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Abstract — This paper presents a detailed investigation of
AC copper losses in high-speed high-power density permanent
magnet synchronous machine. For parallel strands winding, it is
not easy to accurately estimate the AC copper losses using finite
element model (FEM), due to the random distribution of the
conductors inside the slots. Therefore, this work is focused on
the separation of the AC copper losses component from the total
measured losses. In order to obtain more precise results, the
effect of manufacturing process on the stator core has also been
considered. A 3D FEM has been used to evaluate the total
power losses including the effect of the end-windings. Finally,
the influence of the temperature on the AC losses is taken into
account by monitoring the winding temperature during the
experiments.

Index Terms -- AC copper losses, end-windings,
manufacturing processes, permanent magnet motors, skin and
proximity effects.

I.  INTRODUCTION

OR high-speed and high-power density applications,

where the machine needs to achieve high efficiency over
all the operating range, an accurate prediction of power
losses distribution is very important [1]. One of the major
power losses contribution, for the permanent magnet
synchronous machines (PMSMs), is given by the stator
winding losses [2-3]. For high-speed applications, the
electrical resistance of the winding increases with the
operational speed due to two different phenomena, namely
skin and proximity effects; thus leading to additional AC
losses [4-5]. Therefore, the contribution of the AC copper
losses to the overall losses must be identified accurately to
estimate the machine performance. The AC copper losses
have been widely investigated in literature [1-10]. While, less
attention was paid to the segregation of the AC copper losses
from the total measured losses considering the effect of
manufacturing process on the stator core. The machining of
the stator core affects the magnetic material properties.
Indeed, the specific core losses increase and inaccuracies are
introduced when the AC copper losses are segregated from
the total measured power [10-12]. In particular, this effect
becomes more significant during high frequency operations.
The aim of this work consists in identifying the AC copper
losses at different operating frequencies and temperatures, by
considering the impact of manufacturing process on the
stator core. To reach the aim, a complete wound stator has
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been used during the experimental study for achieving a
more accurate representative of the electromagnetic field
distribution. In addition, the end-winding influence, the
stator core manufacturing process effect and thermal
behavior are included in the proposed investigation.

The machine prototype together with the details of the
high-speed application are presented in section II. Section III
describes the AC copper losses generated in a PMSM. The
FEM of the assembled stator core winding is introduced in
section IV. While, the experimental setup and the adopted
test procedure are highlighted in section V. The experimental
characterisations of the magnetic material properties for the
stator core are analysed. Their influence on the AC copper
losses and phase resistance at different operating conditions
are provided in section VI. Finally, section VII draws
practical and useful considerations to take into account when
designing high-speed machines.

II. PM MACHINE PROTOTYPE

In this work a high-speed high-power density, 8 poles / 9
slots, PMSM prototype, optimized for a direct coupled pump
application, is considered as a study case. The details of the
electromagnetic ~ design, optimization and thermal
management are not included in this paper, as these are
covered in other author’s publications [13-16]. For sake of
clarity, the 8 poles / 9 slots PMSM cross-sectional area is
shown in Fig. 1. A cobalt iron (CoFe) material (Vacoflux
48), with lamination thickness of 0.1 mm and saturation limit
of 2.3 T has been chosen for the stator core [14].
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Fig. 1. Cross-section of the 8 poles / 9 slots PMSM machine.

The stator core and the windings are cooled via a cooling
channels inside the slot in order to achieve a higher power to
mass ratio [17-18]. A copper fill factor of 37% of the slot
area represents a reasonable compromise between the
cooling channel area and the generated copper losses. In
addition, multi-strands parallel conductor arrangement has
been used in order to reduce the AC copper losses. The



permanent magnets are mounted on the rotor surface in a
quasi-Halbach configuration. The retention is given by a
titanium sleeve holding the magnets on a hollow shaft made
of permeable 17-4PH stainless steel [19-20]. Table I lists the
main design parameters of the PMSM prototype.

TABLEI
MAIN DESIGN PARAMETERS OF THE INVESTIGATED MACHINE

Parameter Value
Maximum speed 19 krpm
DC Link voltage 270 Vdc
Maximum phase current 85 A
Stack Length 80 mm
Stator outer diameter 70 mm
Split ratio 0.535
Current density 27.2 (A/mm?)

III. CoOPPER LOSSES INPMSM

In general, for the high-power density applications using
an appropriate cooling system, the electrical loading is
increased to achieve the required output power. However, the
resulting copper losses lead to a temperature rise in the
windings, which might reduce the insulation lifetime as well
as reaching the thermal limit of the machine [21-22]. Fig. 2
shows the percentage of losses calculated in different parts of
the PMSM at maximum speed (i.e. worst-case scenario). For
this application, the copper losses represent the 54% of the
machine total losses. Therefore, it is necessary to calculate
the total copper losses (AC+DC) to have an accurate
estimation of the machine performance.
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m Stator core losses

= Rotor losses
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Fig. 2. Break-down of the losses at maximum speed.

In PMSM, the increased copper losses with the frequency
is mainly due to the skin and proximity effects, which
influence the winding resistance value. Both phenomena are
caused by eddy currents. In the first case (i.e. skin effect), the
eddy currents are self-induced, while in the second case (i.e.
proximity effect), they are due to either 1) the current
flowing through close by conductors or 2) the magnetic field
produced by the moving permanent magnets [7, 9]. The
self-induced eddy currents cause a non-uniform current
density distribution within the conductor due to AC current
passing through the conductor itself. The skin effect depends
on the frequency and the dimensions of the conductor and it
can be dealt by choosing a conductor with diameter smaller
than the skin depth § [7], which is given by (1).

§= |2 (1
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Where, p and u, are the electrical resistivity and the
relative permeability of the conductor, respectively, f and u,
are the frequency and the permeability of the free space,

respectively. The proximity effect is dependent on how the
conductors are placed inside the slots and it can be mitigated
by using either windings with parallel strands (resulting in
smaller diameter of the conductor) or Litz wires (thinner wire
strands connected in parallel) [7-8]. The main disadvantages
rising from the adoption of windings with parallel strands are
represented by the higher manufacturing complexity and the
unbalanced current distribution across the strands. The latter
results in a circulating current effect [9]. On the other hand,
by using windings with parallel stands, a greater fill factor
could be achieve with lower cost with respect to the Litz
wire. Therefore, the DC resistance of the phase winding must
be computed including a factor that takes into account the
AC losses due to the induced eddy currents.

IV. FE MODELLING

Both 2D and 3D FEMs have been implemented to
accurately simulate the AC copper losses of the designed
PMSM (i.e. fractional slot machine with non-overlapped
concentrated winding). Fig. 3 depicts the 3D FEM, where
each solid conductor has been modelled and connected via an
external circuit. This modelling approach allows to identify
the skin and proximity effects in both active-length and
end-winding regions.

Fig. 3. 3D FEM including both active-length and end-winding regions.

In order to reduce the simulation time of the 3D FEM, a
model with only to one phase winding has been considered.
In addition, a refined mesh for the copper wire strands has
been set for a precise distribution of the currents at high
frequency [4]. The phase winding consists in 3 series
connected coils, which are made of 12 turns each. Further,
the turns are arranged on 4 strands per turn and a 0.873 mm
diameter wire (including the insulation thickness) is adopted
for the strand. Every coil has been modelled by means of a
specific circuit within the FE software.

V. EXPERIMENTAL SETUP

The experimental tests have been carried out on a
complete wound stator, as illustrated in Fig. 4, while, Fig. 5
shows the setup used to measure the winding losses. A
variable-frequency power supply with sinusoidal current
(Chroma 61511) is employed to energize the winding.
Power, voltage and current are measured using a high
bandwidth power analyzer (KinetiQ PPA2530), which allows
to take into account the resistance variation with frequency.
K-type thermocouples, placed within the end-winding and
the middle section of the winding (i.e. on the winding
active-length), are used for monitoring the temperature. For



the experimental measurements, the winding losses are
obtained as the difference between the total input power
measured through the power analyzer and the core losses
estimated by the 3D FEM. In terms of core losses estimation,
more precise results are achieved by performing the material
characterization of the stator core. Indeed, the actual specific
core losses (including the manufacturing process effect) is
experimentally determined. The material characterization
represents an important step, since the manufacturing process
strongly influences the estimated ratio between AC and DC
copper losses, as discussed in the next section. The winding
temperatures are recorded at several excitation currents and
frequencies. The thermal test for a single excitation point is
performed until the thermal steady state is reached [2].
Hence, the thermal test is stopped once the winding
temperature varies with a ratio slower than 1°C over 10
minutes. In Fig. 6, the measured temperatures are reported
for an applied current of 25 Arms is applied at several
frequencies.
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Fig. 5. Experimental setup.
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Fig. 6. Winding temperature under I,,,,, = 25 A with different frequencies.

A significant difference between the temperature inside
the slot (i.e. active-length winding) and the one measured in
the end-winding is recorded. The temperature mismatch is
caused by the different heat path crossed. In fact, the heat
generated within the end-windings is easily released to the
ambient, since they are directly exposed to the air (i.e. the
stator core under test is not equipped with housing).
Conversely, the heat produced by the active-length winding
should cross the stator back iron before being dissipated to
the ambient. Therefore, the temperature inside the slot
represents the hot-spot of the stator core under study.

VI. AC LOSSES ANALYSIS
A.  Stator core losses

It is not possible to experimentally segregate the laminated
stator core losses from the meaused power (i.e. copper losses
+ iron losses) using the power analyser [1, 2]. Therefore,
accurate estimation of iron losses is required. For this
purpose, FE simulations of the stator core are performed
adopting the same current and frequency values used during
the experiments. Since the stator core is manufactured by
means of several machining processes, its magnetic
properties, such as magnetization BH curve and the specific
core losses, will change. For this reason, it is necessary to
quantify these changes in the magnetic properties to
accurately determine the AC copper losses term. As
previously mentioned, the stator core is made of CoFe
material, which approximately consists of 49% cobalt, 49%
iron and 2% vanadium [23-24]. Table II gives an overview of
the CoFe material properties provided by the manufacturer’s
datasheet.

TABLE I
MATERIAL PROPERTIES OF THE INVESTIGATED COFE STATOR CORE
Lamination . Electrical Package Saturation
. Density S, . Flux
Thickness Resistivity Density .
Density
0.1 mm 8120 kg/m? 0.4 pohm 98% 23T

Fig. 7. Investigated stator core with and without measured coils.

A state of art testing facility that is available in-house is
employed to characterize the stator core shown in Fig. 7
[25-26]. The core losses tests are performed under pure sine
wave excitation. The obtained specific core losses, as a
function of different frequencies (up to 2 kHz) and flux
densities (from 1 to 2 T), are reported in Fig. 8. Considering
the results of Fig. 8, the specific core losses increases as the
flux density and the frequency rise. Comparing the
experimental data against the ones given by the



manufacturer’s datasheet, higher specific core losses are
measured due to the manufacturing process [25]. According
to the material characterization outcomes, the material
database in the FE software has been updated considering the
measured specific core losses. The iron losses computed
using the specific core losses provided by the manufacturer’s
datasheet are presented in Fig. 9 (a), where the results
obtained from both 2D and 3D FEMs are compared (the 3D
FEM models also the end-windings).
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Fig. 8. Comparison between specific core losses as function of both
frequency and flux density.
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Fig. 9. Iron losses trends: (a) comparison between 2D and 3D FEMs using
the manufacturer data and (b) comparison between the measured and
datasheet data using the 3D FEM.

Due to the end effect [26], the core losses resulting from
the 3D FEM are higher than the ones provided by the 2D
FEM. Indeed, the end-winding leakage flux causes a local
flux density increment in the edge of tooth-shoe region, as
highlighted in Fig. 10 (a), which leads to extra core losses. In

Fig. 9 (b), the core losses obtained using the manufacturer’s
datasheet data (DS) are compared against the ones
determined using the material characterization data (MC).
Fig. 10 (b) shows the distribution of the magnetic flux
density in the stator conductors. The stator slot leakage flux
is higher in the slot opening region compared to the slot top
region. Therefore, the largest eddy currents are induced close
to the slot opening [27].
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Fig. 10. 3D FEM flux density distributions: (a) in the stator core and (b) in
the winding (active length and end-winding).

B.  AC copper losses

The total winding power is sum of two terms, namely the
losses in the active-length P, (T, f) and the losses in the
end-winding P4 (T, f), as expressed by (2).

Ptot(Trf)=Pact(T:f)+Pend(T:f) (@)

Both losses terms are function of the temperature (T') and the
frequency (f). During DC operations, the two losses terms
can be easily identified knowing the DC winding resistance
and total length of winding (active + end-winding lengths).
For this analysis, the electrical resistivity of the copper can
be corrected according to (3), where, p, is the electrical
resistivity of copper at T, = 20°C (p, = 1.68 1078 Qm), «
is the temperature coefficient of resistivity (a = 0.00393)
and T is the operating point temperature.

P=po*(1+a(lT —T,)) (€))

In case of AC operations, (3) cannot be directly used to
correct the operating temperature. Since, the DC and AC
copper losses terms are depending on the temperature in
different manner [1].
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Fig. 11. AC winding losses factor (R,./Rgc |7) at Lyns = 25 A and 20°C.

Based on [28], the temperature dependency of the AC
copper losses (P, |r) is expressed by (4).



PaclT=Pdc|T0(1+a(T_To))+Pdc|To(1fZ(CT—_T0))ﬁ (4)

where, Py.|r, are the DC copper losses at T, (i.¢ Pyc|r, =
3Ir2mstc|T0)a B is a correction factor (value between 0 and
1), which is determined by curve fitting (4) into the AC
copper losses data at the temperature T. Finally, R,./Rgc |7
is the AC winding losses factor defined as the ratio between
AC to DC resistances [28-29]. The trend of the AC winding
losses factor (R,./Rg4.|7) as function of the frequency is
presented in Fig. 11. For the end-winding, the R,./R . ratio
is very small compared to the one of the active-length
winding. This is due to fact that the leakage flux along the
active-length winding is higher than in the end-winding
region, where the windings are surrounded by air [4, 30].
Therefore, lower proximity losses occur in the end-winding
area.

C. Experiment results and analysis

In the previous section, the AC to DC resistance ratio has
been evaluated using 3D FEM. However, for random-wound
windings, the uncertainty in the conductors’ distribution
within the slot affects the AC copper losses estimation since
it is difficult to exactly simulate the actual conductors’
distribution. Therefore, the stator core input power has been
measured using a power analyzer and the FE iron losses have
been subtracted from the measured power to accurately
determine the AC copper losses. Fig. 12 (a) shows the copper
losses at several frequencies obtained using the 3D FEM,
which includes the temperature dependency of the resistivity.
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Fig. 12. Variation of the losses with the frequency: (a) copper losses and (b)

total losses.

Fig. 12 (b) reports the comparison between measured and

calculated total power losses. The latter are determined as
sum between the copper losses of Fig. 12 (a) and the iron
losses of Fig. 9 (b). The results are in good agreement and
the slightly mismatch is due to the random distribution of the
conductors. Indeed, parallel strands with random placement
have a significant impact on the AC copper losses due to the
increase in the circulating current over frequency. To
investigate the influence of the core losses segregation on the
measured phase resistance, a sensitivity analysis has been
carried out. In order to obtain the DC and AC phase
resistances (Ry. and R,.), the input power per phase and the
rms current have been measured using the power analyzer.
Further, the winding temperatures have been recorded during
the experimental tests. The AC phase resistance has been
determined over a wide range of frequency (from 150 Hz to
1300 Hz). In Fig. 13 (a), the link between the DC phase
resistance and the winding temperature is highlighted,
whereas the dependency of the AC phase resistance with the
frequency is outlined in Fig. 13 (b). Looking at Fig. 13 (b),
the AC phase resistance value increases with the frequency,
as expected.
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To accurately determine the AC phase resistance, the iron

losses Pr._(mc) (calculated through 3D FE simulations) are
subtracted from the total measured power P;,, as shown in

(5).

Pin=Pfe_(McC)
Rpn ac = Zin7" fe (MC) (5)

2
Irms

It is important to underline that the measured specific core



losses, obtained by means of the material characterization,
are adopted during the 3D FE simulations performed for
quantifying the iron losses (Pre (mcy). Using the material
characterization data of the stator core, more accurate results
are achieved, as shown in Fig. 13 (b). The measured value
of Rpp_ac mc at 1200 Hz is 9.08% lower compared to the
total measured phase resistance Rpp,_q.. While, an 11.86%
difference is found between Rpyp qc mc and Rpp qc pem at
1200 Hz. This is due to fact that the parallel strands are
placed randomly in the slot and therefore more AC losses are
generated at higher frequencies. In fact, moving towards
lower operating frequencies, the mismatch between
Rpn_ac.mc and Ry qc pem values is smaller.
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Fig. 14. Measured R,./R,. ratio versus frequency at winding operating
temperature.

Fig. 14 shows the R,./R,. ratio versus the frequency at
the winding operating temperature. It’s observed that the rate
of increase in the AC losses component drops with the
increased temperature and the current level. This trend is
explained by the higher copper electrical resistivity with the
winding temperature increment, which leads greater DC
copper losses. Hence, a lower the R,./R,. ratio is revealed
[1, 5]. Further, with higher current level, the rate of increase
of the DC copper losses is higher with respect to AC losses
component, since the power is proportional to current
squared.

VII. CONCLUSION

In this paper, the AC copper losses of a high-speed
high-power density PMSM have been investigated and
discussed. The influence of the variations in the stator core
material properties (due to manufacturing processes) have
been taken into account during the investigation. A complete
stator / winding assembly motor has been used for both FE
simulations and measurements to have more detailed
representative of the electromagnetic conditions occurring in
the full machine. The analysis has been carried out though
2D and 3D FEMSs, where the latter includes the effect of
end-winding. The obtained results have been compared with
the experimental data.

In general, it’s found that for the machines with parallel
strands copper winding, the experimental approach provides
more accurate results than FE simulation regarding to the AC
copper losses estimation. This is due by the random

arrangement of the conductors inside the slot of the
manufactured machine, which has a significant effect on the
AC copper losses. Also, it’s found that AC copper losses
generated within the end-winding are very small.

The segregation of the AC copper losses component from
the total measured losses can be greatly influenced by the
stator core losses estimated in 3D FEM. To reflect the
variation in the material properties due to the manufacturing
process, the stator core has been experimentally
characterized. It is shown that the iron losses determined by
using the measured specific core losses (at 1200 Hz and 25
A) are 13.2% higher than the ones calculated by means of the
specific core losses value provided by the manufacturer’s
datasheet. This difference in iron losses leads to 9.08%
difference in the measured phase resistance (at 1200 Hz and
25 A). The phase resistance mismatch is subject to further
increment as both the operating current and frequency
increase.

Finally, the presented study confirmed that the effects of
manufacturing processes on the stator core can influence the
separation of the AC copper losses from the total measured
losses. Hence, such effects are required to be accounted for
the accurate estimation of phase resistance. In particular, for
higher performance and higher speed applications, the above
aspect needs to be considered for an accurate estimation of
the overall machine performance.
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