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Abstract—This paper investigates the accuracy of the 

subdomain modelling technique for high frequency copper loss 

calculation in stator windings of synchronous generators. The 

methodology’s accuracy is studied at a slot level up to 10 kHz 

against FE model with realistic conductor dimensions. The 

analysis demonstrates that improper conductor area 

representation and eddy current reaction negligence causes 

increasing error with increasing frequencies. A modified 

subdomain model is then proposed to address these challenges 

which has proven to show a good match with a corresponding 

FE model. 
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I. INTRODUCTION 

High-frequency (HF) copper loss in the windings of 
electrical machines has always been an overlooked design 
aspect, especially for low to medium power range 
applications. However, with the advent and ever increasing 
development of power electronic technologies and high speed 
applications, these losses are becoming ever-more important. 
Therefore, to ensure an appropriate overall system efficiency, 
they cannot be neglected anymore [1]. 

The increasing use of power converters for efficient 
electrical conditioning and variable speed electrical drives are 
leading to a higher harmonic content in the power systems due 
to the switching frequency components inherently introduced 
by power electronic devices [2]. These harmonic contents are 
even higher in remote industrial power systems where the 
percentage of linear loads is not enough to overshadow the 
non-linear loads [3]. In such systems, the HF current 
components can result in non-uniform current densities within 
the armature windings of machines, leading to increased 
copper losses and reduced efficiency and durability. Despite 
the above mentioned drawbacks, power electronic capabilities 
are enabling  their wide implementation in generation 
systems, such as in applications of direct drive variable speed 
generators [4, 5] and high-power DC supplies [6]. 
Furthermore, current researches are looking in to reducing the 
manufacturing cost of synchronous generators (SGs) [7] by 
replacing its complex design with power electronic modules 
that improve supply power quality [8-10] and transient 
behaviour [11]. Such power electronic applications would 
have even a more direct impact on the SG’s armature windings 
when they are directly connected to its terminals. This 
enforces the SG manufacturers and designers to analyse more 

in detail the effects of these ever-increasing HF harmonics 
[12] to maintain their products within the stringent standard 
regulations [13, 14]. To do so, very accurate numerical 
techniques, such as the finite-element (FE) method, can be 
employed. However, it is unsuitable for everyday design 
purposes as it requires a very dense mesh within the slots for 
reliable results which makes them computationally very 
expensive, time-consuming and inflexible. 

A convenient alternative is subdomain (SD) modelling 
which is directly based on Maxwell’s equations. The SD 
modelling technique has demonstrated good accuracy in 
calculating flux, torque, back electromotive force and 
permanent magnet (PM) losses in PM machines [15, 16]. It 
has also been used to calculate the eddy currents induced in 
the rotor bars of squirrel-cage induction machines [17] and in 
the stator slot windings of PM machines [18, 19]. When used 
for determining the eddy current loss in slot windings, the 
conductors are usually modelled by sectionalising the slot 
domain radially and circumferentially to represent round 
conductors [18], or only circumferentially to represent vertical 
conductor winding [19]. This limits the analysis to an ideal 
100% slot fill factor which is never achieved in electrical 
machines. This inherent assumption leads to consider a higher 
conductor area than that of the actual machine which may 
cause error in eddy current loss at higher frequencies. SD 
models are usually validated against FE models having similar 
100% slot fill factor and have never been validated or analysed 
above 1 kHz. Therefore, there is a need to consider this factor 
in the SD model for HF copper loss and validate it against 
platforms having realistic conductor dimensions. 

 This paper addresses the above challenges in the 
following steps: 

• The traditional SD modelling technique (with the 
inherent assumption of 100% fill factor) is recalled, 
implemented and analysed against a purposely built FE 
model. 

• An improved SD model which takes into account the 
“real” slot fill factor of the machine windings is 
proposed for the calculation of HF copper loss. 

• The proposed SD model is validated against FE model 
with actual conductor dimensions. 

II. TRADITIONAL SUBDOMAIN MODELLING TECHNIQUE 

A single slot is considered for SD modelling to exclusively 
analyse the accuracy of the eddy current loss calculation of the 
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winding in a semi-closed slot. The slot dimensions and 
winding configuration considered for the analysis are based 
on a 72.5 kVA SG, whose major features are given in TABLE 
I. A 2-D cross-section of the slot is shown in Fig. 1. The results 
from the traditional SD model are compared to those obtained 
through the FE model of a slot with realistic conductor 
dimensions to check the validity of assuming the whole slot 
SD as a conducting material. 

A. Magnetic Vector Potential 

The SD model, as classically described in literature, is 
based on the following assumptions: 

• The stator and rotor core materials are infinitely 
permeable, meaning that the relevant m.m.f. drop can 
be neglected with respect to that of the machine parts 
which consist of air. 

• The rotor and stator laminations feature zero electric 
conductivity, which means that the eddy currents can 
be assumed negligible for the sake of this study. 

• A 2-D approximation of the field map is considered, 
thus neglecting the phenomena occurring at the end 
regions of the considered SG. 

The non-iron area shown in Fig. 2 is divided in to the 
following 3 subdomains: 

• The slot area, where the active sides of the machine 
coils are physically located (region I in Fig. 2). 

• The slot-opening area (region II in Fig. 2). 

• The main air-gap (region III in Fig. 2). 

The annotations shown in Fig. 2 will be used throughout 
the paper to define the dimensions. By comparing between the 
real slot cross-section in Fig. 1 and that shown in Fig. 2, it can 
be observed that the latter has been slightly altered so that its 

boundaries could easily be defined by polar coordinates for 
modelling. However the area, the average width and depth of 
the slot are kept equal to the actual slot. 

The magnetic vector potential A in space for each 
mentioned SD is mathematically defined by (1), where µ is the 
magnetic permeability of the SD material and J is the current 
density in the SD. The expanded form of (1) is shown in polar 
coordinates in (2), having defined r and θ as the radial and 
tangential coordinates respectively. 
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According to the assumption relative to the 2-D 
approximation of the field map, the vectors J and A will 
always be perpendicular to the plane of the laminations. 
Considering that the flux density vector B and magnetic vector 
potential are related by (3), the radial and circumferential 
components Br and Bθ of the flux density can be defined 
separately as in (4) and (5), respectively. 
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Applying and solving (2) at each SD with the imposition 
of appropriate boundary conditions defined using (4) and (5), 
the magnetic vector potential solution for each SD can be 
determined. 

The assumption of infinite permeability of iron leads to the 
following boundary conditions for the slot SD. 

• The radial flux density in the slot at the boundaries 
θ = ±Ws 2⁄  is zero, as seen in (6).  

• The circumferential flux density in the slot at the 
boundary r = Rb is zero, as written in (7). 
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TABLE I. SYNCHRONOUS GENERATOR SPECIFICATIONS 

Parameters Quantity 

Rated power 72.5 kVA 

Rated phase terminal voltage 230 V 

Frequency 50 Hz 

Number of poles 4 

Number of slots 48 

Stator skew angle 1 slot pitch 

Coil pitch 2/3 

Slot winding layers 2 

Number of conductors per layer 48 

Armature phase parallel paths 2 

 

 
Fig. 1. Slot segment drawing of the considered SG. 

 
Fig. 2. Subdomain modelling regions I, II, III with dimensions annotations. 



As the considered SG armature winding is characterized 
by a double layer layout, the slot area SD is further divided in 
to two SDs along the radial direction, namely It and Ib in Fig. 
3. This further separation is necessary to impose different 
phase currents on the two-layer windings. 

Having imposed the conditions (6) and (7), (2) can be 
solved leading to the expressions (8) and (9), which represent 
the magnetic vector potential solutions for the bottom (AIb) 
and top layer (AIt), respectively [16]. Jb and Jt represent the 
current density at the bottom and top layer respectively and 
the value of αn is expressed in (10). 
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Similarly, solving (2) for the slot-opening SD using the 
boundary condition (11) gives the magnetic vector potential 
of the slot-opening AII as shown in (12), where βm is defined 
as in (13). 
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The last SD to be solved represents the air-gap layer. 
Considering that the rotor is immediately adjacent to this SD, 
the relevant boundary condition at r=Rr can be imposed as in 
(14). The other boundary condition is the zero circumferential 
flux density at θ = ±λs/2, as given in (15). The latter is adopted 

considering that the corresponding FE model (described in 
detail in the next section) assumes the same boundary 
condition, thus ensuring a fair comparison between results. 
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Considering the conditions (14) and (15), the solution AIII 
of (2) for the air-gap SD can be expressed as in (16), where 
the value of δk can be defined via (17). 
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The values of the unknown constants CIb, GIb, CIt, GIt, CII, 
DII, FII, GII and CIII in (8), (9), (12) and (16) are determined by 
considering that the values of the magnetic vector potential 
and the flux density of two neighbouring SDs are equal at the 
interface between them [16]. 

The induced eddy current distribution within each 
conductor can be calculated using the magnetic vector 
potential solution obtained for the slot SD. In order to model 
the 96 conductors of the considered SG slot (48 conductors 
per layer – see TABLE I), the slot is radially and 
circumferentially divided in 96 regions with each region 
representing a conductor. Fig. 4 illustrates the conductors’ 
cross-sections after this further subdivision. 

The induced eddy current density can be determined by 
using (18), which is derived from Maxwell’s equations. In 
(18), Je is the induced eddy current density, σ is the 
conductivity of the conductor material (i.e. standard copper) 
and C is a time-dependent parameter which ensures that the 
total current in a conductor is always equal to the excitation 
current only (i.e. the integral sum of the eddy current in a 
conductor should always be equal to zero). This concept is 
represented by (19), where rc1 and rc2 are the lower and upper 
radial limits of the equivalent conductors (see Fig. 4), whilst 
θc1 and θc2 are the angles defining the conductor’s edges along 
the tangential direction. 
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Fig. 3. Slot division to 2 subdomains to represent double layer windings. 

 
Fig. 4. Slot’s radial and circumferential division to represent conductors. 
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By substituting in (19) the expression found for Je in (18), 
the constant C is derived as shown in (20). This allows to 
obtain the solution for Je (see (18)). The total power loss P in 
the slot conductors can then be obtained by solving (21), 
where Jc is the current density produced by the effective 
current supplied by the generator and l is the axial length of 
the active sides of the slot conductors. 
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III. INVESTIGATION OF TRADITIONAL SD MODELLING 

TECHNIQUE 

This section aims at validating the traditional SD 
modelling solutions derived in Section II against 2-D FE 
models of the considered SG’s single-slot section. To account 
for the HF effects in the conductors, these have been 
individually modelled as solid components in the FE model. 
A number of single-slot FE models have been implemented to 
investigate the accuracy of the SD model. The main features 
of these different models are listed below: 

a) FE model of the actual SG with round conductors and 
actual slot shape, as shown in Fig. 5(a). 

b) FE model with round conductors but with the 
simplified slot shape, as described in Section II.B (see 
Fig. 5(b)). This is needed to understand how the 
modified slot shape affects the results. 

c) FE model with simplified slot shape and square-like 
conductors (100% fill factor) having 12 radial and 8 
circumferential layers (see Fig. 5(c)). This is 
developed to have the same slot and conductor 
dimensions as assumed in the SD model (see Fig. 4). 

d) FE model with simplified slot shape and square-like 
conductor shape (100% fill factor) having 16 radial 
layers and 6 circumferential layers (see Fig. 5(d)), to 
investigate the effects of the conductor arrangement 
as compared to the SD model. 

When modelling the conductors in a SD model, there is no 
definite rule on the selection of radial and circumferential 
layers of conductors arranged in a slot. This is usually chosen 
to be somewhat reflective of the actual machine. For the SG 
at hand, there are two possible conductor arrangements that 

can be considered, which are shown in Fig. 5(c) and Fig. 5(d). 
Therefore, FE models with both the conductor arrangements 
are considered to study their effect on the accuracy. This was 
done because the selection of the radial and circumferential 
divisions of the slot for conductors’ representation would 
change the radial and circumferential thickness of the 
conductors. Therefore, it can have an effect on the HF copper 
loss calculation. A comparative analysis between these two 
models would help in the verification of this hypothesis. 

In both SD and FE models, the windings have been excited 
with a sinusoidal current of 1A amplitude, at any considered 
excitation frequency. The copper loss is thus evaluated at step 
frequency of 1 kHz up to 10 kHz. Since in the considered 
alternator, the two winding layers host coils always belonging 
to different phases (due to the 2/3 coil pitch arrangement) 
having a 120° electrical phase shift at fundamental frequency, 
the sinusoidal currents of the winding layers  have been 
separated by the same time shift in the FE simulations. To be 
coherent with the FE models of Fig. 5(c) and Fig. 5(d), the SD 
model has been run considering the same conductor 
arrangements, consisting of having 12x8 and 18x6 layers. 

The comparisons between the copper losses calculated via 
SD and FE models are shown in Fig. 6. Observations from this 
comparative study are discussed in the next sub-sections. 

A. Effect of slot shape modification 

The comparison between the FE model having the actual 
slot and conductors shape (green dots) and the FE model with 
modified slot shape (green crosses) shows an excellent match 
between results. It can be then safely concluded that the slot 
shape modification will not affect the SD modelling results, as 
long as the mean width and area of the slot is maintained. 

B. Effect of the eddy current reaction 

At HFs, the SD models tend to overestimate the copper 
loss calculation when compared to their respective FE 
counterparts. The higher copper loss in the SD modelling is 
due to the fact that at higher frequencies, higher eddy current 
densities are observed on the sides of the conductor as 
illustrated in Fig. 7 by dots and crosses. This effect is ever-
more prominent with the increase of the excitation frequency. 
These induced eddy currents densities then become high 
enough to produce flux around it that is capable to oppose the 
change in leakage flux (see Fig. 7). This is called eddy current 
reaction. Therefore, the net leakage flux inducing eddy 
currents in the slot gets reduced by this phenomenon, thus 
lowering the copper loss. Considering that the diameter of the 

 
Fig. 5. 2-D FE single-slot models: (a) actual SG conductors arrangement; 
(b) simplified slot geometry with round conductors; simplified slot and 
conductor geometry with: c) 12x8 elements and (d)  16x6 elements. 

 
Fig. 6. Average copper loss vs frequency: comparison between SD and FE 
models. 



round conductors is very small, the SD model ignores the eddy 
current reaction and calculates the induced eddy currents 
based on the leakage flux produced solely by the excitation 
current. On the contrary, the FE model does consider this 
phenomenon.  Hence, the SD model overestimates the copper 
loss when the eddy current reaction effect becomes prominent 
at HFs. 

Another important aspect to notice in Fig. 6 is that the 
copper loss is low at the integer multiples of the third 
harmonics. This is because the currents in the two phases are 
in-phase at these frequencies and are travelling in the opposite 
directions in the slot. Therefore, the net leakage flux inducing 
the eddy currents is very low. 

C. Effect of 100% fill factor 

When comparing the FE models with 100% fill factor (red 
and blue dots) against the FE model of the actual slot (green 
dots), it can be noticed that the error increase with the 
increasing frequency. This indicates that even including the 
eddy current reaction effect in the current SD model will not 
represent the copper loss in the actual slot due to the 
discrepancy in the conductor dimensions. Since the FE models 
with 100% fill factor have higher conductor thickness than 
that of the real machine’s conductors, the induced eddy 
current calculation over the extended area of the conductors 
overestimates the copper loss. This overestimation increases 
with frequency as the induced eddy current density increases 
over the edges of the conductors. 

D. Effect of the conductor arrangement  

The comparison between the different conductor 
arrangements show that the selection of the number of radial 
and circumferential layers of conductors is also an important 
factor in the 100% fill factor model. Increasing the radial 
layers with fixed number of conductors and slot dimensions 
decreases the radial thickness and increases the 
circumferential thickness of the conductors. Although the 
conductor area is the same in both the cases, the FE and SD 
models with the lower radial thickness have lower errors (blue 
dots and crosses). This is because the variation of the induced 
eddy current density majorly varies along the radial direction 
within the conductors. Conductors with lower radial thickness 
would have lower current density variation, and so lower 
copper loss would be calculated as compared to the models 
with the higher radial conductor thickness. 

Another important observation to highlight is the 
difference between the SD and the FE models featuring the 
same conductor arrangement. The difference between the 
models with 16 radial layers (blue crosses and dots) is 45% at 
10 kHz, whereas the difference between the models with 12 
radial layers (red crosses and dots) at the same frequency is 
114.8%. This proves that the error of the SD model due to 
neglecting the eddy current reaction increases with the 
increase in the radial thickness of the conductors. 

Considering all the above, it is evident that modelling the 
slot conductors with their actual thickness can improve the 
accuracy of the model as 

• it can eliminate the loss overestimation due to the eddy 
current density over the extended conductor area; 

• it can minimise the error of the SD model due to the 
eddy current reaction. 

The next section will therefore aim at proposing an 
upgraded SD model which takes the actual conductor section 
and fill factor into account. At the authors’ knowledge, this 
methodology has never been implemented within the SD 
model. This is also due to the fact that this modelling 
technique has always been used to estimate the copper losses 
below 1 kHz. Above this level, in fact, the eddy current 
reaction concept explained above starts to be evident and 
updates of the model are then necessary. 

IV. PROPOSED UPGRADE ON SD MODELLING 

A. Permeability correction 

The improved SD model consists of reducing the slot area 
and to make it the same as the actual total conductor area 
within the slot. This is illustrated in Fig. 8 where the slot 
considered in the conventional SD model (see Fig. 8(a)) is 
reduced in the proposed SD model (see Fig. 8(b)).  In 
particular, the slot is subdivided in such a way to have all the 
conductors with the same area. The radial and circumferential 
thickness of the conductors were kept approximately equal to 
the diameter of the actual conductors. 

Reducing the slot area would however reduce the 
reluctance for the leakage flux in the slot. This would give a 
higher leakage flux in the slot which would affect the accuracy 
of the copper loss calculations. In order to compensate for this, 
the permeability for the slot SD is reduced. Since the leakage 
flux passes across the slot width as illustrated in Fig. 8, the 
permeability is reduced by the same factor q by which the slot 

 
Fig. 7. Eddy current reaction: flux produced by eddy currents opposes the 
change in leakage flux. 

 

Fig. 8. Slot dimensions modification for the proposed SD methodology. 



width is reduced, as explained by (22) and (23). This 
maintains the original reluctance in the slot for the leakage 
flux. 
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This new permeability value is used in (8) and (9), thus 
using the same methodology of the original SD modelling. 

B. Accuracy Comparison 

The copper loss calculation results from the proposed SD 
model were compared with that of the actual SG’s FE model. 
The copper loss results were obtained by exciting the windings 
at different frequencies, as done in section III. 

The comparison between the updated SD model and the 
actual SG’s single-slot FE model is shown in Fig. 9, where it 
can be observed that a drastic improvement in the accuracy of 
the SD model is achieved for calculating HF copper loss for 
round conductors. This proves the validity of the proposed 
model even at relatively HFs. 

V. CONCLUSION 

The presented analysis investigates the accuracy of the SD 
model. The modelling of the true area and thickness of the 
conductors is shown to be critically important for the HF 
copper loss calculation of SGs. This is especially important 
for frequencies above 1 kHz. The proposed modification in 
the SD model has drastically improved the accuracy of the 
classical SD technique. Hence, it broadens the frequency 
spectrum to which this technique can be applied for HF copper 
loss analysis. The case study presented in this particular paper 
demonstrates its accuracy till 10 kHz. It is a fast and 
convenient analytical modelling technique which can be 
useful for analysing the effects of rapidly increasing HF 
switching power electronic loads on efficiency of SGs. 
Moreover, it can also be a useful design analysis tool for 
variable speed and high-speed motors which also have very 
HF currents flowing through their windings. 
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Fig. 9. Comparison between the improved SD model and the FE model. 


