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Nowadays, power converters in railway domain are more and more compact and powerful. This progress is due to the use of fast 
efficient components, working at high frequency like IGBT. But this evolution generates many harmonics losses in different 
components as inductors or transformers, and complicates their design. In addition, for the design stage, acoustics comfort is an 
increasingly important factor. Hence, it is necessary to develop multi-physic models in order to integrate different phenomena as the 
PWM effects, the temperature, and the noise. These models are coupled to an optimization tool in order to define the design rules of 
passive components: inductors or transformers coupled with inductor for the railway application. 
 

Index Terms— Design optimization, Electromagnetic modeling, Inductors, Power transformers. 
 

I. INTRODUCTION 
ven if some well-known finite element analysis tools can 
compute the magnetic components characteristics, their 

coupling can be tedious and their computational time is 
usually prohibitive, particularly in an optimization process. 
It’s necessary to develop fast models with a good compromise 
between the accuracy of field calculations. 

The aim of this paper is to optimize the design of magnetic 
components in order to minimize their weight and losses. To 
achieve this goal, a multi-physical model is used, based on 
nodal models to keep a good ratio between accuracy and 
computation time. Firstly the different models are presented, 
following by the optimization part. In this last part, optimal 
designs are presented for the case of a three-phase inductor. 
Influence of variables on objective functions are shown and 
explained.  

II. MULTI-PHYSICS MODELING 
Magnetic components, such as transformers and industrial 

inductors, bring into play a vast range of physical domains, 
such as electromagnetic, thermal and, in a lesser way, 
acoustic. All those physical phenomena interact onto each 
other, in a more or less strong way. 

 

 
Fig. 1. Multi-physic problem with physical couplings 

  

Hence, any design process has to be taken into 
consideration by a multi-physical point of view. As an 
illustration, a synthesis of the different physical domains and 
their interactions between each other is shown Fig.1. The 
voltage and current spectrums are imposed. 

A. Electro-Magnetic model 
The magnetic model is analytical and contains many 

assumptions. The field is considered only in one dimension, 
and conductors are assimilated to semi-infinite plate 
conductors. Theses hypothesis allow estimating analytically 
the magnetic field into the magnetic core and along the 
winding including in air-duct. The effects of frequency are 
taken into account. Firstly the field is computed using the 
Ampere’s circuital law (1). This determination is only 
validated at low frequency. 

 

∫ = idlH .  (1)
 

When the frequency increase, the field in the copper is 
concentrated on the side of the conductor. This is due to the 
skin and proximity effects. Magnetic field can be computed 
using Helmotz equation (2) 
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The magnetic field is calculated for each harmonic of 

current. Thanks to that, leakage, mutual and magnetizing 
inductances can be estimated by integrated the field along the 
winding. 

B. Losses model 
Iron losses (Piron) calculation is based on Steinmetz model 

[1]. The Equation (3) is an empirical equation which includes 
together hysteresis and eddy current phenomena.  

 𝑃௜௥௢௡ = 𝐾௖. 𝑓ఈ. 𝐵ఉ. 𝑉௖ 
 

(3)
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The Iron losses only depend of the induction B, the 
frequency f and the volume of the magnetic core Vc. Steinmetz 
equation is very practical because parameters are easily 
obtained thanks to datasheets provided by steel manufacturer. 
α, β and Kc are determined by linear regression on losses 
curve. To improve the model of losses, hysteresis and eddy 
current phenomena can be studied separately [2]. But in this 
case, parameters of equations are not directly available and 
experimental measurements are necessary to adjust the model. 

Harmonics are taken into account. For each one, Piron is 
calculated and finally the total iron losses are obtained by 
summing each Piron. We apply the method of superposition 
which remains valid for linear systems. Given the 
assumptions, the operating point remains in the linear area of 
B(H) curve. 

Winding losses (Pj) are generated by Joules Law which only 
depends of current and the electrical resistance of coils (4). 
The current density is the derivative function of the magnetic 
field H(x) for each harmonic (5). The Figure 2 illustrates the 
current density into the different winding layers for inductors. 
Domino effect appears and losses are not equally distributed 
into the winding 
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Where J, σ and l are respectively the current density, the 
electrical conductivity and the length of coil. 

 

dx
xdHxJ )()( =  (5)

 
This method allows to take account of high frequency 

effects as skin and proximity effects. The same hypothesis was 
applied by Dowell [3] at the difference that [3] generalizes the 
calculation for transformer with only one primary and one 
secondary. This permits to write losses as (6). 

 
effDCreffwj IRFIRP ... 2 ==  (6)

Where Rw is the effective resistance, RDC the resistance 
measured with DC current, and Fr the additional losses factor 

 
Fig. 2. Current density and magnetic field into the different layers of an 
inductor. 

C. Thermal model 
Thermal study can be separated in three phenomena: 

conduction, forced convection and radiation. The last one is 
negligible in the case of air-forced cooling [4]. Only the steady 
state is studying which allow the suppression of thermal 
capacitances. The specifications of the model are the ability to 
estimate temperature in: 

• Each layer of winding along the core, 
• The magnetic core, 
• The air ducts according to their size and position. 

 

 
 Fig. 3. Part of the 3D Network of a layer of winding 
 

The nodal approach has been chosen for thermal simulation 
to allow the observation of local phenomena as hot spot 
contrary to analytical model which gives only average 
temperature [5],[6]. 

The aims of this thermal model are the ability to evaluate 
the temperature in three parts of the system: in each layer of 
the winding along the core, inside the core and in the air ducts 
according to their size and position. Since analytical models 
can only supply average temperature, a 3D nodal network 
approach has been chosen for the thermal simulation. 

In term of industrial inductors, vast range geometry exists. 
Hence, the flexibility of the network construction is important 
so it has the ability to adapt the network to the system 
geometry. An algorithm has been implemented to generate 
automatically the network of one of the industrial inductor’s 
column with its windings and air ducts. This topology is 
described in [7] and Fig. 3. For each node of the network, the 
Kirchhoff's current law is applied. Thermal Result is exposed 
in Fig. 4 for a DC inductor.  
 

 
Fig. 4. Thermal simulation of a DC inductor 
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D. Vibro-Acoustic model 
A spring mass model could be made by considering the 

two columns of the core as beams [8]. Hence, those beams can 
be discretized in N elemental harmonic oscillators. This model 
has been validated on classic beams made of pure material 
(like iron for example) coupled to a mass at the end of the 
chain. The results have been compared with finite elements 
simulations. 

 

 
 

Fig. 5: spring mass model 
 

The values of each elemental mass md and spring constant 
kd can be expressed as follows (7): 
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III. GENERAL OPTIMAL DESIGN 
This part deals with the creation of an automatic design 

tool. To achieve this goal, the presented multi-physical model 
is inserting into an optimization loop. This one has the mission 
to find the optimal design parameters in order to respect 
constraints and minimize objectives. 

In this paper, Bi-objective optimization is presented, trying 
to minimize weight and total losses of an three phases inductor 
1.1mH-180Aeff. Study of DC inductors is detailed in [10]. 
Current in the winding is imposed in the specifications of the 
component. It is composed of many current harmonics (Fig. 6)  

 

 
Fig. 6. Imposed spectrum current 

 
The choice of the kind of optimization algorithm is 

consequential. It defines the ability of the tool to converge 
quickly to optimal designs with robustness. Many algorithms 
exist, as stochastic or gradient methods. In this tool, NSGA-II 
[9] has been selected. Genetic Algorithms are efficient to find 
global optimum in a large space of research with many 
variables. More over NSGA-II is able to treat multi objective 

problems. Two constraints are imposed: 
• A thermal Hot-Spot lower than 90°C. 
• Full winding layers, so that number of layers and 

number of turns are multiple. 
 
Ten design variables are selected and bound in the 

algorithm (Table 1). Other variables could be added in the 
future as wire material, and insulation. The component 
specifications are imposed. This is the case for the spectrum 
current, air cooling system etc. 

 
TABLE I 

DESIGN VARIABLES 
Variable Description Bound 

B(T) Maximal induction [0.5 1.8] 
Ns Number of turns [10 100] 
J (A.mm-²) Current density ]0 4] 
αwire Wire shape factor ]0 1] 
αmag Magnetic core shape factor [0.3 3] 
N ducts-side On side air duct number [0 10] 
N ducts-top Top air duct number [0 10] 
Duct thick Air duct thickness [5 20] 
N s/m Ratio: Number of turn / Number of layer ]0 100] 
N conductors Number of parallel conductors [1 10] 

 
The wire and magnetic geometries are not directly imposed 

by the algorithm but obtained thanks to Induction, Number of 
turns, Current density and shape factors. 

Many parameters are currently fixed in the study as: 
• Winding material : copper 
• Winding insulation: Nomex 414 
• Core material: M6X 
• Conductor shape: rectangular or foil 

 
For this paper, NSGA-II is configured with an initial 

population of 200 elements, 40 generations and mutation is 
configured at 30% to promote space research. Compromise 
between weight and losses appears in a Pareto front (Fig. 7). 
Results are obtained after 15 minutes of computations with a 
discretization of 4 for the thermal model. This time agrees 
with the possibility of using this tool in a design office. 

 
Fig. 7. Optimal designs computed by NSGA-II 

 
Two different solutions are presented in Fig. 8. Objective 

functions are opposites but shape of the two components are 
similar, with a cubic geometry to limit volume and so the 
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weight. Current density and induction are higher in the first 
design as the second one. So temperatures in the component 
are more important and losses, which increase with these two 
parameters, grow up. 

 

 
Fig. 8. Detail of two solution opposite solution 
 

The figure 9 is composed of three times the same Pareto 
front but colors show the evolution of the variables B, J and 
Ns. Induction and current density evolve in the same way for 
reducing the weight. Induction is stopped at 1.6T due to 
thermal limitation. This is one of the most important 
advantages of an optimized design tool with a multi-physic 
model. The optimization algorithm is able to find the optimal 
induction by taking account of losses on temperature 
computation. In a traditional design, limit of induction is 
generally imposed by a maximal authorized losses density to 
avoid malfunction.  

On the contrary to B, and J, the turn number doesn’t evolve 
a lot in the front. 
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Fig. 9 Evolution of three variables in the Pareto front. 

 

 
 

IV. CONCLUSION 

Multi-physics modeling is realized using nodal and 
analytical models, which enable the possibility to observe 
local phenomena. Models are able to take into account of 
various shape and kind of magnetic components. In addition, 
the most important advantage is the computation time, 
especially in the case of optimization process which needs to 
launch many simulations. 

The multi-objective optimization is done using NSGAII, 
an algorithm well adapted for the multi-physic models. The 
optimization process offers different geometric configurations 
of the machine that best satisfy the objectives while 
considering the imposed constraints. 

Time of optimization is compatible with an industrial 
design process and allows component manufacturers to obtain 
quickly design solutions. It remains possible for the designers 
to simulate more precisely the components using Finite 
Elements tools. 
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