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Abstract: AC copper loss from stator winding is one of the main losses of the high-speed permanent
magnet machines (HSPMMs) and directly affects the performance of the machines. AC copper
losses are influenced by many factors, including the frequency, conductor diameter, temperature
performance, etc. These factors cause the AC losses to increase significantly at high frequencies
due to the skin effect and proximity effect. In this paper, a comprehensive analysis of the AC
copper losses of HSPMMs with round copper wire windings is presented. Firstly, the structure and
parameters of a 60 kW, 30,000 rpm high-speed permanent magnet machine are provided. Then, based
on this parameter, a 2D-finite element model (2D-FEM) is established to obtain the AC copper loss.
Through the eddy-current field analysis, the current density distribution of the stator winding and
the variation trends of AC copper losses under different frequencies are observed. In addition, by
comparing the winding current density distribution and the AC copper loss value under different
conditions, the influencing factors of AC winding losses are comprehensively analyzed, including
the frequency, conductor diameter, number of conductors per slot, notch height of the stator slot, and
working temperature. Finally, four stator coil cases are manufactured, which have different conductor
diameters and wire strands. The AC losses of the four cases at different frequencies are tested, and
the theoretical results are verified by measuring the AC/DC loss ratios (kac) of different conductor
cases at various frequencies.

Keywords: permanent magnet machine; copper loss; round copper wire; high frequency

1. Introduction

High-speed permanent magnet machines (HSPMMs) have small size, high effi-
ciency and high power density. Permanent magnet motors are the best choice for
high speed in various machine types because of their high efficiency and high power
density [1–3]. HPSMMs have been extensively researched in industrial and scientific
fields [4–6]. HPSMMs are widely used in flywheel energy storage, air compressors,
distributed power generation systems, hydrogen fuel cells, etc. [7–10]. The small iner-
tia moment of the motor allows a fast dynamic response, which is also an important
feature [11–13]. In addition, HSPMMs are also popular in transportation applications,
where compactness and lightness are required [14–16].

However, the special characteristics of HSPMMs, such as high speed, high frequency,
high loss density, and serious heat generation, have a great adverse effect on the perfor-
mance of the motor. Under high frequency, the copper losses in the windings increase
significantly, which is caused by eddy-current influences, including the skin effect and
proximity effect, and the motor efficiency is affected. Therefore, it is essential to accurately
calculate and predict the AC copper losses in the stator windings while designing and
analyzing the motor so that the additional copper losses at high frequencies are reduced
and the efficiency is improved.
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Generally, to decrease copper losses, it is necessary to make the AC resistance (Rac)
tend to be close to the DC resistance (Rdc), that is, Rac/Rdc ≈ 1. Therefore, the conductor
diameter is adjusted to be smaller than the skin depth at the operating frequency [17–19].
By twisting between wires, Litz wire can be used to reduce AC copper losses at high
frequencies [20,21]. To reduce the excessive losses by the skin effect and proximity effect in
the windings, some solutions of Litz wires are provided in [22,23]. Recently, Litz wires have
been gradually adopted in high-speed machines [24]. Another option is to twist/transpose
the coil along the slot length, which is also an effective measure to reduce AC copper
losses [25,26]. In addition, temperature also has a significant impact on HSPMMs, and the
changing DC and AC components of copper losses are caused by the various temperatures.
Some relevant analysis and research on the thermal dependence of the AC winding are
given in studies [27–29].

In summary, there is some research on AC copper losses in HSPMMs with round
copper wire. However, the research on the AC loss of round copper wire at high frequency
mostly focuses on the frequency and conductor diameter. The influence of more influences
on the AC loss of round copper wire is still unclear, such as the number of conductors per
slot, the notch height of the stator slot, the operating temperature, etc. These effects are
extremely important for the design of HSPMMs.

Therefore, in this paper, the AC losses of HSPMMs with round copper wire winding
are analyzed comprehensively. In this analysis, more influencing factors are considered
and summarized, including the frequency, the conductor diameter, number of conductors
per slot, the notch height of the stator slot, and the working temperature. The paper
is organized as follows. Firstly, the structure and parameters of a 60 kW, 30,000 rpm
HSPMM are provided. Then, a 2D-finite element model (2D-FEM) is established to obtain
the effect of the frequency on AC copper loss. Furthermore, the influence factors of AC
winding losses at high frequencies are comprehensively analyzed, including the conductor
diameter, number of conductors per slot, the notch height of the stator slot, and the working
temperature. Finally, four stator coil cases are manufactured, and the AC losses at different
frequencies are tested to verify the theoretical analysis of this paper.

2. HSPMM Parameters and Structure

In this paper, a 60 kW, 30,000 rpm HSPMM is designed, as shown in Figure 1. The
motor is designed with 4 poles. A 5 mm carbon fiber sleeve is applied to ensure the motor-
operated reliably at high speed. In addition, 24 slots and double-layer windings of round
copper wire are used in the stator structure. Some key design parameters of the motor are
given in Table 1.

Figure 1. Structure of HSPMM.
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Table 1. Some key design parameters of the HSPMM.

Name Value

Rated power (kW) 60
Rated voltage (V) 380

Rated torque (Nm) 19
Pole number 4

Stator slot number 24
Conductor strands 51

Stator outer diameter (mm) 155
Core length (mm) 110

PM thickness (mm) 8

3. Influencing Factors of AC Losses at High Frequency
3.1. AC Loss Simulation Model of Round Copper Wire

This paper presents a cross-sectional view of the studied motor as well as the specific
distribution of the windings in one of the slots, as shown in Figure 2. As shown in Figure 2b,
a specific finite element analysis is performed for only one stator slot in this paper, which is
to study the AC losses clearly and reduce the calculation time.

Figure 2. AC copper loss analysis model. (a) Overall model. (b) Conductor models per slot.

3.2. AC Copper Loss with Different Frequencies

High-speed motors operate at a high frequency, and the frequency of the windings
current can reach thousands of Hertz. Although the skin effect and proximity effect of
windings can be ignored at low frequencies, they cannot be avoided and neglected at high
frequencies. Thus, it is necessary to study the AC losses of windings at high frequencies.

Through the finite element analysis of the eddy current field, the current density
distribution of the windings in the stator slot is obtained. In this analysis, the conductor
parallel winding number is set to 51, and the conductor diameter is kept at 0.6 mm. Figure 3
shows the current density distribution at the end of a period under different frequencies.
For example, at 1000 Hz, the current density distribution at 0.001 s is observed. The current
density gradually increases with the increasing frequency because the skin effect and
proximity effect are more significant at higher frequencies. During the entire period, the
current of each coil varies with time, so the value of the current density at different times
also changes. The maximum AC loss values over time at different frequencies are given in
Figure 4. As shown in the figure, in one period, the maximum current density at 800 Hz is
57.71 A/mm2, and as the frequency increases to 2000 Hz, the maximum current density
can reach 117.73 A/mm2.
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Figure 3. Current density distribution at different frequencies.

Figure 4. Maximum current density in one period at different frequencies.

The concept of AC/DC loss ratio (kac) is defined to reflect the increasing trend of AC
windings copper losses, directly. Figure 5 shows the variation of AC loss, DC loss, and
AC/DC loss ratio with frequency. As shown in Figure 5, at 800 Hz, the AC loss is 406 W
and the kac value is slightly greater than 1. As the frequency increases to 2000 Hz, the AC
loss and kac values increase to 1232 W and 3.66, respectively. As can be seen, the AC loss
increases more than twice as the frequency increases. Therefore, it can be seen that with
the increase of frequency, the DC loss does not change, while the AC loss and kac value
increase significantly. The rising kac curve indicates the phenomenon of increased AC loss
in Figure 5.
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Figure 5. Copper loss and AC/DC copper loss ratio kac with frequency.

3.3. Influence of Conductor Diameter on AC Losses

The effect of conductor diameter on AC copper losses is studied, and two cases
are analyzed in this paper, described as follows. For case A, the number of strands per
conductor remains the same, and when the conductor diameter changes, the copper fill
rate is different. Case B is to keep the copper fill rate unchanged so the number of strands
per conductor decreases as the conductor diameter increases.

For the first case (Case A), each conductor consists of 51 cross-wound wires, and
the frequency is set at 1000 Hz in the simulation. The current density distribution under
different conductor diameters is given in Figure 6. As can be seen, the current density
initially shows an increasing trend due to the greater skin effect and proximity effect at
larger conductor diameters. However, as the conductor diameter becomes bigger, the total
copper area expands further; thus, the current density eventually decreases.

Figure 6. Current density distribution with different conductor diameters at 1000 Hz for Case A.
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Figure 7 shows the winding copper loss and the AC/DC loss ratio kac change with the
frequency at 1000 Hz. On the one hand, the DC losses decrease as the conductor diameter
increases, which is caused by a higher slot fill rate, that is, a higher total copper area. On
the other hand, as the conductor diameter increases, the skin effect and the proximity
effect of the conductors become more obvious; therefore, this leads to larger kac values at
bigger conductor diameters. The combined effect of frequency and conductor diameter on
AC losses is comparatively analyzed in Figure 8. At 800 Hz, when conductor diameters
of 0.6 mm and 0.85 mm are used, the AC losses are 406 W and 708 W, respectively, and
it can be seen that the AC loss increases by 74% as the conductor diameter increases.
When the frequency is increased to 1500 Hz, the AC loss increases to 916 W and 1174 W,
respectively. As can be seen, the larger the conductor diameter, the higher the AC losses,
and this phenomenon is obvious at high frequencies. Figure 9 shows the variated trend of
kac curve with frequency for different conductor diameters. Obviously, the kac curve rises
significantly with the conductor diameter under high frequency.

Figure 7. Copper loss and AC/DC copper loss ratio kac with conductor diameter at 1000 Hz for
Case A.

Figure 8. AC copper loss with conductor diameter under different frequencies for Case A.
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Figure 9. AC/DC copper loss ratio kac with conductor diameter at different frequencies for Case A.

Another case (Case B) is adopted to study the influence of conductor diameter on the
AC copper losses in this paper. Maintaining the same copper fill rate, the influencing law
of the conductor diameter on the AC copper losses is summarized. The conductor strand
number must be reduced with the conductor diameter increasing to keep the same slot full
rate. The windings arrangement parameters are shown in Table 2. Similarly, the influence
of conductor diameter on current density distribution, copper loss and AC/DC loss ratio
kac is analyzed in Figures 10–13.

Figure 10. Cont.
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Figure 10. Current density distribution with different conductor diameters at 1000 Hz for Case B.

Table 2. Windings data in different cases.

Copper Diameter Strands Number Slot Fill

0.65 mm 67 0.5389
0.75 mm 51 0.5418
0.95 mm 32 0.5395
1.15 mm 22 0.5396
1.35 mm 16 0.5381
1.47 mm 14 0.5421

The current density is almost unchanged, as shown in Figure 10, which is because of
the similar slot fill rate, so the total copper area is the same. In Figure 11, the DC losses
does not change significantly because of the same slot fill rate. However, the trend of the
kac curve still shows a slight rise due to the increasing AC copper loss with increasing
conductor diameter. In addition, the trends of AC losses and the kac curves with frequency
are shown in Figures 12 and 13. It can be seen that the larger the conductor diameter, the
more obvious the AC loss increases with frequency increases, and this trend agrees with
the first case analyzed. Therefore, it can be concluded that for both cases, the AC/DC loss
ratio and the AC loss increase as the conductor diameter increases.

Figure 11. Copper loss and AC/DC copper loss ratio kac with conductor diameter at 1000 Hz for
Case B.
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Figure 12. AC copper loss with conductor diameter under different frequencies for Case B.

Figure 13. AC/DC copper loss ratio kac with conductor diameter at different frequencies for Case B.

Figure 14 compares the change in AC copper loss in the two cases as the conductor
diameter increases at 1000 Hz. In the figure, as the conductor diameter increases from
0.65 mm to 0.85 mm, the AC copper loss in Case A increased by 31% from 655 W to 858 W,
but the AC loss only increased by 12% from 674 W to 757 W in Case B. Obviously, the
growth rate of AC loss in case A is significantly higher than that in case B. As can be seen,
the change of the conductor diameter has a great influence on the AC loss if the copper fill
rate is not maintained.

Based on the above analysis, the influence of varied conductor diameter on the AC
copper losses cannot be ignored at high frequency. Thus, it is necessary to design a smaller
conductor diameter to reduce AC losses and improve efficiency.
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Figure 14. AC copper loss with conductor diameter in two cases at 1000 Hz.

3.4. Influence of Number of Conductors Per Slot on AC Losses

Keeping the same number of strands per turn of the winding, the effect of the number
of conductors per slot on AC copper losses is analyzed in this paper. Figure 15 shows
the effect of the number of conductors per slot on the current density distribution. In
the analysis of Figure 15, the wire diameter is kept at 0.6 mm and the frequency is set at
1000 Hz. As can be seen, the eddy current density is significantly raised by the increased
turn number in each slot, because the skin effect and the proximity effect of the conductor
become more obvious as the conductor number increases.

Figure 15. Current density with conductor turns at 1000 Hz.

The effect of the number of turns per slot on the AC loss, DC loss, and AC/DC loss
ratio kac is obtained, as shown in Figure 16. As can be seen, the DC losses increased by
66% as the number per slot increased from three turns to six turns because the number
of turns per slot is positively correlated with the number of conductors. From Figure 16,
the kac value of six turns is two times that of three turns, which means that both the
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AC loss and the kac curve increase sharply as the number of turns per slot increases. In
addition, as the frequency increases, the influence of the conductor turns per slot on the
AC losses is obvious. The changes in AC loss and kac curves at different frequencies and
conductor turns per slot are analyzed in Figures 17 and 18. As shown in Figure 17, at high
frequencies, the AC losses of the windings with more turns per slot are much greater than
those with fewer turns. At different frequencies, the rising kac curve with the increase of
turns per slot is shown in Figure 18, which indicates a significant increase in AC losses at
different frequencies.

Figure 16. Copper loss and AC/DC copper loss ratio kac with conductor turns at 1000 Hz.

Figure 17. AC copper loss with conductor turns at different frequencies.

Figure 18. AC/DC copper loss ratio kac with conductor turns at different frequencies.
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3.5. Influence of the Notch Height of the Stator Slot on AC Losses

The AC losses of the windings in the slot can be affected by the magnetic field and
frequency, and the magnetic field in the slot is closely related to the slot size.

At present, the effect law of slot shape on AC copper losses is discussed by many
researchers. However, the research on the influence of the notch height on the AC loss is
rare. The notch height is the distance between the conductor position and the slot opening,
as given in Figure 19. In Table 3, the three cases with different notch heights are shown. In
order to maintain the same conductor depth for placing stator windings, the depth of the
slots has to be deepened as the notch height increases.

Table 3. Slot data in different cases.

Notch Height Slot Depth

1.29 mm 19 mm
4.52 mm 22 mm
6.72 mm 24 mm

Figure 19. Current density with notch height at 1000 Hz.

In order to obtain the current density at different slot heights, a calculation model with
different stator slot depths is established in the eddy current field, as shown in Figure 19.
The conductor diameter in the simulation is kept the same at 0.7 mm, and the frequency
is set to 1000 Hz. The current density distribution at the end of one period is shown in
Figure 19. Because the current density varies with time, Figure 20 summarizes the variation
of the maximum current density amplitude over the entire period. From Figures 19 and 20,
it can be seen that the current density value is the largest at the notch of the stator slot. In
addition, the shorter the notch height, the higher the current density value because of the
larger magnetic field in the notch.

Figure 20. Maximum current density with notch height at 1000 Hz.
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Figure 21 shows the copper losses and the corresponding AC/DC loss ratio kac with
different notch heights at 1000 Hz. From Figure 21, the DC losses are almost unchanged
with the variation of the notch height, due to the same conductor size. However, as the
notch height decreases from 6.72 mm to 1.29 mm, the AC loss increased by 20% from 608 W
to 730 W. As can be seen, the AC losses of the short notch height are obviously higher than
that of the long notch height. Because of the raised kac value, accordingly, the AC loss tends
to increase. In order to clearly show how the notch height affects the AC loss at different
frequencies, as shown in Figures 22 and 23, the change trends of the AC loss and kac value
with frequency and notch height are also obtained. The AC loss gradually increases as the
notch height becomes shorter due to the increase of AC/DC loss ratio kac. In addition, the
increasing trend of the AC losses is more significant at high frequencies.

Figure 21. Copper loss and AC/DC copper loss ratio kac with notch height at 1000 Hz.

Figure 22. AC copper loss with notch height at different frequencies.

3.6. Influence of Operating Temperature on AC Losses

As is known, different temperatures cause variable electrical conductivity of copper,
which results in varying currents in the windings. In the analysis of windings AC losses,
temperature performance cannot be ignored. In the analysis, the conductor diameter is set
to 0.75 mm and the frequency is 1000 Hz, the current density distribution of the windings
is obtained in the eddy current field. The variation of current density with temperature is
given in Figure 24. As shown, the eddy current density of the conductor reduces with a
raised temperature, which is due to the decrease in electrical conductivity of the copper
with increasing temperature.



Machines 2022, 10, 731 14 of 19

Figure 23. AC/DC copper loss ratio kac with notch height at different frequencies.

Figure 24. Current density with temperature when the conductor diameter is 0.75 mm.

Figure 25 analyzes the trends of DC copper loss and AC/DC loss ratio kac at different
temperatures and conductor diameters. As shown, the electrical conductivity of copper
decreases with increasing temperature, which leads to an increase in DC losses. The
decreasing kac curves with increasing temperature when different conductor diameters are
adopted are given in Figures 25 and 26. As can be seen, the increase in temperature leads
to the opposite trend of the DC loss and the kac value. Therefore, the change of AC copper
loss with temperature needs to be further analyzed because the AC loss is affected by the
combination of the DC loss and the AC/DC loss ratio kac.
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Figure 25. DC Copper loss and AC/DC copper loss ratio kac with the temperature at different conductors.

Figure 26. AC/DC copper loss ratio kac with conductor diameter at different temperatures.

Figure 27 shows the variation of AC loss with changing temperature when different
wire diameters are adopted. When the conductor diameter is small, it can be noticed
that as the temperature increases, the AC losses first rise and then fall. However, the AC
losses keep increasing as the temperature rises, after the diameter exceeds a specific value.
Theoretically, the higher the temperature, the greater the AC losses, but when using a
smaller diameter, the AC loss eventually shows a decreasing trend with the increase of
temperature. It is because the reduction of the AC/DC loss ratio kac is greater than the
increase of DC copper loss with the increased temperature.

Figure 27. AC copper loss with conductor diameter at different temperatures.
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4. Prototype and Experimental Tests

In this paper, the AC/DC loss ratios kac are tested for round copper wires in different
sizes, and the finite element analysis is verified by four cases. In order to better verify
the theoretical analysis, a 60 kW, 30,000 rpm HSPMM is manufactured, in which 0.6 mm
conductors are adopted in the windings, and each conductor consists of 51 cross-wound
wires, as given in case 1 of Table 4. In addition, four coil cases are adopted in the experiments
in order to obtain kac under different conductor sizes, and the different conductor diameters
and their corresponding strand numbers are given in Table 4. In the experiments, the AC
resistance values of the windings at different frequencies are obtained by an AC resistance
measuring instrument. The experimental current is set to 1 A, and the AC resistance at
different frequencies is obtained by varying the current. The experimental process for four
coils is shown in Figure 28, in which case 1 is the stator of the actual prototype.

Table 4. Test coil cases.

Conductor Diameter Strand Number

Case 1 0.60 mm 51
Case 2 0.65 mm 67
Case 3 0.55 mm 60
Case 4 0.50 mm 68

Figure 28. The test processes.

The experimental and finite element simulation results of the four coils at different
frequencies are compared in Figure 29. It can be seen that the increase of the frequency
would lead to a larger kac value. As shown, the experimental and calculation results are
similar, so the experimental and theoretical analysis are consistent. Case 1 in Figure 29
shows the comparison between the measured values of the prototype and the calculated
values of the finite element simulation. Note that the measured value is slightly bigger
than the calculated value, because the effect of the end windings on the loss is ignored
in the simulation. As shown in the figure, the measured and simulated results become
closer as the frequency increases; that is, the error becomes smaller. In general, the experi-
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mental and theoretical results are in good agreement, which verifies the correctness of the
theoretical analysis.

Figure 29. Test and calculation results at different frequencies.
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5. Conclusions

In this paper, the AC copper losses of HPSMMs with round copper wire windings
were comprehensively studied, and the influence of different factors on the AC losses was
comparatively analyzed, including the frequency, the conductor diameter, the number
of conductors per slot, the notch height of the stator slot, and the working temperature.
Four stator coils with round copper wire windings were fabricated and tested to verify the
theoretical analysis. In summary, in this paper, the conclusions obtained are as follows.

(1) Keeping the same number of parallel wires for the conductors, the value of the AC/DC
loss ratio kac increased five times at 1000 Hz as the conductor diameter increased from
0.55 mm to 0.85 mm. When the slot fill rate remained the same, the kac values are 3.09
and 4.04 at 1000 Hz under conductor diameters of 0.65 mm and 1.45 mm, respectively.
As can be seen, the conductor diameter has an larger impact on AC losses for both
cases, and the larger the diameter, the higher the AC copper losses.

(2) The AC/DC loss ratio kac value of six turns is twice that of three turns at 1000 Hz,
which means that both the AC loss and the kac curve increase sharply as the number
of turns per slot increases, and this phenomenon is obviously under high frequency.
The effect of the number of turns per slot on AC losses cannot be ignored in the design
of HSPMMs.

(3) When the notch height is 6.72 mm, the AC loss is 608 W at 1000 Hz, and when the
notch is 1.29 mm, the AC loss increases to 730 W. Due to the magnetic flux field change
in the stator slot, the shorter the notch height, the bigger the AC copper loss. As can be
seen, the notch height in the slot is also a crucial factor on AC losses at high frequency.

(4) As the temperature increases, the electrical conductivity of the conductor is decreased.
Therefore, the DC losses increase while the kac curve decreases with the rising tem-
perature, which causes the trend of AC loss uncertainty. Through research, when
the wire diameter is 1.15 mm, the AC loss at 1000 Hz increases from 814 W to 833 W
when the temperature increases from 50 ◦C to 150 ◦C. However, when the conductor
diameter is less than 1.15 mm, the AC loss of the winding does not keep increasing,
which eventually shows a decreasing trend. As can be seen, the changing temperature
makes a significant variation in AC losses for different conductor diameters. As the
temperature rises, the AC losses increase and then decrease for smaller diameter
conductors. However, the AC losses keep increasing after the diameter is larger than
a specific value.
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