giving current excitation. The form of Ampere’s Law used in 
Magnetic Fields is given in (1.3) and (2.3). 

               (1.3)

                                                                  (2.3) 

Where,  is the magnetic vector potential, is permeability of free space 
and  is the current density. 

Equation (1.3) and (2.3) indicate that for a given current excitation, the 
magnetic fields are estimated. 

From the magnetic fields the power losses are estimated.

With the purpose of study Electromagnetic flux in coils we need to set or 
select the equation in to study controlled, then add multi coil boundaries for 
any type of coils .Here, there are two coils so we can add two multi turn-coil 
boundaries. After that we can select Electric Insulation for the coil 
boundaries, the internal coil boundaries and one of the internal boundaries, 
an Input, as excitation. It should be mentioned that in Input option the other 
internal boundaries between sections should be remove because would get 
some errors during study. [1] 
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In Magnetic Field study in multi coil, there is skin effect so in order to study 
that we can add Impedance boundary condition for every coil and select just 
boundaries of bars and core.

As it is shown in figures, the cross section boundaries between bars and box 
are not considered, it is important to remove them from the selection 
boundaries.

The coil type are set to Numeric and Turn for coil 1 is 1000 N and for coil 2, 
is 500 N. 

3.3   The quasi static approximation and the 
Lorentz Term 
A consequence of Maxwell’s equations is that changes in time of currents 
and charges are not synchronized with changes of the electromagnetic fields. 
The changes of the fields are always delayed relative to the changes of the 
sources, reflecting the finite speed of propagation of electromagnetic waves. 
Under the assumption that this effect can be ignored, it is possible to obtain 
the electromagnetic fields by considering stationary currents at every instant. 
This is called the quasi-static approximation. The approximation is valid 
provided that the variations in time are small and that the studied geometries 
are considerably smaller than the wavelength. 

The quasi-static approximation implies that the equation of continuity can be 
written as and that the time derivative of the electric displacement 

can be disregarded in Maxwell-Ampère’s law. 

There are also effects of the motion of the geometries. Consider a geometry 
moving with velocity v relative to the reference system. The force per unit 
charge, , is then given by the Lorentz force equation:
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This means that to an observer traveling with the geometry, the force on a 
charged particle can be interpreted as caused by an electric field 

. In a conductive medium, the observer accordingly sees the current 
density

Where,  is an externally generated current density. 

Maxwell-Ampère’s law for quasi-static systems is consequently extended to 

Whereas Faraday’s law remains unchanged.[2]. 

3.4   Model Excitation
The outer coil has 1000 turns while the inner coil has 500 turns. The 
excitation current is 10 A/turns, at 50 Hz. In order to drive the current to the 
coils, it is necessary to consider one of the internal boundaries which are 
cross-sectional, as visualized in figure 3. It is important to make the input 
direction for the two coils in parallel so that the magnetic fields would add 
up in the center of the coils. The coils are excited using multi coil domain 
approximation in COMSOL. 
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Figure 3: apply input on cross-sectional coil boundary.
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3.5 Magnetic Field Results 
The magnetic field distribution for the excitation described in section 2.3 is 
shown in figure 5. The maximum flux density is around 10 mT. The current 
density distribution is shown in figure 6. The distribution of induced currents 
on the metal plates is influenced by the current distribution in the coils. The 
peak induced currents on the plates are about 0.15 A. the power losses on the 
core and metallic plates are shown in figure 4.

Figure 4: 3D view of Magnetic Flux Density Norm.
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The figure 4 introduce the magnetic field distribution around the plate and 
coils and surrounding as well. Magnetic field distribution is following the 
right hand side and the direction of filed is depend on the direction of 
excitation. Magnetic flux density is more concentrated in core as it was 
expected.

Figure 5: Current Density distribution.  

In figure 5 current density norm are illustrated in wires which are followed 
round the wires and the direction depend on the current excitation. The point 
in this part is that we should notice the excitation direction in inside boundary 
because it can be effect on the magnetic field propagation around the wires 
and core.
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Figure 6: Power losses on core and metallic plates. 

As it is shown in figure 6 the Electromagnetic heating is located in the Core 
surface and there is a small induced current to the support Bars as well. The 
Electromagnetic heating in concentrated in the surface center of core but it 
should be mentioned that in DC current excitation it will be in the center or 
inside the core and of course the induced currents on Bars are different. 

3.6   Conjugate Heat Transfer 
For analyzing the heat generated in the model and cooling of the model 
conjugate heat transfer model in COMSOL is used.

There are some initial domains and boundaries that have been selected by 
default in conjugate heat transfer module such as Heat transfer in solid, 
Thermal Insulation (all domains), and Walls (all boundaries). In addition, 
other values and definition depending on the case study could be added.

The Fluid domain is added by selecting the air domain.  
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Heat transfer in solid is governing by equation (3), where Q is the power 
losses estimated in the magnetic field calculations.  

             (6.3) 

          (7.3) 

Heat Transfer in Fluids is characterized by equation (6.3). Equation (7.3) and 
(4.3) are solved in COMSOL using the finite element method to estimate 
the Temperature and Velocity profiles.[3]  
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 3.7 Conjugate Heat Transfer Excitation 
The power losses in coils are added as volume heat sources. In magnetic 
fields, impedance boundary condition was used on the core and the metallic 
plate surfaces. The power losses on the core boundaries and the metallic plate 
surfaces thus added as boundary heat sources. 

Cool air is driven from one face of the box as shown in figure 7. 

Figure 7: steady state temperature distribution in simple inductor 
model. 
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3.8 Conjugate heat transfer result for 
simple core Model 
Only stationary solutions are analyzed. The velocity profile from the laminar 
flow solution is given in figure 8. The temperature distribution is given in 
figure 8. For this excitation the temperature of the metal plates gets up to 
about 45 degrees centigrade.

Figure 8: Velocity profile of simple model.
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The figure above shows that the velocity profile is astart from the top 
boundary of the box.the initial temperature is   and goes around 
in the center of coils,then it wil exit from the box from the buttom.  
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Chapter 4 

4.1 Project conceptual model 
The conceptual model consists of two concentric coils with an iron core. The 
coils are shielded by a thin cylindrical shield of Aluminum. The coil material 
is copper. In chapter 2 the simulation of a simple inductor model was 
performed and the behavior of the heat generated and the propagation 
through the system was observed. Now, the modeling approach is applied to 
the project Conceptual model. 

Like the simple model, the coils are model as coil domains in the magnetic 
fields node in COMSOL. An alternating current of a given frequency is 
driven through the coils. The magnetic fields and induced currents are 
estimated in the magnetic fields model in COMSOL. The estimated power 
losses are fed in to the conjugate heat transfer model to estimate the resulting 
temperature profile. The model is then cooled by driven cooling air through 
a given face. 

4.2   Magnetic Field 
For estimating magnetic flux and electric field in conceptual model, from 
interface Identifier (mf) the equation is set to Study Control and equation 
assuming for study 1, Coil current calculation. Related formula is shown in 
below

The formula above is under assumption of Ampere’s law and current 
conservation.
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Magnetic insulation and initial values are set by default for all domains.[2]  

From the Domain part of magnetic module the multi-coil domain should be 
selected for both coils because we have two coils with different dimensions 
and set initial setting such as excitation and insulation part. The input 
boundary from the coil cross section is selected from the inside.  It should be 
mentioned that in the insulation part we should deselect the inside boundary 
of half cross section part because it can be effect on our estimation process 
and plot result. In addition the coil type is set as Numeric.  

Figure 9: input boundary excitation. 

 4.3 Impedance boundary condition 
Since we used AC current in given model, after excitation there is skin effect 
on the surface of iron core, so we can use only boundaries of expected 
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magnetic surfaces. In this model we selected core boundaries and Aluminum 
electric shield, and then see the result and behavior of magnetic flux on them.

4.4 Conceptual Model magnetic field 
results
Figure 10, figure 11 and figure 12, present the magnetic flux density when 
the coils are excited with the 100 A current at 50 Hz. Magnetic field strength 
larger than 20 mT,  are observed between the inner and the core.
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Figure 10:3D view of magnetic flux density norm (T). 
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Figure 11: XZ view of magnetic flux density. 

Figure 11 is the schematic view of magnetic flux density norm in core. The 
result illustrates that magnetic field is concentrated in surface of core not 
inside or middle part of the component which is related to the eddy current 
and skin effect of the AC current. It should be mentioned that if in some 
reason the current change from AC to DC the magnetic field is totally 
different and is more concentrate in the middle of core and consequently the 
heating and temperature is more different with the AC current.  
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Figure 12: magnetic flux density norm. 

Figure 12 illustrates arrow surface volume of circular magnetization which 
is rounding around the coils and concentrated on iron core boundaries. The 
direction of magnetic flux arrows are depend on the direction and current of 
excitation. 
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4.5 Conjugate Heat Transfer
By adding Conjugate heat transfer the CFD module and Non-Isothermal 
Flow multi-physics interface is available. One of two interfaces 
automatically defines coupled heat transfer in solids and fluids including 
laminar or turbulent flow. 

To simulate the flow domain, we need to have an air box around the coils. In 
order to do so, we can use the defined box. All domains are selected by 
default for Heat Transfer in solids, Thermal Insulation and wall. In Fluid 
section domain 1 or box domain is considered. Coils domains are selected as 
heat source, the equation is set to study1, coil current calculation. General 
Source is selected from user define as the following, 

Figure 13: setting the inlet laminar flow of cooling air within the box. 
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For Laminar flow and drive flow to the box it is necessary to define 
boundaries as inlet and outlet, similarly for temperature. In the Graphic 
window, boundary 2 is selected, Velocity is set to Normal inflow velocity 
and the speed of the flow is according to the definition which is set in 
Parameters in Global Definitions.  Outlet is set to opposite side of inlet. For 
insulation, other unselected boundaries of box are set by symmetry flow.  For 
Heat Transfer, the procedure is as the same as Laminar flow.  The Graphics 
is illustrated in figure13 in the above.

Figure 14:  Inlet and Symmetry boundaries for flow and Heat 
Transfer. 



31

The figure 14 shows the inlet symmetry boundaries for flow, in this part it is 
assumed that the flow just outside of the faces of the box is similar to the 
flow just inside these faces. This assumption can be correctly expressed by 
symmetry condition. 

 Last part is selecting the Boundary Heat Source and selecting the boundaries 
of core and electric shield around the coils. 

4.6 Mesh 
The concept model contains of different meshing sequences to generate 
meshes with altered setting. These sequences may then be accessed by the 
study steps. In the study, we can select which mesh would adequate to use in 
a particular simulation. 

Mesh generation consists of two steps. First we run the model with normal 
mesh for every component. Second we set adequate mesh for every piece of 
model. In the first mesh core and electric shield have defined as normal mesh 
but there was a warning for narrow boundaries of that (Face is much smaller 
than the specific minimum element size). To eliminate that sympathetic of 
error we can change the mesh size or changing the minimum element size of 
under study domain. 
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Figure 15: normal and finer mesh for core and electric shield domains. 

           Figure 16: Fine mesh and normal mesh.
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4.7       Parametric sweep 
It is often convenient to generate numerous instances of design with the 
objective of meeting specific constrains. Stationary models with high 
reactions or high rate may encountered some error message such as  ´´ No 
Convergence ,  NaN , Failed to evaluate expression, Failed to find solution, 
Returned solution is not converged, etc . In order to solve these kinds of 
convergence problems we can reduce the source terms and progressively 
increase them, then using previous solution during computation. 

Parametric values which are gradually increased and started from low to high 
value unity as the following : 

.The solution process is start from first multiplication factor, if it works 
then it can be used as initial guess for next parameter value. This procedure 
will be continuing till the last parameter. 

(T) (m/s) ( )

Table 1: magnetic and temperature distribution for different mesh size. 
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4.8 Study 
After analyzing parameters and using experimental factors the achieved 
factor which is get converge the solution we get the convergence in factor 
1e-4. As it is shown in table 4 with the excitation of the highest 
temperature is  with Input velocity speed of   and lowest 
temperature is  with the velocity of .

1e-4

Table 2: Temperature and Velocity result. 
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4.9 Conjugate heat transfer result for 
conceptual model
Cool air at room temperature was driven through the coil from top to the 
bottom which is indicated in figure 17. Only laminar flow was 
considered .The steady state temperature attained are shown in figure 18. The 
core releases .

Figure 17: Velocity profile of air flow. 

The air flow inlet to the box as the same as the boundary sets that previously 
explained and instead of top part it can be start form right side or right 
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boundary. The outlet is symmetry and parallel to the inlet on the opposite 
side of the box. 

Figure 18: Temperature distribution of inductor. 

As it is illustrate in the figure 18, the temperature distribution is 
attained .By deep observing to the result it can be understand that, high 
temperature may cause bad effect on the inductor components and other 
metallic surrounding such as undesired resistance or damage on component 
in long time period. After doing experimental and computational procedure 
by adding the cool air in the box it is possible to cool the system adequately. 
After using this method it is possible to decrease the system and also estimate 
the temperature every pint of model components.
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4.10 Optimization of cooling effect 
The temperature distribution is estimated by varying the power losses and 
the air flow together. Surface plots of the temperature distribution with power 
losses and air flow velocity are analyzed at different measured points in the 
model. In fact, the temperature is monitored at three points A, B, C. Point A 
is the Core, point B is the Coil and point C is the Aluminum shield. Figure 
15 shows the profile at point A, figure 16 shows the temperature profile at 
point B and figure 17 illustrates the temperature profile at point C. 

Steady state temperature attained at different points in the model for different 
air velocities and excitation power. Table 4 shows the temperature and 
velocity profile ate different points of model. 

Inlet
veloci
ty

Pow
er 
2e-4

1e 4

1e-5

Table 3: Inlet velocity and power. Core: TA, Coil, TB and Shield, Tc.
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Figure 19: Surface plot of cooling effect for point A and inlet velocity 
and power levels. 

Figure 19 shows Steady state temperature attained at point A which is Core, 
for different power levels (current flowing in coil) and different air inlet 
velocity.
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Figure 20: Surface plot of cooling effect for point B and inlet velocity 
and power levels.

Figure 20: The steady state temperature attained at point A which is Coil, for 
different excited power levels (current flowing in coil) and different air inlet 
velocity.
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Figure 21: Surface plot of cooling effect for point C and inlet velocity 
and power levels. 

Figure 21 Steady state temperature attained at point C which is Aluminum 
shield, for different power levels (current flowing in coil) and different air 
inlet velocity.  
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Chapter 5 

4 Discussion 
The most interesting difficulty encountered in the modeling process is to 
have convergence. The trick learned in the cause of the work was the start 
inlet very low coil power excite, and inlet air velocity. The power and inlet 
velocity are slowly ramped up until the model no longer converges. Some 
minor issues in COMSOL were also found. For example, in the first steady 
step when solving the magnetic fields for power losses, Amperes law 
equation should be in study considered as shown in figure 19.

Figure 22: study setting for magnetic field. 

The study step where the estimated power losses are coupled to the Conjugate 
Heat Transfer module, the equation setting in the magnetic field should be 
frequency domain. The specified frequency should be written. Figure 22 
illustrates the study setting for conjugate heat transfer.  
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Figure 23: study step for conjugate heat transfer. 

5 Conclusion 
This report summarizes the modeling of electromagnetic heating of power 
inductor in COMSOL. 

It may indeed be true to say that it is possible to estimate and predict 
temperature every point place of inductor. The modeling processes involve a 
coupling between electromagnetic modeling heat transfer and air flow. These 
couplings are suitably achieved in COMSOL, by coupling magnetic field 
power losses from magnetic field physics interface to the conjugate heat 
transfer interface, and estimate the eventual temperature distribution. 

A simple coil model was first analyzed followed by the analysis of a project 
conceptual model. For the conceptual model, the steady state temperature 
variation with different excitation power levels and air inlet velocities were 
analyzed. This approach could be used to optimize the air flow and stabilize 
the temperature early in the design. 
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6 Future Work 
In the fluid flow modeling only laminar flow was analyzed. The excited 
power levels and inlet velocities of cooling air were low (less than 0.1 m/s) 
to minimize turbulence effects. However, for more realistic models, the coil 
should be excited with rated power and the cooling air inlet velocities should 
be about 1 m/s. excitation with rated power and higher inlet velocities would 
require turbulence modeling. Turbulence modeling would be considered in a 
future work. 

Other losses mechanisms in the Core like hysteresis losses were not 
considered. The Core hysteresis losses from data sheet could be included 
as domain heat sources. Hysteresis losses would be investigated in a 
future work.
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Chapter 6 
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