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 In high power electrical machines, the leakage magnetic flux due to end windings induces 

eddy currents in clamping devices. However, it is quite difficult to quantify these losses. 

In order to study the effect of different clamping materials and the impact of the 

magnetization direction, an experimental mock-up composed of a stator and a clamping 

plate has been developed. An axial coil generates a circumferential magnetic flux in the 

stator core at different frequencies. Eddy current losses in the clamping plates are deduced 

from a power balance by subtracting Joule losses and iron losses from the total measured 

losses. Iron losses are deduced from 3D FE calculations while the impact of the frequency 

on B(H) curve is taken into account. Losses in the clamping device are then analyzed 

depending on experimental parameters. 
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1. INTRODUCTION 

 

An accurate estimation of the losses in the different parts of 

an electrical machine is a key point to further reduce them 

towards the efficiency increase. This can be achieved with a 

relative good accuracy using several analytical or numerical 

tools. However, the additional losses due to end effects [1] still 

are quite difficult to determine due to the three-dimensional 

nature of the problem.  

In the case of high power electrical machines, the stator core 

is generally maintained by a clamping device. For mechanical 

purposes, the latter is often made of steel which has a non-

negligible electric conductivity. Eddy currents are then 

induced due to the leakage magnetic flux generated by end 

windings leading to Joule losses [2]. The estimation of such 

losses is important for a better approximation of the machine 

efficiency but also to predict the temperature rise in the 

machine [3, 4]. Based on axisymmetrical geometry, previous 

work has already dealt with this task using 2D finite element 

modelling [5]. The accuracy of the results remains limited 

because of the three-dimensional nature of the magnetic flux 

at the end regions of the machine. Therefore, three-

dimensional calculations have also been used to determine 

these losses [6-9]. In these studies, simulations have been 

achieved for large machines and numerical analysis has been 

conducted to evaluate these losses. But this has been done in a 

global way and the results were not compared with 

measurements.  

Whatever the model used, its validation requires to compare 

simulation results to measurements. However, in the case of 

Joule losses in clamping devices, it is not a trivial task to 

isolate them from experimental measurements. The present 

work deals with a way to achieve that by means of the use of 

a power balance where the iron losses are obtained from 

numerical calculations [10]. The principle of the proposed 

approach is highlighted through the study of a simplified 

experimental device. 

The present paper is divided into three parts. The first one 

presents the experimental test bench along with its numerical 

model.  

The second part is devoted to the approach proposed to 

access experimentally the Joule losses induced in the clamping 

plate. To well justify its use, a first preliminary study is carried 

out in order to highlight the need of determining the induced 

currents with the presence of the magnetic core. Then, the 

proposed approach to yield the Joule losses in the clamping 

device is presented.  

In the last part, the experimental setup to characterise the 

magnetic properties of the stator sheets is introduced. The 

experimental B(H) curves are approximated at different 

frequencies and the parameters of the model to determine the 

iron losses are identified. Simulation results, in terms of iron 

losses for different frequencies and excitation current 

amplitudes are compared to measurements showing good 

agreement. 

Finally, some conclusions are outlined at the end of the 

paper as well as the planned future works. 

 

 

2. EXPERIMENTAL BENCH AND ITS NUMERICAL 

MODEL 

 

2.1 Experimental setup 

 

The experimental bench is constituted of a stator with 

stacked M600-65A electrical steel laminations and a clamping 

device. In a classical machine, the latter allows maintaining 

mechanical pressure on the stator laminations. It is constituted 

of a clamping plate and a stator sheet that supports pressure 

fingers of the same material as the plate as shown in Figure 1. 
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Figure 1. Clamping plate (a) and pressure fingers (b) 

 

In order to focus only on the proposed approach, with very 

limited interactions, the excitation circuit has been simplified. 

It consists of a specific axial coil (hereinafter referred to as 

excitation coil) constituted of a set of conductors, of which end 

parts can be neglected, placed in a slot of the magnetic circuit. 

The coil is supplied by sinusoidal currents in order to generate 

a variable circumferential magnetic flux and then induced 

currents in the clamping device. Figure 2 shows a picture of 

the experimental bench and its main characteristics are given 

in Table 1. 

 

Table 1. Characteristics of the experimental bench 

 
Item Type Size 

Number of slots 48 

Inner diameter 280 mm 

Outer diameter 460 mm 

Number of turns 60  

Core length 80 mm 

 

 
 

Figure 2. View of the experimental bench 

 

The set up allows to perform measurements with or without 

the clamping plate. Finally, a programmable control voltage 

supply CSW 5550 is used to energize the axial coil with 

sinusoidal currents at different frequencies and amplitudes 

from 50 Hz up to 200 Hz and for maximum RMS current at 

2.5 A. For each test, the voltage, current and power are 

measured by the voltage source CSW and the value of the coil 

resistance is measured at the end of the test. Depending on 

whether the clamping plate and the fingers are set or not, the 

measured active power corresponds to the Joule losses in the 

winding, the iron losses in the magnetic core and Joule losses 

in the clamping system. 

 

2.2 Numerical model 

 

To introduce the proposed approach while studying and 

analysing the experimental device, a 3D numerical model of 

the latter has been built up. It comprises the stator core, the 

clamping device and the axial coil while taking into 

consideration the symmetries in order to reduce the 

computation time. Therefore, only a quarter of the system is 

modelled and a large air box is also designed with the aim to 

not constrain the magnetic flux. Regarding the magnetic flux 

generated by the axial coil, a boundary condition “H.t = 0” is 

used in the XZ symmetry plane.  

We use a homemade 3D calculation code, code_Carmel [11, 

12], in which the total iron losses are obtained by performing 

the sum of each element contribution. Thus, this post-

processing calculation requires a good mesh quality to get 

accurate results. Furthermore, in order to have an accurate 

estimation of the eddy currents in conductive areas, these must 

be meshed with care to account for the skin depth. Taking into 

account these constraints, Figure 3 presents the mesh of the 

bench which is composed of about 2 600 000 elements and 450 

000 nodes. 

 

 
 

Figure 3. 3D mesh of the structure 

 

Simulations are conducted under the same conditions as the 

experimental tests. In addition to the iron and induced current 

losses accessible separately, the numerical calculation allows 

to visualize the establishment of the magnetic field in the 

different parts of the system and the distribution of eddy 

currents in the conductive parts. 

 

 

3. PROPOSED APPROACH 

 

As introduced previously, the aim of the paper is to 

investigate the losses due to induced currents in a conductive 

clamping plate. These losses are quantified by numerical 

simulation and validated through measurements. 

 

3.1 Preliminary study 

 

The simplest idea would be to study the currents induced in 

the plate alone in presence of the excitation circuit that is 

supplied by a sinusoidal current. This idea is attractive because 

of the simplicity of the model and the experimental tests to 

carry out. However, the magnetic material of the stator has a 

Coil 
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non-negligible effect in terms of the magnetic field 

distribution and thus on the induced currents in the conductive 

part. In order to highlight this fact, a preliminary study has 

been carried out in 2 cases: 

• Without the magnetic circuit: the stator core is considered 

as air; 

• With the magnetic circuit.  

Simulations were conducted at 2 A, 50 Hz and Figure 4 

presents the distribution of the magnetic flux density in the 

clamping plate in both cases. As expected, the magnetic field 

in the stator core has a significant impact. Indeed, in this case, 

the magnetic field is differently distributed in the whole plate 

with more restricted magnitudes.  

 

 
 

Figure 4. Magnetic flux distribution in the clamping plate 

 

Therefore, the localization of the eddy currents in the 

conductive plate for both cases is quite different as shown in 

Figure 5. Without the magnetic circuit, the currents are close 

to the excitation coil while they are more distributed in the 

presence of the magnetic core. 

 

 
 

Figure 5. Eddy currents in the clamping plate  

 

Consequently, the evaluation of the eddy currents in the 

clamping device with good accuracy requires the whole 

system to be taken into account.  

 

3.2 Principle of the proposed approach 

 

In terms of modelling, these currents can be easily 

calculated using a numerical approach from which the 

resulting losses are deduced. However, this needs to be first 

validated by comparing the simulations results with 

measurements. 

 The problem lies in the fact that with such system, only the 

total active power Ptot can be measured. 

 

tot j i cP P P P= + +   (1) 

 

The Joule losses Pj in the excitation circuit can be addressed 

in a simple way but afterwards, it is not possible to dissociate 

between iron losses Pi and those that are due to eddy currents 

in the clamping device Pc.  

The proposed approach consists in obtaining Pc losses in an 

indirect way. The main idea is to calculate the iron losses Pin 

accurately by numerical modelling in the same conditions as 

the experiment. Then, Pc can be obtained such as: 

 

c tot j inP P P P= − −   (2) 

 

This approach can be of interest if Pin is equal to Pi within 

the range of the excitation current magnitudes and frequencies. 

To verify this fact, measurements and simulations were carried 

out on the system while removing the clamping device. Thus, 

the measured total active power Ptot is limited to only two 

components:  

 

tot in jP P P= +   (3) 

 

In the case of the numerical modelling, the excitation circuit 

is supplied by the same current (amplitude and frequency) as 

the measured one. Then, using step by step resolution, the 

maximum magnetic flux density in all the elements of the 

modelled part is determined and recorded with respect to time. 

Finally, a post processing procedure, based on Bertotti’s loss 

decomposition (4), is used to determine the iron losses in the 

whole magnetic material parts [11].  

 

2 3/2

2 3/2

in max max maxh ci excP k fB k f B k f B= + +   (4) 

 

Such calculations therefore require a good approximation of 

magnetic properties of stator sheets in terms of a good 

interpolation of the B(H) curve along with a very good 

identification of the coefficients kh, kci, kexc and α of the iron 

loss model. 

The next part is dedicated to the characterisation of the 

magnetic material M600-65A used in the magnetic core at 

different frequencies and also the interpolation of the B(H) 

curves and the identification of the coefficients used in the loss 

model. The interpolation model chosen to approximate the 

B(H) curve is introduced. Due to the large thickness of stator 

sheets, the latter takes into account the impact of the frequency 

on the B(H) curve. In the third part, FEM calculations are 

carried out and iron losses are analysed with respects to the 

supplied frequencies and the current amplitudes. 

 

 

4. APPLICATION 

 

4.1 Characterization of the magnetic properties of the 

stator sheets 

 

The magnetic properties of stator sheets have been 

characterised with an Epstein Frame. This device is constituted 

of a removable magnetic circuit obtained by stacked sample 

sheets. A primary winding is used to energize this closed 

circuit and an e.m.f. is measured in the secondary winding. 

Figure 6 gives a view of the Epstein Frame used. 
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Figure 6. View of the Epstein frame 

 

In order to verify the repeatability of the results, Samples of 

two groups of sheets have been characterized at frequencies 

from 5 to 200 Hz. Samples cut along both the rolling and 

transverse directions have been characterised, considering also 

a set of mixed samples from both directions. Figure 7 shows 

the results obtained for the different tests. As expected, the 

results are slightly different and then, to account for the non-

linear behaviour of the magnetic material, we use the B(H) 

curves from the results related to the mixed samples.  

 

 
 

Figure 7. Hysteresis loops of M600-65A electrical steel 

depending on the cutting direction at 50 Hz 

 

Table 2. Parameters of Bertotti decomposition 

 
Item Value 

𝑘ℎ 0.04 

α 1.72 

𝑘𝑐𝑖  4.01⸱10-4 

𝑘𝑒𝑥𝑐  0 

 

  
 

Figure 8. Comparison of the experimental and calculated 

iron losses at 5 Hz 

 

These characterisations also lead the evolution of the iron 

losses versus magnetic field density amplitudes and 

frequencies. The different parameters of the Bertotti 

decomposition are then identified and listed in Table 2. 

The iron losses obtained from the experiment and from the 

loss model are compared in Figure 8 for the frequency 5 Hz. 

The curves are almost superimposed. 

 

4.2 B(H) curve approximation 

 

As introduced previously, the accuracy of the numerical 

simulation results depends, among others, on the 

approximation of the B(H) curve of magnetic material. In the 

numerical modelling, the lamination stack is considered to 

have a static behaviour (i.e. without eddy currents). In fact, 

dynamic losses are calculated in post-treatment considering 

that the magnetic field is not affected by the dynamic losses in 

the laminations. However, the large thickness of the 

laminations yields to a variation (in the considered range of 

excitation frequency) of the average B(H) curve. Therefore, 

great care has been taken to approximate the B(H) curve for 

each considered frequency. Hence, at low magnetic flux 

density value, the model has to account for the inflexion point 

of the magnetization curve while at high values, it is necessary 

to represent the saturation waveform with good accuracy. 

In the case of the homemade code calculation used, 

code_Carmel [12] with the magnetic vector potential 

formulation, the magnetic field is linked to the magnetic flux 

density through the magnetic reluctivity 𝑣(‖�⃗� ‖) such as: 

 

( )H v B B= ‖‖   (5) 

 

In this work, the interpolation method chosen is based on 

spline functions [13] which decomposes the experimental 

curve into several parts. Then, each part is approximated with 

a polynomial function. Figure 9 shows the comparison of the 

experimental B(H) curves at 50 Hz and 200 Hz with the ones 

obtained by the interpolation method. They are almost 

superimposed. The same procedure has been applied to 

approximate the experimental B(H) curves for other 

considered frequencies.  

 

  
 

Figure 9. Comparison of the approximated and measured 

B(H) curves at 50 Hz and 200 Hz 

 

4.3 Iron losses 

 

Using the different interpolations, calculations were carried 

out in order to calculate the iron losses under the same 

conditions as the measurements performed on the studied 

device while removing the clamping plate. This has been 

achieved with a sinusoidal current in the coil for different 

amplitudes (0.5 to 2.5 A) and for different frequencies (50 Hz 

to 200 Hz). 
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The axial coil generates a circumferential magnetic flux and 

iron losses are located all around the stator core with maximal 

values close to the stator slots. Figure 10a and Figure 10b show 

the localisation of the losses, for a current fixed at 2 A, at 50 

Hz and 200 Hz respectively. The impact of the frequency is 

clearly visible with higher amplitude at 200 Hz.  

 

 
a 

 
b 

 

Figure 10. Localisation of iron losses at 50 Hz (a) and 200 

Hz  

  

In Figure 11, the iron losses obtained by simulation and 

measurements are compared.  

As expected, the supply frequency has a non-negligible 

effect on the iron losses due to the large thickness of stator 

sheets (0.65 mm). However, simulation results are close to 

measurements.  

 

 

  
 

Figure 11. Iron losses at different frequencies 

 

4.4 Simulation of losses in the clamping device 

 

In the case of the experimental set up, since only a very 

simple excitation circuit is used, i.e. one set on conductors 

located in a slot of the stator and supplied by a limited range 

of current amplitudes and frequencies, the generated magnetic 

field density is weak thus the induced currents and Joule losses 

in the clamping device. Therefore, their measurements can 

obviously not be achieved as their values are very small within 

the range of the accuracy of the measurement devices. 

This fact has been verified using the simulation results 

obtained by the numerical modelling. Using the 3D model 

built, the eddy current losses in the clamping device were 

calculated for the same conditions as for the previous 

experimental tests in terms of RMS current amplitudes (0.5 to 

2.5 A) and frequencies (50 to 200 Hz).  

Figure 12a and Figure 12b present the localisation of eddy 

currents in the clamp plate at 50 Hz and 200 Hz respectively. 

As shown in the preliminary study (Figure 5), eddy currents 

are located into the edges of the plate for both frequencies. Due 

to the nature of the excitation circuit and the limited range of 

supplied frequencies, only the amplitude of the induced 

current is modified. 

 

 
a 

 
b 

 

Figure 12. Eddy current distribution at 50 (a) and 200 Hz (b)  

 

As expected, the values of losses generated by the induced 

currents in the clamping device are weak as shown in Figure 

13.  

 

 
 

Figure 13. Losses in the clamping device 

 

 

5. CONCLUSION 

 

The present paper dealt with a procedure that would permit 

to quantify experimentally the losses generated by induced 

currents in the clamping device of an electrical machine. It is 

based on the accurate determination of the iron losses in the 

ferromagnetic parts of the machine by a 3D numerical model. 
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Thus, it would be possible to use the value of these losses in 

order to differentiate between Joule losses in the clamping 

parts and the iron losses in the case of power balance 

measurements. 

To highlight the procedure, an experimental bench with a 

simplified excitation circuit based on an axial coil is 

considered.  

A numerical model of the experimental bench was built. To 

calculate in an accurate manner the iron losses, the magnetic 

properties of the stator sheets have been characterized with an 

Epstein Frame at different frequencies and the parameters of 

the Bertotti model used to determine the iron losses have been 

identified. On the basis of spline functions, experimental B(H) 

curves have been interpolated and thus used in the numerical 

model to account for the nonlinear behaviour of the magnetic 

material. When removing the clamping plate, simulation 

results were compared to measurements with very good 

agreement concerning the iron losses.  

Therefore, the proposed approach can be used to investigate 

experimentally the Joule losses in clamping devices. Future 

works will deal with application of the proposed approach in 

the case of a more realistic experimental set up with a much 

higher magnetic excitation field. 
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NOMENCLATURE 

B Magnetic flux density, T 

H Magnetic field, A. m-1 

ν Magnetic Reluctivity, A. m-1. T-1 

f Frequency, Hz 

P Power, W 
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