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Abstract: In this paper, the temperature influence on iron loss of non-oriented steel laminations is 

investigated. The iron loss variation under different flux densities, frequencies and temperatures is 

systematically measured and analysed by testing two typical non-oriented steel laminations, V300-35A and 

V470-50A. The iron loss variation with temperature is almost linear in the typical operating temperature 

range of electrical machines. Furthermore, the varying rate of iron loss with temperature varies with flux 

density and frequency. A coefficient which can fully consider the temperature influence is introduced to the 

existing iron loss model to improve the iron loss prediction accuracy. The predicted and measured results 

show that the temperature influence on the iron loss can be effectively considered by utilizing the improved 

model, i.e. the prediction accuracy of the improved iron loss model remains constant, even when the 

temperature varies significantly. A potential simplification of this improved model is also discussed in this 

paper. 

1. Introduction 
In electrical machines, iron loss is one of the major losses and its accurate prediction is essential for the 

evaluation of efficiency, temperature distribution, cooling requirements, and PM demagnetization etc. 

However, iron loss is one of the most difficult losses to predict accurately in electrical machines.  

The first expression for the iron loss in ferromagnetic materials was developed by Steinmetz [1], where the 

iron loss is a sum of hysteresis loss and eddy current loss. In [2], a third term in the iron loss expression is 

introduced by Pry and Bean. The iron loss is separated into hysteresis loss, classical loss and excess loss. By 

improving the modelling of the excess loss, a new iron loss model is proposed by Bertotti et al. in [3] and [4]. 

Since the Bertotti model has good theoretical background, it has evolved into many different forms and is 

widely used for iron loss predictions [5]-[12]. However, it is concluded in [13] that the contributions of 

classical loss and excess loss cannot be separated by an Epstein frame or a ring specimen test. Alternatively, 

a new two-term approach is developed in [13], where the classical loss and excess loss in Bertotti’s 

three-term model are combined into a global eddy current loss. Since this two-term model is easy to 

implement and has a reasonable accuracy, it is widely used in electrical machine design and optimization 



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 

2

[14]-[22]. All the iron loss models in [1]-[22] are based on constant coefficients. However, the iron loss 

coefficients change with the flux density and the frequency [23]. Therefore, in [24] and [25], iron loss models 

containing variable hysteresis and eddy current loss coefficients are developed. These models are used for the 

iron loss predictions in [26], [27], and [28]. 

It should be noted that none of the iron loss models in [1]-[28] consider the influence of temperature on the 

iron loss. The iron loss is predicted based on the measured iron loss curves, generally at room temperatures 

between 20ºC and 25ºC. However, the actual temperatures in stator and rotor cores vary significantly and 

could reach 100ºC or even higher [31]. More importantly, the iron loss can be significantly influenced by the 

temperature. In [29] and [30], the temperature influence on the iron loss of ferrite cores for power electronic 

applications is investigated and modelled. For electrical machine applications, the temperature influence on 

the initial magnetizing curve, the B-H hysteresis loops and the total iron loss of Ni-Fe laminations, are 

experimentally investigated in [31]. However, only the temperature influence on the magnetizing curve and 

torque performance is considered in the finite element (FE) simulations. In [32], the temperature dependency 

on iron loss of oriented silicon steels are experimentally confirmed. In [33], it is experimentally verified that 

the saturation flux density, permeability and iron loss of 35A360 Si-Fe laminations can be significantly 

influenced by the temperature. However, no further analyses and models are presented in [32] or [33]. In 

[34], the temperature influence on the resistivity of steel laminations is considered, the temperature influence 

on eddy current loss is then modeled by introducing a temperature dependent resistivity. However, the 

temperature influence on hysteresis loss is not taken into account while, as confirmed experimentally in [33] 

and [45], the hysteresis loss can be significantly influenced by temperature. Therefore, the model presented in 

[34] is not very accurate, especially considering the high flux density leading to a more significant variation 

of hysteresis loss with an increase in temperature. 

The aim of this paper is to develop an iron loss model which considers the temperature influence on both 

hysteresis loss and eddy current loss as well as ensuring a good accuracy, while keeping the model simple and 

practical. In this paper, the iron loss variations of non-oriented Si-Fe steel laminations with the flux density, 

frequency and temperature are systematically measured. In order to obtain general conclusions, two typical 

non-oriented Si-Fe steel laminations, i.e. 0.35mm thick V300-35A and 0.5mm thick V470-50A, are 

investigated. The properties of V300-35A and V470-50A are shown in Table 1. This paper is organized as 

follows. In Section 2, the iron loss measuring method and test rig are presented. In Section 3, the measured 

iron loss at different flux densities, frequencies and temperatures is systematically analyzed. In Section 4, the 

predicted results of existing iron loss models are compared with the measured results. An improved iron loss 

model considering the influence of temperature on both hysteresis and eddy current losses is developed in 

Section 5. In Section 6, in order to evaluate the effectiveness of the improved iron loss model, the prediction 
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accuracies of existing and improved iron loss models are compared. A potential simplification of the 

improved model is discussed in Section 7. 
Table 1 Properties of V300-35A and V470-50A 

 V300-35A V470-50A 

Silicon content 2.5% 1.5% 

Resistivity (40°C) 5.36×10-7 Ω m 4.02×10-7 Ω m 

Resistivity (100°C) 5.82×10-7 Ω m 4.37×10-7 Ω m 

2. Iron Loss Measurement 
There are many methods to measure iron loss in steel laminations, such as, the Epstein frame test [36], the 

ring specimen test [37], and the single strip test [38] [39]. Comparisons between these iron loss measuring 

methods are carried out in [37], [40], [41] and [42]. The ring specimen test involves a similar principle to the 

Epstein frame test but is much easier to implement. Hence, the ring specimen test has been widely used [29] 

[33] [43] [44]. In this paper, all of the iron loss results under different flux densities, frequencies and 

temperatures are measured by the ring specimen test. The measuring system is shown in Fig. 1. 

The ring specimen is made of the laminations to be measured, which is then wound with two coils, i.e. the 

excitation and measuring coils. The excitation coil is connected to the power source to produce the 

designated flux density waveforms in the specimen. In order to exclude the influence of copper losses due to 

the internal resistance of the power source and the resistance of the excitation coil, an open-circuit measuring 

coil is tightly wound together with the excitation coil. Furthermore, the number of turns for the excitation and 

measuring coils is chosen to be the same. Thus, the instantaneous current of the excitation coil and the 

instantaneous voltage of the measuring coil are measured and recorded on the oscilloscope simultaneously. 

The field strength H(t), iron loss PFe, and iron loss density pFe can be calculated as 𝐻(𝑡) = 𝑁𝑖(𝑡)/𝑙ୣ୤୤ (1) 

𝑃୊ୣ = න 𝑖(𝑡)𝑢(𝑡)𝑑𝑡்
଴ 𝑇൘  (2) 

𝑝୊ୣ = 𝑃୊ୣ (𝜌𝑉)⁄  (3) 

where N is the number of turns of the excitation and measuring coils, i(t) is the instantaneous current of 

excitation coil. u(t) is the instantaneous voltage of measuring coil. leff is the effective length of the ring 

specimen. T is the time period of the current and voltage. ρ and V are the mass density and the volume of the 

specimen respectively. 
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Since the magnetic permeability of the lamination is much higher than the permeability of air, the flux 

leakage is negligible. Also, the flux density can be treated as evenly distributed in the specimen since the 

specimen has a much bigger average radius than radial thickness. In order to support this, the field 

distribution when the average flux density in the ring is 1.70T is simulated by non-linear finite element 

analysis as shown in Fig. 2. It is shown that the difference between the maximum and minimum flux densities 

in the ring is < 3% of the average flux density. In this case, the flux density B(t) in the lamination can be 

obtained as 

𝐵(𝑡) = න 𝑢(𝑡)𝑑𝑡 𝑁𝐴ൗ  (4) 

where A is the effective cross sectional area of the ring specimen. 

In actual test rigs, the ring specimen is made of wire cut non-oriented Si-Fe steel laminations.  In order to 

reflect the general influence of temperature on the iron loss, two typical non-oriented Si-Fe steel laminations, 

i.e. 0.35mm thick V300-35A and 0.5mm thick V470-50A, are investigated. 0.35mm and 0.5mm are the most 

widely used non-oriented Si-Fe steel lamination thicknesses for electrical machine applications. The 

excitation coil is made of Litz wire with a relatively large total conductor cross-section. The resistance of the 

excitation coil is 0.04Ω. Due to negligible voltage on the resistance, the flux density in the ring specimen and 

the induced voltage from the measuring coil are sinusoidal, even when the excitation current is 

non-sinusoidal. This can be seen in Fig. 3, especially so when the flux density is high due to the nature of 

non-linear soft magnetic materials. The excitation coil is powered by a California Instrument 4500iL power 

supply, whose maximum output voltage and current is 150V/30A RMS with an output frequency range of 

between 45Hz and 5kHz. The dimensions of the ring specimen and the coil number of turns are specially 

designed and given in Table 2 in order to cover the flux density and frequency ranges specified in Table 3. 

In order to investigate the influence of temperature on the iron loss, firstly, a K-type thermocouple is 

installed on the ring specimen to measure the temperature. Secondly, the iron loss is utilized to heat up the 

ring specimen to any designated temperature higher than the room temperature. It should be noted that the 

electromagnetic time constant is much smaller than the thermal time constant for this system. It only takes a 

few seconds to stabilize the voltage and current and record these on the oscilloscope. During this period, the 

change of temperature is so small that it can be neglected. Thus, iron loss under different temperatures can be 

obtained. This method is also used in [33]. Since the room temperature varies and the lamination temperature 

is much easier to be maintained constant when it is higher than the room temperature based on the test rig, the 

lowest lamination temperature is chosen to be 40ºC in this paper. Furthermore, tests were repeated several 

times at each test condition to reduce any error. 
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Fig. 1. Schematic of iron loss test rig. 

 

Fig. 2. Non-linear FE predicted field distribution of ring specimen when average flux density is 1.7T. 

  
a b 

Fig. 3. Typical waveforms for measured currents of excitation coil and voltages of measuring coil.  

a Bm=0.2T and f=50Hz 

b Bm=1.73T and f=1000Hz 

Table 2 Parameters of ring specimen and coils 

Outer diameter  150 mm 

Inner diameter  125 mm 

Total effective thickness  14 mm 

Total layers of laminations 
40 (for 0.35mm laminations) 

28 (for 0.5mm laminations) 

Number of turns for excitation  and measuring coils 102 
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Table 3 Ring specimen iron loss test ranges 

Flux density  0-1.8 T 

Frequency  50-1000 Hz 

Temperature  40-100 °C 

3. Measured Iron Loss  
Based on the method described in Section 2 and the test rig shown in Fig. 1, the iron loss under different 

flux densities, frequencies and temperatures is measured. In order to illustrate the iron loss variation more 

clearly, the investigation in this section is carried out in two steps. The iron loss variation with the flux 

density and the frequency at constant lamination temperature is analyzed first. The influence of temperature 

on the iron loss is then investigated separately.  
3.1 Iron loss variation under constant lamination temperature 

In order to illustrate the iron loss variation under a constant lamination temperature, the measured iron loss 

of V300-35A and V470-50A at 40ºC and 100ºC are shown in Fig. 4 (a) and (b), respectively. It is shown that 

the iron loss varies with the frequency and flux density in an identical pattern when the lamination 

temperature is 40ºC and 100ºC. The iron loss increases significantly when either the frequency or the flux 

density is higher. This variation pattern has been widely reported in [3], [4], [8] and [22] as well as modelled 

in [3] and [4]. However, the values of iron loss at 40ºC and 100ºC are different at the same flux density and 

frequency. This means that the iron loss in non-oriented steel laminations is influenced by the temperature. 

This will be investigated systematically later in this paper. 

  
a b 

Fig. 4. Measured iron loss density with frequency and flux density at lamination temperatures of 40ºC and 100ºC 

a V300-35A 

b V470-50A 

3.2 Influence of temperature on iron loss 
In order to comprehensively investigate the influence of temperature, the iron loss variations with the 

temperature at various combinations of frequencies and flux densities in both V300-35A and V470-50A are 

measured, as shown in Fig. 5. For example, the yellow solid line with the star marker in Fig. 5 (a) is the iron 

loss of V300-35A lamination obtained when the flux density is 0.2T, at a frequency of 1000Hz and with a 
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lamination temperature change from 40°C to 100°C. It can be seen that the iron loss in both V300-35A and 

V470-50A laminations varies when the temperature rises across the whole test range. This is caused by the 

fact that the hysteresis loss and eddy current loss are dominated by the permeability and resistivity, which are 

influenced by temperature significantly. Furthermore, the iron loss varies almost linearly with the 

temperature rise. This is due to the fact that the permeability and conductivity of non-oriented steel 

laminations vary linearly between room temperature and 200°C, which has been experimentally confirmed in 

[33]. This linear temperature dependency of iron loss in other types of steel laminations is also reported in 

[35]. It should be noted that the temperature dependency of iron loss will be non-linear when the temperature 

is > 200°C [45]. However, electrical machines from normal industrial and domestic applications typically 

operate with a maximum temperature of < 120°C [31]. Therefore, the temperature dependency of iron loss 

can be considered as linear for this temperature range, which is much simpler but has a better accuracy. As 

shown in Fig. 5, the iron loss varies with temperature, with the amount of variation corresponding to different 

frequencies and flux densities. Taking the test results of the V300-35A lamination for instance, when the 

temperature increases from 40°C to 100°C, the iron loss at 1.73T and 1000Hz reduces by > 10% while the 

iron loss at 0.2T and 50Hz decreases by < 5%. This variation in the change of iron loss with temperature at 

different frequencies and flux densities will be investigated further in Section 5.  

  
a b 

Fig. 5. Measured iron loss variation with temperature, at different frequencies and flux densities in V300-35A and V470-50A 

a Bm=0.2T 

b Bm=1.73T 
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4. Iron Loss Prediction by Existing Iron Loss Models 
In this section, the accuracy of existing iron loss models is evaluated with and without considering the 

temperature influence. The differences between existing iron loss models are also highlighted.  

According to the review of existing iron loss models in the introduction section, the iron loss models 

developed in [17] and [24] are two of the latest and most widely used models when the magnetic field is 

alternating sinusoidally. Hence, they are selected for the iron loss predictions in this section. The most 

accurate model will be selected for further investigation. 

It should be noted that the influence of temperature on the iron loss is not considered in these iron loss 

models. Therefore, the coefficients of these iron loss models are calculated based on the measured iron loss 

results at a constant temperature. This temperature is chosen to be 40ºC in this paper, since the room 

temperature varies and the lamination temperature is much easier to maintain when it is higher than the room 

temperature. 

The iron loss model with constant coefficients introduced in [17] is referred to as Model-1 in this paper and 

can be express as  𝑝୊ୣ = 𝑘୦𝑓𝐵୫ଶ + 𝑘ୣ𝑓ଶ𝐵୫ଶ  (5) 

where pFe is iron loss density. f is the frequency. Bm is the peak value of alternating flux density. kh and ke are 

the hysteresis loss and eddy current loss coefficients respectively. 

The iron loss model with variable coefficients introduced in [24] is referred to as Model-2 in this paper and 

can be express as 𝑝୊ୣ = 𝑘୦(𝑓, 𝐵୫)𝑓𝐵୫ଶ + 𝑘ୣ(𝑓, 𝐵୫)𝑓ଶ𝐵୫ଶ  (6) 

where 𝑘୦(𝑓, 𝐵୫) and 𝑘ୣ(𝑓, 𝐵୫) are variable hysteresis loss and eddy current loss coefficients respectively.  

Fig. 6 shows a comparison of the predicted iron loss and the measured iron loss in V300-35A and 

V470-50A laminations at different flux densities and lamination temperatures. Since these existing iron loss 

models do not consider the influence of temperature, the iron loss is predicted based upon the coefficients 

obtained at the specific temperature, which is 40ºC in this paper. It can be seen that when the temperature is 

constant at 40ºC, better accuracy can be achieved in both V300-35A and V470-50A laminations by utilizing 

Model-2 with the help of variable coefficients. Therefore, further investigation on the temperature influence 

on iron loss will be based on the iron loss Model-2 in this paper. However, it is shown in Fig. 6 that when the 

temperature increases from 40ºC to 100°C, the iron loss could vary significantly. The predicted iron loss by 

Model-2 cannot reflect this variation and remain unchanged when the temperature changes. Hence, the 

prediction accuracy of Model-2 varies significantly with the temperature.  

This unstable prediction accuracy, which will be more clearly illustrated later in this paper, may mislead 
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the investigation and result in the wrong conclusions. Therefore, the iron loss model which considers the 

influence of temperature on the iron loss is desirable. 

  
a b 

  
c d 

Fig. 6. Measured iron loss at different temperatures and predicted iron loss by using existing models 

a Bm=0.2T, V300-35A 

b Bm=0.2T, V470-50A 

c Bm=1.73T, V300-35A 

d Bm=1.73T, V470-50A 

5. Iron Loss Calculation Considering Temperature Influence 
As illustrated in Section 4, the iron loss can be influenced by temperature significantly. This is caused by 

the temperature dependency of eddy current loss and hysteresis loss. On one hand, the eddy current loss 

depends on the resistivity, which has an approximate linear dependency with temperature. On the other hand, 

as shown in [33] and [45], the permeability of non-oriented steel laminations fluctuates with temperature 

dramatically, which means the hysteresis loss is also significantly influenced by temperature. It is important 

to take temperature dependency of both the eddy current and hysteresis losses. However, the modelling of 

temperature dependency of the hysteresis loss is so complicated that would make the model impractical. 

Therefore in this section, the iron loss model which can consider the temperature dependency of eddy current 

loss while neglecting that of hysteresis loss is introduced at first. Secondly, an improved iron loss model 

which takes the temperature dependencies of both eddy current loss and hysteresis loss is presented. This 

improved iron loss model is also very easy to implement. The predicted and measured results are also 
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obtained and discussed in this section. 
5.1 Iron loss prediction considering temperature coefficient of resistivity (Model-TCR) 

As presented in [34], in order to take the temperature influence into account, one method is to consider the 

temperature dependency of eddy current loss while neglecting that of hysteresis loss. The eddy current loss 

coefficient is related to the electrical resistivity. The relationship between resistivity and temperature can be 

expressed as 𝜌(𝑇) = 𝜌 బ்[1 + 𝛼(𝑇 − 𝑇଴)] (7) 

where 𝜌(𝑇) is the resistivity at temperature T. 𝜌 బ்  is the resistivity at the base temperature T0. 𝛼 is the 

temperature coefficient provided by manufacturers. 

The iron loss model can be expressed as 

𝑝୊ୣ,் = 𝑘୦𝑓𝐵୫ଶ + 𝑘ୣ1 + 𝛼(𝑇 − 𝑇଴) 𝑓ଶ𝐵୫ଶ  (8) 

By applying (8) to the iron loss calculation, the predicted iron loss values vary with the temperature. The 

temperature influence on iron loss can be partly considered. However, since the temperature dependency of 

hysteresis loss is not taken into account, this model will be not very accurate. Fig. 7 shows the comparisons of 

the iron loss predicted by Model-2 (6) and Model-TCR (8) with measured iron loss at 100ºC. It is shown that 

the accuracy of Model-TCR is slightly better than that of Model-2 at 100ºC with the help of the temperature 

dependent resistivity. However, the improvement of accuracy with Model-TCR is limited. Furthermore, the 

predicted iron loss using Model-TCR will be overestimated and underestimated dramatically at different flux 

densities. This is caused by the different temperature dependencies of hysteresis losses, which are not taken 

into account in Model-TCR.  
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c d 

Fig. 7. Comparison of iron loss predicted by Model-2 and Model-TCR with measured iron loss at 100°C 

a Bm=0.6T, V300-35A 

b Bm=0.6T, V470-50A 

c Bm=1.54T, V300-35A 

d Bm=1.54T, V470-50A 

5.2 Improved iron loss model 
According to the investigation carried out in Section 5.1, it is necessary to take temperature dependency of 

both hysteresis and eddy current losses into account in order to achieve a good accuracy. However, the 

modelling of temperature dependency of hysteresis loss is so complicated that it would become impractical. 

In order to achieve a good accuracy while keeping the model easily implemented, a temperature dependent 

coefficient 𝑘୲(𝑓, 𝑇) is introduced to the total iron loss in this paper 𝑝୊ୣ,் = 𝑘௧(𝑓, 𝑇)𝑝୊ୣ,୘బ  (9) 

where 𝑝୊ୣ,்  is the iron loss density at actual temperature T. 𝑝୊ୣ, ୘బ  is the iron loss density at the base 

temperature T0. 𝑘୲(𝑓, 𝑇) is the temperature coefficient representing the ratio of the iron loss when the 

temperature is T and T0.  

By applying (9) to the existing iron loss Model-2 (6), the iron loss model considering temperature 

influence can be expressed as 𝑝୊ୣ,் = 𝑘୦(𝑓, 𝐵୫, 𝑇)𝑓𝐵୫ଶ + 𝑘ୣ(𝑓, 𝐵୫, 𝑇)𝑓ଶ𝐵୫ଶ  (10) 

Comparing (10) the iron loss model in this paper and (8) the iron loss model in [34], their differences can 

be summarized as: 1) In the iron loss model of [34], only the eddy current loss is influenced by the 

temperature. In this paper, both the hysteresis and eddy current losses are influenced by the temperature. 2) In 

the iron loss model of [34], the temperature coefficient is constant. In this paper, the temperature coefficient 

varies both with the temperature and frequency. 3) In the iron loss model of [34], the coefficients a for 

hysteresis loss and b for eddy current loss are constant. In this paper, the coefficients kh for hysteresis loss and 

ke for eddy current loss are functions of flux density and frequency. It is shown in [24] that the varying 

coefficients model has better accuracy than the constant coefficients model. 
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As shown in Fig. 5, the iron loss variation with temperature can be approximately considered to be linear, 

as has been illustrated in Section 3 when the flux density and frequency were constant. Thus, the temperature 

coefficient 𝑘୲(𝑓, 𝑇) can be expressed as 𝑘୲(𝑓, 𝑇) = 1 − (𝑇 − 𝑇଴)𝐷 (11) 

𝐷 = (𝑝୊ୣ,୘బ − 𝑝୊ୣ,୘భ)𝑝୊ୣ,୘బ(𝑇ଵ − 𝑇଴)  (12) 

where 𝑝୊ୣ, ୘భ  is the iron loss density when the temperature is T1. D is the iron loss varying rate per ºC. A 

positive value of D means that the iron loss decreases with temperature rise whilst a negative value of D 

indicates that the iron loss increases with temperature rise. 

The values of D are obtained from the measured iron loss at two different temperatures when the frequency 

and flux density are fixed. By choosing T0 = 40°C and T1 = 100°C, the points in Fig. 8 (a) and (b) show the 

variations of D measured in the V300-35A and V470-50A laminations. It can be seen that D varies with the 

flux density differently depending on whether the frequency is low or high. This variation is caused by the 

difference in temperature dependency of hysteresis loss and eddy current loss with flux density and 

frequency, which has also been experimentally confirmed in [33], [45] and [46]. In order to ensure that the 

model is easy to implement, an engineering method is carried out to predict the values of D as follows. 

Firstly, the values of D are measured at several different flux densities and frequencies. Secondly, the values 

of D at each frequency are averaged, as shown in Fig. 8. Finally, the value of D at any frequency can be 

predicted by utilizing curve fitting to the averaged values, as shown by the dashed lines in Fig. 8.  

Based on the foregoing method (9)-(12), an improved iron loss model is developed. The iron loss at any 

operating point in the test range can be predicted by measuring the iron loss at several points. In order to 

evaluate the improved iron loss model, the measured and predicted iron loss at 1.54T in V300-35A and 

V470-50A laminations when the temperature is 100°C is shown in Fig. 9. It can be seen from Fig. 9 that when 

the temperature changes to 100°C, the improved model can track the variations of iron loss precisely. 

Furthermore, the accuracy of the improved models is better than those of Model-TCR and Model 2.  
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a b 
Fig. 8. Measured and calculated D at different flux densities 

a V300-35A 

b V470-50A 

  
a b 

  
c d 

Fig. 9. Comparison of iron loss predicted by Model-2, Model-TCR and improved model with measured iron loss at 100°C 

a Bm=0.6T, V300-35A 

b Bm=0.6T, V470-50A 

c Bm=1.54T, V300-35A 

d Bm=1.54T, V470-50A 

6. Iron Loss Model Validation 
In order to evaluate the effectiveness of the iron loss model (10) at considering the influence of 

temperature on iron loss, predicted iron losses at different flux densities, frequencies and temperatures are 

analyzed and compared. 

In order to demonstrate the difference between predicted values and measured values more clearly, the 

relative prediction error is introduced and defined as  𝑒𝑟𝑟 = (𝑝୊ୣ,୔୰ୣ − 𝑝୊ୣ,୑ୣୟ)/𝑝୊ୣ,୑ୣୟ (13) 

where pFe,Pre is the predicted iron loss density. pFe,Mea is the measured iron loss density. 

With the help of the relative prediction error, it is much easier to judge whether the influence of 

temperature is considered effectively or not. The variation in relative prediction error with the temperature 
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will be greatly suppressed when the influence of temperature is considered effectively.  

The comparison of relative prediction errors of existing Model-2, Model-TCR and improved model in both 

V300-35A and V470-50 laminations are shown in Fig. 10. It can be seen that the relative prediction errors of 

the existing iron loss Model-2 increase significantly when the temperature increases. This is due to the 

coefficients of the existing iron loss Model-2 being obtained at 40ºC. When the temperature rises, the 

prediction value is fixed, while the actual iron loss changes. The accuracy of Model-TCR has shown a slight 

improvement over that of Model-2, with the help of the temperature dependent resistivity. However, the 

prediction errors of Model-TCR still vary with the temperature significantly. Iron loss is overestimated or 

underestimate dramatically when the temperature is high. This is caused by the temperature dependency of 

hysteresis loss, which is not taken into account in Model-TCR. On the other hand, the improved model can 

predict the iron loss with a very low and stable relative prediction error when the temperature changes 

significantly. This means that the improved model has considered the influence of temperature on iron loss 

successfully.  

  
a b 

Fig. 10. Relative prediction errors of existing Model-2, Model-TCR and improved model at different frequencies and flux densities 
in 

a V300-35A 

b V470-50A 

7. Discussions on a Potential Simplification of the Improved Model 
It is shown in Fig.8 that the measured values of varying rate D of V300-35A and V470-50A are very 

similar. This is due to the fact that these materials are the same type of material, but with slightly different 

grades. Utilizing the feature of similar D, it is possible to predict the iron loss of one material under different 

temperatures based on the measured D of another similar material. This is illustrated in Fig. 11.  

Both Figs. 11(a) and (b) compare two sets of iron loss predictions. In Fig. 11(a), the left set of data is the 

iron loss prediction error based on the original V300-35A data and the right set of data is based on values of 

D of V470-50A.  In Fig. 11(b), the left set of data is the iron loss prediction error based on the original 
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V470-50A data and the right set of data is based on the value of D of V300-35A. It can be seen that the 

accuracy of iron loss predicted by the improved model based on the value of D of another similar lamination 

data are slightly degraded but still acceptable. This suggests that iron loss can be predicted by the improved 

model with reasonable accuracy even based on the measured value D of a similar material.  In this case, 

measurements on only one grade of lamination can be used for temperature influence on iron loss in all the 

other grades of laminations within the same type, which further simplifies the implementation. However, it 

would be more convincing if the conclusion is confirmed by the measurements of a wider selection of 

laminations. 

a b 
Fig. 11. Relative prediction errors of original improved model and improved model based on other types of lamination data in 

a V300-35A 

b V470-50A 

8. Conclusions 
In this paper, the temperature influences on iron loss of steel laminations is comprehensively investigated 

and considered in iron loss modeling. An improved iron loss model is proposed to fully consider the 

temperature influence on both the hysteresis and eddy current losses. It should be noted that both the 

hysteresis and eddy current losses are influenced by temperature. Although the temperature influence on the 

eddy current loss is easy to consider based on the resistivity variation, the temperature influence on the 

hysteresis loss can be significant and more complicated. The proposed iron loss model remains simple and 

easy to implement. It shows that the proposed iron loss model can predict iron loss with a good and stable 

accuracy when the temperature varies. The maximum calculation error of the suggested model is less than 

3%. Based on this investigation, it is possible to model the iron loss considering the influence of temperature, 

which could be very useful in electromagnetic-thermal coupled finite element analyses. These modelling and 

electromagnetic-thermal coupled analyses are included in the work to be carried out in the near future. 
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