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Abstract 
 

A computationall y eff icient simulation algorithm to 
simulate of the coupled magnetic-thermal field of electric 
machines is proposed.  This algorithm uses a combined 
FEM-circuit approach in both, magnetic and thermal field 
regions. 
A FEM (finite element method) calculation is used to 
compute phenomena in a 2D-cross-section, whereas the 
circuit approach is applied to consider phenomena in the 
axial z direction with an appropriate accuracy.  The 
coupling between these four sets of equations results in a 
computationall y eff icient method.  This is ill ustrated by 
means of the simulation of a 15 kW four-pole TEFC 
induction machine. 

 
1 Introduction 

 
In order to obtain accurate simulations in the design stage 
of electrical machines, an approach coupling simulations 
of different physical fields is recommended.  Especiall y 
the coupling between the magnetic and the thermal field 
inside the machine is important.  The ohmic, eddy current 
and iron losses are heating the machine, influencing the 
overall performance of the machine.  E.g. induction 
machines are encountered with changes in the resistivity 
of the bars and windings, resulting in altered time 
constants affecting the control performance of a high-
performance drives. 
Coupled simulations are leading to improved models and 
approximations of the overall machine behaviour. 

 
2 Magnetic field simulation 

 
2.1 Magnetic field equation 
 
The calculation of magnetic fields inside electrical 
machines has become common practice.  Mainly the 
FEM-based methods, derived from a time-harmonic or a 
time-stepping formulation are used for this purpose.  Eq. 
(1) shows the vector potential equation from which the 
vector potential is calculated. 
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with: 
A : z-component of the vector potential 
V : electrical potential across the conductor 
υ  : reluctivity 
σ : electrical conductivity 
 

The magnetic material reluctivity has to be described 
non-linearly when saturation is considered.  The thermal 
dependence of the electrical conductivity occurring in 
both magnetic and electrical circuit parameters lead to a 
non-linear coupling with the thermal field. 
 
2.2 Machine modelli ng 
 
Due to the construction of cylindrical rotating electrical 
machines, a 2D model allows an accurate simulation.  
Phenomena observed in the third dimension, such as the 
influence of the stator end-winding and the rotor end-ring 
of an induction machine, are taken into account by 
coupling the FEM-model with extra algebraic circuit 
equations [1].  This brings the extra unknowns V 
representing the electrical potential into eq. (1), leading 
to expressions for the current density. 
A full 3D-model of the machine is seldom computed.  
Detail 3D-models are used to study end-effects from 
which the values of the circuit parameters can be 
deducted [2]. 

 
3 Thermal field simulation 

 
3.1 Thermal field equation 
 
The heat generated inside an electrical machine 
originates from different sources.  The losses are 
determined based on the results of the magnetic 
calculation.  Therefore, they lead to coupling terms (eq. 
(2)). 
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with k the thermal conductivity. 
 
The source terms on the right-handside represent the 
joule losses by applied current, the iron loss, the eddy 
current loss and the external losses. 
 



3.2 Compar ison of thermal simulation methods 
 
Thermal models for electrical machines have a long 
history [3]. The circuit approach (thermal networks) was 
prevaili ng.  This method offers a fast and robust 
calculation of the temperatures inside electrical machines, 
especiall y when T-shaped networks are applied to model 
solid components [4]. 
However, together with FEM-based methods in magnetic 
calculations, thermal FEM-based calculations are 
increasingly applied [5].  The diff iculties in these models 
are the correct representation of insulations, contact 
resistances and the heat transfer through the air gap. 
These models can be considered two-dimensional in a 
plane perpendicular to the shaft or axisymmetric to 
approximate the heat flow through the casing, bearings 
and end-regions.  Simpli fied 3D FEM-models exist as 
well [6], covering only part of the machine. 
 
3.3 Fluid flow models 
 
In general, the heat transport perpendicular to the shaft of 
the machine can be modelled with an acceptable accuracy 
in both methods.  Heat transfer models describing the 
fluid flow in the air gap are applied to acquire an 
appropriate thermal resistance element or to derive 
equivalent material filli ng parameters for the air gap 
elements. 
Models for the external cooling flow in between the 
cooling ribs lead to appli cable convection coeff icients. 
Less is known about the effects influencing the heat flow 
in the axial direction.  For example, the flow of the 
cooling fluids in the end-regions is very complex.  
Therefore, 3D-calculations should be coupled to a 
‘ computational fluid dynamics’ -simulation (CFD), 
requiring huge computational efforts.  The circuit 
approach offers the advantage that the heat transport in 
the axial direction is modelled in a straightforward way, 
using thermal resistances.  The determination of their 
values is troublesome and asks for experience and 
measurements. 

 
3.4 Combination of the lumped parameter and 

FEM approaches 

 
Combining the FEM-approach for radial 2D-models and 
circuit models for the axial dimension enables the use of 
the well -known methods to model radial heat flow and 
the possibilit y to take advantage of the experience about 
modelli ng the axial thermal phenomena (fig. 1). 
This approach enables the construction of symmetric or 
asymmetric thermal models.  Symmetric models do not 
consider differences in the cooling between the driving-
end and the non-driving-end with the consequence that 
the machine does not contain temperature differences 
along the axis which can be an acceptable assumption for 
short machines.  Asymmetric models can be built up by 
providing different circuits at the front and the rear side 
of the FEM model. 
The anisotropy in the thermal conductivity due to the 
stacking of the cores is considered in this simple method. 
If it were appropriate to divide the machine in several 
sectors, e.g. each with its own convection constraints, 

several FEM-sli ces, one for each sector, could be 
connected by a thermal circuit in the axial direction. 
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Fig. 1: Principle of the combined thermal FEM-circuit-
model; Resistances shown in the model represent the 
axial thermal phenomena. 
 

4 Coupling of the magnetic and 
thermal simulations 

 
The calculations in the magnetic and the thermal domain 
result in four sets of non-linear equations to be coupled 
numericall y: 
• magnetic FEM-equations 
• electrical circuit equations 
• thermal FEM-equations 
• thermal circuit equations 
This coupling can be accomplished in different ways. 
 
4.1 Cascade iteration 
 
A first possibilit y is a cascade iteration algorithm in 
which the systems are solved one after another [5, 7].  
This may result in a poor convergence of the non-linear 
iteration loop and advanced relaxation has to be applied.  
On the other hand compli cated loss calculation algorithms 
can be introduced easily. 
 
4.2 Full y coupled iteration 
 
A second possibilit y is a full y coupled large system of 
equations in which the four sub-sets are placed, together 
with interface equations.  Due to the different numerical 
properties of the sub-problems, this may result in a very 
ill -conditioned system of equations, requiring advanced 
equation solvers to obtain acceptable convergence.  A 
larger amount of memory is required also. 
To cope with the non-lineariti es, two non-linear iteration 
strategies can be followed:  
• Piccard iteration: successive substitution requiring 

only function evaluation. 
• Newton-Raphson iteration: the partial derivatives of 

the non-lineariti es have to be known for every field 
type, so a good knowledge of the material 



characteristics and an appropriate li nearisation of the 
heat source terms is necessary; the reward is a 
(usuall y) faster convergence. 

 
4.3 Intermediate approaches 
 
An intermediate approach is possible by placing the 
FEM-equations together with their corresponding circuit 
equations in one system describing a single physical 
domain.  These ‘physical’ sub-systems are then coupled 
in a cascade-li ke iteration.  Problem-own non-lineariti es 
such as saturation in the magnetic sub-problem, are 
treated locall y, by a relatively fast iteration. 
This method has a moderate rate of convergence, but 
requires less memory and is still very flexible.  
From a computationall y point of view this method is very 
eff icient since most of the time the derivatives necessary 
to start up a Newton method can be obtained rather easily 
within one field (e.g. saturation characteristics in the 
magnetic sub-problem).  The partial derivatives for the 
coupling terms are more diff icult to obtain.  Therefore, 
within the inter-field iteration loop, a relaxed substitution 
algorithm is used whereas within the individual physical 
fields Newton iteration is employed. 

 
5 Electromagnetic-thermal coupled 

simulation of an induction machine 
 
5.1 Induction machine 
 
A magnetic-thermal coupled calculation of a four-pole 
TEFC (totall y enclosed fan-cooled) induction machine is 
studied.  The rotor is constructed with a number of slots 
which is not a multiple of the number of poles, thus half 
of the machine has to be modelled (fig. 2). 
Relevant motor data can be found in table 1. 
 

 
Fig. 2: Model of the 4-pole induction machine. 
 
Table 1: Properties of the induction machine. 

Power 15 kW 
Rated speed 1450 rpm 
Rated torque 98.8 Nm 
# of stator slots 36 
# of rotor slots 34 
Rated voltage 660/380 V 
Rated current 17.3/30 A  (cos ϕ=0.86) 

 
This model is meshed 21534 first order triangular 
elements (fig. 3).  The same mesh is used for the thermal 
as well as the magnetic field.  It is constructed by starting 
the calculation on a rough mesh and then applying h-

adaptation based on relevant error estimators.  In the 
following iteration steps this mesh is retained.  The 
boundary conditions are of the Dirichlet type at the outer 
surface of the frame.  On the two parts of the motor shape 
periodic boundary conditions are applied to support the 
symmetry. 
 

  
(a) Initi al mesh (b) refined mesh 

Fig. 3: Mesh used to model the 4-pole induction machine. 
 
Different meshes may be used to save elements in a sub-
problem, but in that case extra projection methods have to 
be applied. 
To solve the coupled problem for a full load situation by a 
double combined FEM-circuit approach, the intermediate 
iteration strategy is used, along with adaptive relaxation 
to obtain convergence.  The stop criterion is based on the 

• ∞ -norm of two consecutive solution vectors at the end 

of the iteration loop. 
 
5.2 Magnetic field 
 
The time-harmonic magnetic model is coupled with 
voltage-driven circuit equations describing the effect of 
the end-windings, the bars outside the rotor and the end-
rings requiring 96 lumped parameters.  The circuit 
equations are put into one system together with the FEM-
equations. 
The natural difference of the circuit equations compared 
with the magnetic field equations causes a bad 
conditioned system of equations, but by using a robust 
equation solver, the solution is obtained after a relatively 
short computation time. 
 
5.3 Thermal field: FEM par t 
 
Boundary conditions 
The thermal model consists of an identical FEM 
geometry, except for different boundary conditions on the 
frame of the motor model.  There, convection is applied, 
with a coeff icient determined from literature [9] and 
corrected with measurements of the coolant flow.  The 
convection coeff icient is then multiplied with a cooling 
factor to account for the enlarged surface due to the ribs. 
 



Conductor Modelli ng 
The winding in the stator consists of copper wires with an 
individual insulation.  The thermal conductivity of the 
equivalent winding material in the winding mesh 
elements is derived from eq. (3) [8]. 
 






 −
+

−
=

d

dd

dd

d
kk c

c

c
ineq  (3) 

 
with kin thermal conductivity of the insulation, d diameter 
of the insulated wire and dc conductor part of the wire. 
The rotor conductors are cast aluminium bars, thus no 
insulation has to be modelled. 
 
Contact Resistance 
The contact resistances can be modelled in three different 
ways. 
1. Apply a correction to the thermal conductiviti es of 

the conductor materials.  This causes an error in the 
internal temperature distribution of the conducting 
region, but the average temperature is correct.  This 
temperature is then used to update material data of 
the related subproblems.  Despite the extra 
averaging, this approach has the advantage that 
there is a clear geometrical relation between the 
elements of those regions in the different sub-
problems, being advantageous for the projection 
methods. 

2. Insert an extra equivalent contact layer of elements 
and fill t hese with an equivalent contact material.  
In order to obtain an acceptable aspect ratio of the 
finite elements, many elements have to be put in the 
contact layer and adjacent regions.  Due to the high 
number of slots and the small size of the contact 
layer, this yields a significant growth of the model 
and hence the computation time.  The number of 
elements can be reduced if the layer is enlarged, but 
this reduces the size of the conductor and the tooth, 
so no clear geometrical relationship exists anymore 
between the thermal and the magnetic sub-problem.  
If the same model, with the reduced conductor, 
would be used for the magnetic subproblem, an 
error would be made in the leakage flux and the 
joule heat calculation. 

3. Dupli cate the nodes lying on the edges marking the 
border between the conducting region and the iron.  
Extra algebraic equations modelli ng the contact are 
inserted to define the thermal relationship of the 
nodes.  The standard meshing algorithms need to be 
adapted to generate the extra nodes.  Moreover 
these extra equations change the numerical 
properties of the matrix system to be solved. 

The first approach is used here to compute the coupled 
fields in this machine. 
 
Air gap representation:  
An important part of the thermal model is the 
representation of the air gap.  In the finite element model, 
the air is defined by an equivalent conductivity, of which 
the value is calculated based on fluid-dynamics 
considerations. 
In a first step, the flow regime in the air gap is 
determined.  The calculation of the Taylor number of the 

flow shows that no vortices arise and that the transport is 
laminar [9].  Hence the main heat transport mechanism in 
the air gap is  conductive, being the basic heat transport 
mechanism described by eq. (1). 
From experiments described in literature [10], a Nusselt 
number can be estimated for this flow.  This has to be 
augmented by 20% because of the non-smooth surfaces 
causing recirculating flows.  The non-smoothness of the 
rotor here has the largest influence. 
This leads to an estimate for the surface heat transfer 
coeff icients for the rotor and stator surface.  For these 
types of flows, the temperature dependency of the 
parameters can be neglected. 
In the classical lumped parameter thermal models, a 
series connection of two thermal resistances is calculated 
based on these values.  To derive an equivalent thermal 
conductivity keq,air, it is assumed to be equal to a thermal 
resistance of an cylindrical component with the 
dimensions of the air gap. 
 
5.4 Thermal field: circuit par t 
 
This FEM model is extended by a circuit part, thus 
introducing thermal paths connecting shaft, yokes, slots 
and frame through thermal resistances (lumped parameter 
models). 
• Internal end-region in air: the circulating air in the 

end-region is assumed to have an equall y distributed 
temperature. 

• End-windings and end-rings enlarging the internall y 
ventilated surface. 

• Bearings; to this node a source element representing 
the bearing losses is introduced. 

• End-caps, providing extra heat paths and ventilation 
surfaces. 

The lumped parameter models are in a T-shaped form, as 
described in [4].  Detail s about the values of elements can 
be found in [11, 12]. 
 
The thermal field plotted in fig. 4 is obtained at the end 
of the overall it eration.  The isothermal li nes in the shaft 
are caused by heat flowing through it, a path described by 
a thermal network circuit equation. 
 

 
Fig. 4: Isothermal lines of the temperature distribution. 
 
5.5 Results and discussion 
 
Field plots obtained after convergence of the combined 
magnetic and thermal solution are found in fig. 4 & 5.   
The calculated torque amounts 94 Nm. 
In the iteration loop the solution of the non-linear 
magnetic problem takes some minutes, whereas the li near 
thermal problem is solved in less than one minute. 



 

 
Fig. 5: Real part of the time-harmonic solution of the 
magnetic field (final solution after convergence of the 
iteration loop). 
 
Table 2 contains temperatures extracted from the 
combined FEM-circuit model.  The second column 
contains results obtained by solving a lumped parameter 
network model as described in [11, 12] and that has been 
experimentally verified.  Since this model contains less 
than 100 unknowns, the solution time amounts only a few 
seconds being a lot less than the time necessary to solve 
an FEM-problem. 
 
Table 2: Comparison of selected temperatures in the FEM 
model and the results of a thermal network.  The 
minimum and maximum temperatures are given for the 
FEM-model. 
Location FEM + 

circuit 
(°C) 

Thermal 
network 

(°C) 

Test (if 
available) 

(°C) 
Rotor bar 108 109 - 
End-ring 132 132 141 
Rotor tooth 105-107 108 - 
Rotor yoke 106-107 108 - 
Shaft 106 100 - 
Stator 
winding 

48-53 78 - 

End-
winding 

80 80 93 

Stator tooth 47-53 57 - 
Stator yoke 43-47 42 - 
Frame 42 35 45 
 
In both models heat flows in the axial direction are found, 
for instance: 
• heat transport through the shaft and the frame; 
• the heat produced in the stator end-windings and 

rotor end-rings is partiall y convected to the air in the 
end-cap region, but a substantial part flows by 
means of conduction to the conductors in the core 
regions; 

• the faces of the stator and rotor yoke are ventilated 
by the end-cap air. 

 
A good agreement is found in table 2.  The full l umped 
parameter thermal model requires less calculation time, 
due to the smaller solution vector, whereas the FEM-
model is able to show more detail and hot spots.  From 
the network model, only average temperatures are 
extracted, whereas the FEM model considers gradients 
influencing the local electromagnetic properties of the 

windings and therefore, leading to a more exact magnetic 
field solution as well . 
However, it is more difficult to include effects li ke 
contact resistances in the FEM model, but speciali sed 
methods as described in the previous chapter can cope 
with that. 

 
6 Conclusions 

 
An eff icient method to simulate coupled magnetic-
thermal fields of electrical machines is presented.  2D 
FEM magnetic and thermal models are coupled to electric 
and thermal lumped parameter circuits to consider 
magnetic and thermal effects situated in the axial 
direction of the machine.  With this approach an eff icient 
and robust coupled field simulation scheme is presented. 
This powerful method is demonstrated by means of a 
simulation of a four-pole TEFC induction machine which 
including the coupling of 2D discretised time-harmonic 
magnetic equations, electrical circuit equations modelli ng 
the windings, discretised thermal equations and 
equivalent thermal circuit models. 
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