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ΦAbstract -- Increasing speed of electric machine leads to 
high losses especially in stator winding assembly due to eddy 
currents effect. Commonly adopted formula for AC losses 
calculation tends to be applicable in the case of sinusoidal flux 
density. In this paper, a hybrid model predicting AC winding 
losses is presented based on one slot per pole of surface-
mounted permanent-magnet machines using two formula 
taking into account the true flux density waveform. The results 
obtained comply with finite-elements results. The hybrid model 
was also used to investigate the influence of tooth-tip on AC 
losses. 

 
Index Terms-- AC losses, high speed, electric machines, 

proximity effect, skin effect 

I.   NOMENCLATURE ܴ஽஼  DC resistance of conductor ݈   Length of conductor ܵ   Surface of conductor ݀   Conductor diameter ܴ௦௞௜௡ Resistance due to skin effect ܫோெௌ RMS value of current ߜ   Skin depth ߤ଴  Permeability of free space ߪ   Conductivity of copper ܾ݁ݎ  Real part of first kind Bessel function ܾ݁݅   Imaginary part of first kind Bessel function ݂   Frequency of signal ܶ   Period of signal ߱   Pulsation of signal ߱௜  Pulsation of ݅௧௛ harmonic ܤ௚௟௢௕௔௟Global flux density ܤ௘௫௧   External flux density ܤ௘௫௧,௠ Maximum value of ܤ௘௫௧ ௜ܤ ௜,௠  Maximum value ofܤ  ௥ܤ    Radial component of flux density ܤఏ   Tangential component of flux density ܤ௥೔,೘ ݅௧௛ Harmonic of ܤ௥ ఏܤ ఏ೔,೘ ݅௧௛ Harmonic ofܤ   ݀௟௜௠  Conductor’s diameter limit to verify assumption ܬ   Current density in conductor 
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 ௣ Current density in conductor due to proximityܬ ௦   Current density in conductor due to skin effectܬ
effect ௜ܲ   Proximity losses due ݅௧௛ harmonic of flux density 

II.   INTRODUCTION 

HE need of lightweight electric machines especially for 
electric vehicle applications led to increase researches 
on high speed [1], [2], [3].  In order to have an accurate 

model of the electrical machine and especially for the 
prediction of power loss, a special attention should be given 
to AC losses in windings as they become significant at high 
frequency [4]. This is due to eddy currents induced by the 
magnetic field created by the current-carrying conductor 
known as skin effect and the external magnetic field known 
as proximity effect [5]. Previous works allow predicting AC 
losses in transformer windings [6], [7]. However, AC losses 
prediction in electric machines is more complicated due to 
the presence of rotating flux density generated by the 
rotation of magnets [5], which occurs even at no load and 
increases at high frequency [8] and at large slot openings. 

In order to calculate AC winding losses, many methods 
exist in literature. Finite element method (FEM) allows a 
high accuracy of results but are time consuming [9], [10]. In 
order to reduce the computation time, different models have 
been developed. Reference [8] studied AC losses in 
windings with rectangular and round conductors and for 
different layouts in a permanent magnet synchronous 
machine (PMSM). Reference [9] studied the influence of 
winding layer number on AC losses in a surface-mounted 
PMSM. On the other side, analytical methods are fast but are 
used for special geometries and based on certain hypothesis 
[11], [12], [13], [14], [15]. Reference [11] developped a 1-D 
analytical model to predict AC losses in a PMSM. Reference 
[16] developed a 1-D and 2-D analytical models for AC 
losses in the case of rectangular slots. Reference [17] 
presented an analytical method based on Poynting vector for 
any slots form. Unfortunately, all these methods, excepting 
FEA, cannot take into account the alternating flux density 
due to rotation of magnets and are applicable only for 
sinusoidal flux density. By combining FEM and analytical 
methods, known as hybrid methods, it is possible to 
overcome the weaknesses of both methods and give accurate 
results with less computation time. Reference [18] presented 
a hybrid model to study AC losses in windings at high 
frequency however this model is based on the assumption 
that flux density is sinusoidal. A care must also be given to 
the fact that the magnetic field density distribution inside the 
slots are two-dimensional [7]. 

The objective of this paper is to present a hybrid method 
considering arbitrary waveform of flux density and its two 
components in order to calculate accurately AC winding 
losses using two formulae. Section III presents formula of 
skin effect for sinusoidal current supply, two formulae of 
proximity effect for arbitrary waveforms of flux density 

T
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considering its two components, and the orthogonality 
principle. Then, in section IV AC losses calculations are 
conducted on one slot per pole surface mounted PMSM at 
both no load and on load conditions for different values of 
conductor’s diameter and frequency. Obtained results are 
compared with 2-D FEM ones. Finally, the influence of slot 
opening on the accuracy of AC losses prediction by this 
hybrid model is investigated. 

III.   TECHNICAL WORK PREPARATION 

Windings losses are composed of 3 terms: proximity 
effect, skin effect and circulating currents. In our study, we 
will use one strand in hand, hence, the latter effect will not 
be considered. In order to evaluate the related losses, 
formulae of both skin and proximity effect losses are 
presented as well as their hypothesis. The two components 
and the arbitrary waveform of flux density are taken into 
account. The orthogonality principle is then presented which 
allows summing both skin and proximity losses. 

A.   Skin Effect Model 

Skin effect is due to eddy currents induced by the 
magnetic field H୅େ	created by the sinusoidal current-
carrying conductor as shown in Figure 1. The current is then 
concentrated near the surface as shown by the grey surface 
in Figure 1, which increases the equivalent electrical 
resistance. 

 

 
Figure 1 Eddy currents induced in round conductor and resulting 

current due to skin effect 

Resistance in case of DC current is expressed as follows: ܴ஽஼ ൌ  ሺ1ሻ																																								ܵߪ݈
We assume that eddy currents are resistance limited and 

the end effects are neglected. Hence, the ratio between the 
real resistance value (AC resistance) due to skin effect and 
DC resistance can be expressed as follows [19]: ܴ௦௞௜௡ܴ஽஼ ൌ 2ߛ . ሻߛሻܾ݁݅ᇱሺߛሺݎܾ݁ െ ܾ݁݅ሺߛሻܾ݁ݎᇱሺߛሻܾ݁ݎᇱଶሺߛሻ ൅ ܾ݁݅ᇱଶሺߛሻ 								ሺ2ሻ 

Joule Losses in the case of DC current are expressed as 
follows: ஽ܲ஼ ൌ ܴ஽஼. ோெௌଶܫ 																																ሺ3ሻ 

Losses due to skin effect for sinusoidal current supply can 
be expressed as follows [19]: ௦ܲ௞௜௡ ൌ ܴ௦௞௜௡. ோெௌଶܫ 																														ሺ4ሻ 
Where, ߛ ൌ ߜ ሺ5ሻ																																								2√ߜ݀ ൌ 1ඥߤ݂ߨ଴ߪ																																				ሺ6ሻ 
 The ratio between AC resistance and DC resistance in 
function of γ is shown in Figure 2. Skin effect is noticeable 
for values of γ above 1.5 which is equivalent to: 

݀ ൐ 1,5. √2. ߜ ൎ 2,12 ൈ  ሺ7ሻ																								ߜ

 
Figure 2 Ratio of AC resistance to DC resistance in function 

of ߛ 

Above formula of skin effect losses is only applied for 
sinusoidal current. However, in order to take into account 
arbitrary current waveform, losses due to each harmonic are 
summed [20]. 

B.   Proximity Effect Model 

Proximity effect is due to eddy currents induced by an 
external magnetic field Bୣ୶୲ created by neighbouring 
conductors and/or magnets rotation/movement. Due to 
induced eddy currents, shown in Figure 3, the current 
flowing in the conductor will be concentrated on one side. 
Hence, the resistance increases. 

 

 
Figure 3 Induced Eddy Currents in round conductor due to external 

alternating magnetic field 

In the presented model, we are going to assume that: 
o Flux density ܤ is uniform on conductor, 
o Eddy currents are resistance limited, 
o External magnetic field ܤ௘௫௧ is assumed to be equal 

to global magnetic field ܤ௚௟௢௕௔௟, that includes 
contribution of the conductor, evaluated by FEM. 

The value of flux density, considered uniform, is taken in 
the center of conductor. 

Many previous works use the following formula of power 
proximity losses under the assumption of sinusoidal flux 
density: 

௣ܲ௥௢௫௜௠௜௧௬ ൌ ௘௫௧,௠ଶܤସ݈݀ߪߨ ߱²128 																								ሺ8ሻ 
Reference [7] presents the instantaneous power proximity 

losses for arbitrary waveform of flux density: ݌௣௥௢௫௜௠௜௧௬ሺݐሻ ൌ ସ64݈݀ߪߨ ൬݀ܤ௘௫௧݀ݐ ൰ଶ 																			ሺ9ሻ 



 

According to Parseval’s identity, we can use the following 
formula that allows evaluating the contribution of each 
harmonic of flux density: ܲ ൌ෍ ௜ܲ௜ ൌ ෍݈݀ߪߨସܤ௜,௠ଶ ߱௜²128௜ 																				ሺ10ሻ 
Where ݅ means the index of ݅௧௛ harmonic of flux density 
Fourier series. 

While flux density is two-dimensional in electric 
machine’s slots, formulae (9) and (10) will be applied to 
both radial ܤ௥  and tangential ܤఏ  components of flux density 
[21]: 

௣ܲ௥௢௫௜௠௜௧௬ ൌ 1ܶ නቆ݈݀ߪߨସ64 ൬݀ܤ௥݀ݐ ൰ଶ ൅ ସ64݈݀ߪߨ ൬݀ܤఏ݀ݐ ൰ଶቇ  ݐ݀
(11) 

௣ܲ௥௢௫௜௠௜௧௬ ൌ ෍ ൭݈݀ߪߨସܤ௥௜,௠ଶ ߱௜ଶ128 ൅ ఏ௜,௠ଶܤସ݈݀ߪߨ ߱௜ଶ128 ൱௜೟೓	௛௔௥௠௢௡௜௖  

(12) 
The assumption of uniform flux density ܤ on conductor is 

equivalent to: ݀ ≪  ሺ13ሻ																																								ߜ
In order to verify (13), a range of conductor’s diameter is 

considered in this study and will be validated later in this 
paper: ݀ ൏ ݀௟௜௠ ൌ 0,5 ൈ  ሺ14ሻ																													ߜ

Figure 4 shows the limit of conductor’s diameter in 
function of frequency in order to verify (14). 

 
Figure 4 Limit of conductor's diameter depending on frequency in 

order to verify assumption of ܤ uniform on conductor 

C.   Orthogonality Principle 

According to [21] skin and proximity losses can be summed 
if flux density B is assumed to be uniform on the conductor. 
Figure 5 shows the eddy currents induced by both skin effect 
and proximity effects. 
Total losses are expressed as follows [22]: ܲ ൌ ߪ݈ නඵ݆². ݀ܵ . ்ݐ݀

௧ୀ଴ ൌ ߪ݈ නඵሺ ௦݆ ൅ ݆௣ሻ². ݀ܵ . ்ݐ݀
௧ୀ଴ 	ሺ15ሻ 

ܲ ൌ ߪ݈ න ቎ඵ ௦݆² ൅ ݆௣²݀ܵ ൅ න න 2. ௦݆. ݆௣. .ݔ݀ ௗଶିௗଶݕ݀
ௗଶିௗଶ ቏ ்ݐ݀

௧ୀ଴  

(16) 
Considering uniform flux density on conductor, we can 

conclude from Figure 5 that: ݆௣ሺݕሻ ൌ െ݆௣ሺെݕሻ																															ሺ17ሻ ௦݆ሺݕሻ ൌ ௦݆ሺെݕሻ																																	ሺ18ሻ 

 
Figure 5 Eddy currents due to skin and proximity effect in round 

conductor 

Then, න න 2. ௦݆. ݆௣. .ݔ݀ ௗ/ଶݕ݀
ିௗ/ଶ

ௗ/ଶ
௬ୀ଴ ൌ െන න 2. ௦݆. ݆௣. .ݔ݀ ௗ/ଶݕ݀

ିௗ/ଶ
଴
௬ୀିௗ/ଶ  

(19) 
Finally, ܲ ൌ ߪ݈ නඵሺ ௦݆ଶ ൅ ݆௣ଶሻ. ݀ܵ . ்ݐ݀

௧ୀ଴ ൌ ௦ܲ௞௜௡ ൅ ௣ܲ௥௢௫௜௠௜௧௬ 

(20) 
The orthogonality principle is applied to sum skin and 
proximity losses under the assumption of uniform flux 
density on the conductor. In order to respect this assumption, 
conductor’s diameter is limited depending on the frequency 
as shown in Figure 4. 

IV.   RESULTS 

In this section, the studied machine is presented. FEM 
simulations are performed using 2D Transient solver of 
ANSYS Electronics Desktop 2018. Results obtained by 
hybrid model and FEM are provided in both no load and on 
load cases. The influence of slot opening is also investigated. 

 

A.   Studied Machine 

 

 
Figure 6 Studied Surface-Mounted PMSM 

 
AC losses are evaluated for a one slot per pole per phase 

PMSM as shown in Figure 6. The stator lamination is 
configured with 18 slots and one-layer distributed winding. 
There are 12 copper turns with one strand in hand. The slot 
contains four horizontal layers with three copper turns in 
each. Table 1 presents additional details concerning studied 
SM-PMSM. 

 



 

Table 1 Details of studied Surface-Mounted PMSM 

Parameter Value 

Stator Outer Radius [mm] 100 

Rotor Outer Radius [mm] 69.6 

Active Length [mm] 250 

Poles 6 

Slots 18 

Slots-per-pole-per-phase 1 

Slot Opening [rad] 0.01 

Air-gap Thickness [mm] 0.7 

 

B.   No Load Results 

The flux density is bidirectional inside slots as shown in 
Figure 7. Figure 8 and Figure 9 show periodic waveform of 
both components of flux density inside conductors 4, 7, and 
10. Results obtained show that waveform of flux density 
inside conductors is not sinusoidal and have a tangential 
component higher than radial component as shown in Figure 
7. Hence, (8) cannot be applied in this case. 

 
 

 
Figure 7 Flux lines and Flux density in Surface-Mounted PMSM 

(I=0A, ߗ ൌ ݀ ,݉݌ݎ	000	20 ൌ 3,5	݉݉) 

 

 
Figure 8 Periodic waveform of Tangential component of Flux 

Density inside conductors 4, 7, and 10 (I=0A, ߗ ൌ  (݉݌ݎ	000	20

 
Figure 9 Periodic waveform of Radial component of Flux Density 

inside conductors 4, 7, and 10 (I=0A, ߗ ൌ  (݉݌ݎ	000	20

AC losses are calculated for different values of 
conductor’s diameter and frequency. At no load, only 
proximity effect occurs in conductors. Figure 10 shows 
results obtained with both hybrid model and FEM. 

 
Figure 10 AC losses in conductors with FEM and Hybrid Method 

(I=0A) 

 
Figure 11 Error between FEM and Hybrid method in function of 

frequency and conductor's diameter (I=0A) 

The error between FEM and hybrid method is shown in 
Figure 11. Maximum error is obtained at high diameter and 
high frequency. This is because the assumption of uniform 
flux density inside conductors, used for proximity losses 
formula, is less verified. In fact, this assumption is 
equivalent to (14) which corresponds to conductor’s 
diameter limit in function of frequency represented by the 
red dashed line in Figure 11. The error between FEM and 
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hybrid model for frequencies and diameters values in this 
zone is less than 10%. 

In order to evaluate the contribution of each harmonic in 
AC losses, (12) is used. Table 2 shows the results obtained. 
The contribution of third harmonic is at most of the time 
56% of total proximity losses. Hence, AC losses cannot be 
evaluated in this case by considering sinusoidal waveform of 
flux density. 

 
Table 2 Losses due to flux density harmonics (I=0A) 

Speed (rpm) 10 000 20 000 30 000 

Diameter 
(mm) 

0.5 1 0.5 1 0.5 1 

AC losses 
(W) 

2.26 36.12 9.04 144.48 20.34 325 

H
ar

m
on

ic
 1

 Losses 
(W) 

0.56 8.94 2.24 35.75 5.03 80.44 

% to 
AC 

losses 
24% 24.7% 24.7% 24.7% 24.7% 24.7% 

H
ar

m
on

ic
 3

 Losses 
(W) 

1.27 20.37 5.1 81.47 11.48 183.31 

% to 
AC 

losses 
56% 56.4% 56.4% 56.3% 56.4% 56.4% 

C.   On Load Results 

In the on load case, both skin and proximity effects occur 
in the conductor because of flowing current and external 
alternating magnetic field. AC losses are calculated for 
different values of conductor’s diameter and frequency. 
Figure 12 shows results obtained with both hybrid model 
and FEM. At f ൌ 0, only joules losses occur in the conductor 
which explains highest losses for lowest conductor’s 
diameter. However, at high frequency AC losses are higher 
for high conductor’s diameter due to proximity effect as 
predicted by (11). 

 
Figure 12 AC losses in conductors with FEM and Hybrid Method 

(I=50A) 

Figure 13 shows the error between the two methods. Error 
is maximum at high diameter and high frequency. This is 
because the assumption of uniform flux density inside 
conductors, used for both proximity losses formula and 
orthogonality principle, is less verified. In fact, this 
assumption is equivalent to (14) which corresponds to 
conductor’s diameter limit in function of frequency 
represented by the red dashed line in Figure 13. The error 
between FEM and hybrid model for frequencies and 
diameters values in this zone is less than 5%. Indeed, skin 

effect losses that occur only in on load case are accurately 
evaluated unlike proximity losses which requires uniformity 
of flux density inside conductors. For a large value range of 
frequency and conductor’s diameter, skin losses have high 
contribution to AC losses, which explains a better accuracy 
of the hybrid method in the on load case. 

 
Figure 13 Error between FEM and Hybrid method in function of 

frequency and conductor's diameter (I=50A) 

Table 3 shows DC losses, AC Losses, and the contribution 
of skin effect losses and proximity effect losses to AC 
losses. Additional losses due to skin effect are not 
remarkable for low values of γ as explained in Figure 2. 
Hence, skin effect losses are equal to DC losses. 

 
Table 3 Losses due to flux density harmonics (I=50A) 

Speed (rpm) 15 000 30 000 

Diameter (mm) 0.5 1 1.5 0.5 1 1.5 

DC Losses (W) 6134 1533 681 6134 1533 681 

AC losses 6139 1616 1104 6155 1866 2377 

Sk
in

 E
ff

ec
t Losses (W) 6134 1533 681 6134 1533 682 

% to AC 
losses 

99.9% 95% 62% 99.6% 82% 29% 

Pr
ox

im
it

y 
E

ff
ec

t 

Losses (W) 5 83 423 21 333 1695 

% to AC 
losses 

0.1% 5% 38% 0.4% 18% 71% 

 
For higher conductor’s diameter, skin effect losses 

decrease because Rୈେ decreases (1) while proximity losses 
increase as predicted by (12). Consequently, contribution of 
skin effect to AC Losses decreases for high conductor’s 
diameter and contribution of proximity effect increases. 

In addition, proximity effect losses increase remarkably 
with frequency as predicted by (12) unlike skin effect which 
is noticeable only at very high frequency as shown in Figure 
2. Consequently, at high frequency and high conductor’s 
diameter, proximity losses are dominant. 
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D.   Influence of Slot Opening 

The form of the slot affects strongly the path of flux lines 
inside the slot because of iron’s high permeability. Hence, 
proximity effect losses depend on geometrical variables of 
the slot. In this section, we are going to study the influence 
of slot opening on proximity losses and on the accuracy of 
hybrid model for both on load and no load cases. The 
rotation speed of electrical machine is 20,000	rpm and 
conductor’s diameter is 1	mm. 

Figure 14 shows AC losses for different values of slot 
opening for no load and on load cases. In the no load case, it 
is concluded that the larger is the slot opening, the higher are 
proximity losses. This is mainly due to presence of magnets 
at the surface of the rotor that creates an alternating magnetic 
field that penetrates the conductors through the slot opening. 
In the on load case, it is noticed that the larger is the slot 
opening, the higher are AC losses. Knowing that skin effect 
losses are constant because they depend only on conductor’s 
diameter, frequency and current value, it is concluded that 
increasing AC losses means increasing proximity effect 
losses. As mentioned above, this is mainly due to presence 
of magnets at the surface of the rotor. 

 

 
Figure 14 Variation of AC losses for different slot opening values 

with FEM and Hybrid Method 

 

 
Figure 15  Error between FEM and Hybrid Method for different 

slot opening values (I=0A) 

Figure 15 shows the error between hybrid model and FEM 
results of AC losses for different slot opening values for no 
load and on load cases. The hybrid model is still accurate for 
different values of slot opening. The error obtained is less 
than 13% for no load case and less than 1.2% for on load 
case. It is noticed that for on load case, the model is more 
accurate because the skin effect, which are dominant on 
large value range of conductor’s diameter and frequency, are 
accurately evaluated. 

V.   CONCLUSION 

Researchers are faced to many challenges when designing 
high speed electrical machines. One of the main problems is 
the limited voltage that leads to the use of a low number of 
conductors, thus with high diameter to keep same fill factor. 
However, due to noticeable skin effect in conductor with 
high diameters, one solution is to use multiple strands in 
hand. Hence, proximity effect becomes more important and 
should be well evaluated. Furthermore, the presence of 
magnets on the surface of the rotor causes the existence of 
alternating magnetic field flowing into conductors through 
slot openings. In order to accurately evaluate AC losses with 
less computation time, a hybrid model is proposed. The main 
outcomes of this model are the consideration of the two-
dimensional and arbitrary waveforms of flux density inside 
slots. 

The hybrid model is proved to give accurate results 
compared to FEM ones for a wide value range of 
conductor’s diameter, frequency, and slot opening. This 
model will be included in a methodology of optimization 
and design of high-speed electrical machines. This 
methodology and the designed machines will be presented in 
future works. 
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