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Abstract 

During the operation of Claw Pole (CP) machines, and for some operating loads, the 

magnetic core temperature can reach 180°C in some hot spots. As a consequence, the core 

electromagnetic properties may considerably change, impacting the machine performances. 

In such a case, a deep knowledge of the electromagnetic behavior as a function of the 

temperature is required.  

In this work, we present a dedicated study of the CP rotor made of a forged magnetic 

steel. In fact, the CP magnetic properties heterogeneity and the claw shape made it necessary 

to extract specific samples that are characterized with a miniaturized Single Sheet Tester 

(SST). To that end, this work proposes a specific methodology to characterize the 

electromagnetic properties of the CP rotor material as a function of the temperature in order 

to better predict the machine electrical performances, especially regarding the iron losses. 

 

Keywords:  Temperature dependence; magnetic properties; magneto-thermal 

characterization; electrical conductivity. 

 

1. Introduction 

Magnetic materials are at the heart of the energy conversion in electrical machines. 

Their electric and magnetic properties are strongly related to the machine performances and 

energy efficiency. In order to study and to simulate the electrical machine under its operating 

conditions, the material electromagnetic behavior should be well known and well 

characterized not only at room temperature but also at the machine operating temperatures. In 
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fact, during the machine operation, in some hot spots, the magnetic core temperature may 

reach up to 180°C [1]. As a consequence, the magnetic core properties may considerably 

change as the electrical conductivity to which eddy current losses are directly linked [2]–[5]. 

Thus, when a massive magnetic core is involved, especially the claw pole rotor, the 

temperature effects must be carefully considered in the energy conversion process. Therefore, 

to predict accurately the machine performances, it is necessary to perform both thermal and 

electromagnetic analyses, starting by characterizing the temperature dependence of the core 

electromagnetic properties. 

In the standard experimental approaches for magnetic measurements, the 

characterization techniques are rarely adapted to temperatures up to 200°C. Different authors 

designed specific magneto-thermal characterization devices based on specific needs. Some of 

them employed the ring core method [3], [6], [7] while few others used adapted Single Sheet 

Tester (SST) [5], [8] or even rarely Epstein frame [9]. However, these techniques are limited 

to steel sheets. Likewise, they are not adapted to forged heterogeneous bulk core as it is the 

case for the claw pole (CP) of automotive alternator. 

Unlike other magnetic cores made of steel sheets, the CP is a special case that requires 

a specific methodology.  This magnetic core is a massive forged piece with a complex shape 

through which the magnetic flux has three dimensional trajectories. Also, because of the 

manufacturing process the CP magnetic properties turn out to be strongly heterogeneous [10]. 

They vary not only in a given CP but also from one to another. For these reasons, a specific 

testing device was developed in order to characterize bulk parallelepiped samples extracted 

from different regions of the CP [11]. However, this characterization device was limited to 

ambient temperature measurements.  

In this paper, a specific methodology and an experimental set-up are proposed to 

characterize the electromagnetic properties of the CP as a function of the temperature up to 

200°C. The temperature dependence of the electromagnetic properties, especially the B-H 

curve, iron losses and electrical conductivity, are studied. First, the experimental setup is 

described. Then, the experimental results of the temperature effect on the electrical 

conductivity and magnetic properties are presented and discussed. Finally, the link between 

the conductivity and the dynamic losses dependence with temperature is considered.  

2. Experimental setup 
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A magneto-thermal characterization device has been developed for this specific study. 

The illustration of the device is given in 

 

Figure 1. It consists in a miniaturized SST able to work from room temperature and up 

to 200°C. The supporting frame is made from Polyether ether ketone (PEEK) which exhibits 

a low coefficient of thermal expansion (10
-5

.K
-1

) up to 260°C. As presented in [11], the setup 

is composed of one yoke, the primary coil to create magnetic field, a secondary coil to 

measure the polarization J and two Hall sensors to measure the magnetic field. These latter 

include temperature compensation up to 200°C, with very small linearity error (typically 0.1 

% up to 1.5 T). The measurement device has been validated by numerical 2D / 3D 

simulations as detailed in [11]. Furthermore, the mini-SST measurements were compared, at 

room temperature, with those made on a standardized SST, and a very good agreement was 

observed between measurements made on both devices. The gap between the magnetic fields 

to reach 1.5T is equal to 1.15%. Likewise, for the same level of magnetic flux density, the 

gap is equal to 2.3% for the specific losses. The electrical conductivity is measured at 

different temperatures using the four probes methods and applying a geometry correction 

factor as explained in [11], [12].  

For both the electrical and magnetic devices, the used cables and copper wires can 

support temperatures above 200°C. In order to control the temperature of the environment, 

the device is placed in a drying and heating chamber (Binder, model M53) with a heating 

capability ranging from 5°C above the room temperature to 300°C. The temperature chamber 
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is also equipped with forced convection and adjustable fan speed functions that allow to have 

a homogeneous temperature with less than 2°C of variation within the heated volume. 

Moreover, in addition to the temperature sensor in the heating chamber, a thermocouple is 

placed on the sample to check its temperature and ensure the thermal equilibrium in the heat 

chamber. 

The experiments were carried out on two bulk parallelepipedic samples with 

dimensions 35 mm x 10 mm x 1 mm. The samples were extracted by wire Electrical 

Discharge Machining (EDM) in two different locations of a CP made from SAE1006 steel. 

The EDM process has been chosen because of its low impact on the electromagnetic 

properties. 

 

 

Figure 1 Magneto-thermal characterization device 

3. Measurement results and discussion  

3.1.  Electrical conductivity 

The experimental protocol for the measurement of the electrical conductivity consists 

in placing the sample in the heating chamber and heating by increasing steps of 25°C starting 

from the room temperature (25°C) and up to 200°C. After each step, once the thermal steady 

state is reached, the electrical measurement is performed. As mentioned in the previous 

section, the electrical conductivity is deduced from the following equation: 
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   (Eq 1) 

where   is the electrical conductivity,   current,   the distance between the voltage 

probes,   the measured voltage,   the section of the sample and   is a correction factor that 

accounts for the geometry of the sample [11]. 

The results of the electrical measurement of both considered samples “S1 and S2”are 

reported in Figure 2. As expected, a linear relationship is observed between the electrical 

conductivity and the temperature, which can be written: 

  ( )         (    )     (Eq 2) 

where  ( ) is the electrical conductivity at the temperature T (°C) and σ0 is the electrical 

conductivity at room temperature T0 (25°C). Thus, for the temperature between 25°C and 

200°C, the electrical conductivity decreases with a rate of 0.23% /°C. This decrease in the 

conductivity was expected. In fact, due to thermal agitation, the mobility of the charge carrier 

decreases and, as a result, the ability of the material to conduct electrical current is reduced 

[2]. However, an accurate determination of the rate can only be done experimentally. 
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Figure 2. The electrical conductivity ratio      as a function of the temperature (with    the 

electrical conductivity measured at 25°C) 

3.2.  Magnetic properties  

In the same way, as for the electrical conductivity, the experimental protocol consists 

in placing the whole device (supporting frame + sample) inside the temperature chamber and 

performing the measurement once the thermal steady state is reached. The considered 

temperatures for the magnetic measurements are the room temperature (25°C) and by 50°C 

steps starting from 50°C and up to 200°C. The measurements were systematically carried out 
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on both the samples to ensure the reproducibility of the observations. And, as expected, both 

the samples showed similar behaviors. Thereafter, only the results of the measurement made 

on sample S1 are presented.  

In Figure 3, hysteresis loops are illustrated for the considered temperatures and for 1.5 

T peak magnetic induction at 50Hz frequency.  
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Figure 3. Hysteresis loop of the claw pole sample characterized at 1.5T/50 Hz at different 

temperatures 

Comparing the hysteresis loops measured at different temperatures, a contraction of 

the loop area is clearly observed when the temperature increases. This is associated to the 

decrease of the coercive field, which represents the magnetic field required to demagnetize 

the sample, with increasing temperature [9]. Besides, as the temperature increases, thermal 

energy tends more and more to break the spontaneous alignment of atoms. As a result, the 

magnetization and the susceptibility decrease [13]. This behavior was barely noticeable, on 

the saturation zone in Figure 3, as the saturation induction is reduced by 3%. The same 

temperature dependence was observed on FeSi sheets in [3], [9]. 

The normal magnetization curve, obtained from the tips Bp-Hp of increasing induction 

level of minor hysteresis loops, is presented in  

(a) 
          (b) 

Figure 4 for different temperatures. It is found that, as temperature increases, the 

magnetic flux density increases for low magnetic fields but decreases slightly at higher 

magnetic fields above the knee region. This result may be explained by the combination of 
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two effects. The first is the temperature dependence of the saturation magnetization which 

decays with the temperature, and is more pronounced at high magnetic field. The second is 

related to the dynamic effects which are more visible at low magnetic field. In fact, the total 

magnetic field H is the sum of the static field       (frequency-independent) and the dynamic 

field      due to eddy-currents. When the temperature increases, the eddy currents decrease 

due to the decrease of the electrical conductivity as shown in the previous section. 

Consequently, the dynamic field decreases as well with the temperature. Therefore, at low 

magnetic field, to reach a given magnetic flux density level, the total required magnetic field 

is less important when the temperature increases. This effect is more noticeable at high 

frequency measurement ( 

(a) 
          (b) 

Figure 4.(b)) when the dynamic effects are more pronounced. However, compared to 

the variation due to the frequency, the temperature effect on the magnetization curves is less 

significant. The same behavior was observed in [14]. 
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(a)           (b) 

Figure 4. B-H curves (log-scale for H-field) of the sample characterized at different 

temperatures, (a) at 50 Hz and (b) at 200 Hz. 

The previous observations can be emphasized by plotting the relative permeability 

calculated by (Eq 3) 

 
    

 

  
 
  

  
 

 (Eq 3) 

where µ0 is vacuum magnetic permeability and (Hp, Bp) are the tips of minor loops. The 

effect of temperature on the relative permeability is reported in Figure 5. It is observed that, 
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when the temperature increases, the permeability increases at low magnetic flux density 

whereas it decreases at high magnetic flux density. This is associated to the temperature 

dependence of the material susceptibility and eddy current effects as noted, previously, on the 

magnetization curves. 

It should be noted that the increase of the magnetic permeability with temperature at 

low flux density may also be explained by the Hopkinson effect as shown in [3]. This effect 

is noticeable at high temperature when approaching the Curie temperature. Nevertheless, 

regarding the considered temperature range in the present study (below 200°C) and the SAE 

1006 material (TCurie = 770 °C) this effect is barely pronounced. 
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Figure 5. Relative permeability of the claw pole sample characterized at 50 Hz at different 

temperatures  

Regarding the iron losses, the effect of the temperature is more significant as we can 

see in Figure 6. It gives the evolution of the losses in function of the magnetic flux density for 

different temperatures. The main observation is a significant decrease of the total iron losses 

when the temperature increases. 
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Figure 6. Magnetic losses of the claw pole sample characterized at 50 Hz at different 

temperatures 

To further investigate the total losses      dependence with temperature, a loss 

separation is performed. The losses are decomposed into the hysteresis      and dynamic 

     contributions such as: 

                 (Eq 4) 

To determine the hysteresis loss component, energy losses (   ) measurements at 

five different frequencies, respectively 5Hz, 20Hz, 50Hz, 100Hz and 200Hz, were used. The 

hysteresis losses were calculated by extrapolating these measurements to zero frequency. The 

dynamic losses were then obtained after subtracting hysteresis losses from the total losses for 

each frequency. Note that the dynamic loss contribution includes the classical losses and the 

excess losses as defined in the Bertotti’s loss decomposition approach. Indeed a measurement 

at 1Hz was carried out, but at higher magnetic flux density the quality of measurement 

remains limited because of the degradation of the signal to noise ratio. The losses separation 

was performed with and without considering the 1 Hz measurements. Except for high flux 

density (>1.6T), the results were very close showing that the measurement at 1Hz is not 

required. So, to stay consistent, we decide to remove the measurement at 1Hz keeping only 

the measurement at 5 Hz.  

 

The evolution of the dynamic losses as a function of frequency, at 1.5 T is presented, 

for different temperatures, in Figure 7. It is observed that this evolution is proportional to the 

square of the frequency, as it is the case of classic losses due to macroscopic eddy currents 
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[15]. It confirms that, in the following, the dynamic losses could be assimilated to the classic 

losses.  
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Figure 7 : Dynamic power losses as a function of frequency at 1.5T for different 

temperatures.  

In addition, to describe and to quantify the relative variation with temperature of each 

of the hysteresis and dynamic losses, the losses were normalized respectively to     (    ) 

and     (    ) : 

 
       

    (  )

    (    )
  

        
    (  )

    (    )
 

 (Eq 5) 

Figure 8 illustrates the temperature dependence of these loss components at 0.5T, 1T 

and 1.5T peak induction levels. It is noted that the hysteresis losses decrease slightly with 

temperature (0.07% /°C) while the dynamic losses decrease more significantly. The noted 

behavior is the same for different peak induction levels. This modification of the dynamic 

losses is obviously explained by the variation of the eddy current losses which are directly 

linked to the electrical conductivity. 
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Figure 8: Normalized hysteresis and dynamic losses as a function of temperature measured at 

0.5T, 1T and 1.5T. 

Theory predicts that the dynamic losses are a linear function of the electrical 

conductivity [15] and we have shown experimentally that the electrical conductivity is a 

linear function of the temperature. Consequently, we can expect the dynamic losses to exhibit 

a linear behavior in function of the temperature with a coefficient of variation close to the one 

of the electrical conductivity. The experimental results presented in Figure 7 confirm that the 

dynamic losses are a linear function of the temperature and that the coefficient equal to 

0.21%/°C is close to the one of the electrical conductivity which is equal to 0.23%/°C.  

 

4. Conclusions 

In this paper a methodology for the characterization of the electromagnetic properties 

of bulk materials under different temperatures up to 200°C was proposed. The 

characterization results showed a clear temperature dependence of the electromagnetic 

properties. The coercive field, the saturation magnetization and the material permeability 

decrease when the temperature increases. Also, for the considered material, the electrical 

conductivity decreases in a linear way with temperature. Consequently, the eddy currents are 

reduced and thus the total losses decrease. The temperature affects also the magnetization 

curve which was found to be more influenced by the frequency and varies slightly with the 

temperature. Finally, from the separation of the losses, it has been concluded that the 

variation of the dynamic losses as a function of temperature is close to the one of the 

electrical conductivity. Yet, this result can further be used in the development of a loss 
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prediction model using temperature dependent electrical conductivity measurements and iron 

loss measurement at room temperature only. In the context of electrical machine applications, 

the electromagnetic properties dependence of the machine operating temperature will be then 

accounted in a further easier way to obtain a realistic simulation of the machine performance. 
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