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Abstract: This paper presents a finite element investigation into the proximity losses in
a high-speed permanent magnet (PM) machine for traction applications. A three-dimen-
sional (3D) finite element analysis (FEA) is employed to evaluate and identify the end-
winding contribution into the overall winding power loss generated. The study is focused
on the end-winding effects that have not been widely reported in the literature. The cal-
culated results confirm that the end-winding copper loss can significantly affect the eddy-
current loss within copper and it should be taken into account to provide reasonable pre-
diction of total losses. Several structures of the end-winding are analyzed and compared
in respect to the loss and AC resistance. The results clearly demonstrate that the size of
the end-winding has a significant impact on the power loss. The calculated results are
validated experimentally on the high-speed permanent magnet synchronous machine
(PMSM) prototype for selected various winding arrangements.

Key words: end-winding, permanent magnet motor, eddy-currents losses, proximity
losses

1. Introduction

Main power loss sources within a high-speed permanent magnet synchronous machine are
the winding, iron and magnets. In this paper, the authors focus on the end-winding AC power
loss caused by eddy currents. The end-winding region is exposed to the flux patterns that are
different from those within the winding active length. Most of the research has been focused
on the proximity effects on the conductors placed into the slots [1-14]. Less attention has been
paid to an influence of end-winding dimensions and size on the phenomena that contribute to
the total eddy-current losses. In the presented machine prototype, the proximity effect is
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significant and has to be precisely analyzed [3]. The stator winding power loss generated in
a PM machine can be defined by two basic components, DC and AC ones. The DC winding
power loss component and its thermal dependence is well understood and commonly used
when estimating the machine performance. The AC winding power loss caused by magnetic
fields generated by nearby conductors is more troublesome due to the complexity of the
problem with various effects to be accounted for [1-3]. Those AC power loss components are
present in any PM machine and their severity strongly depends on a particular machine design.

The analysis is limited to a three-tooth segment stator assembly owing to the symmetry
and antisymmetry conditions, which reduces computational burden for the used FEA. The 3D
FEA is employed to evaluate and identify the end-winding power loss contribution into the
overall winding loss generated. Some guidelines regarding the FEA for the AC winding loss
are given. Winding arrangements utilizing various conductor profile sizes and shapes of the end-
winding are investigated to give more generic insight into the AC winding losses phenomena.

Experimental data are obtained to verify the theoretical predictions and demonstrate the
difficulty of AC power loss analysis at high-speed operation. Some comments and recommen-
dations regarding the end-winding construction are made.

2. Prototype high-speed PM motor and winding arrangements

The study is applied to the highly efficient (97% peak efficiency) and compact (2 kW/kg
continuous rated) water jacket cooled PM motor designed for a large vehicle application. The
prototype motor was designed to operate at high-speed up to 12000 rpm in order to minimize
the overall system weight. The motor comprises 8 poles and 12 slots with a double layer
concentrated winding. A prototype of the three-tooth stator section was designed to demons-
trate AC losses in the stator winding and stator core, Figs. 1a-b. The segmented stator core is
cooled via outer water jacket and the laminated stator segments are made of 0.35 mm silicon
iron (M300-35 A). In the original design a high copper packing factor is realized through the
use of a multi-stranded parallel conductor arrangement. A three-tooth segment stator setup is
chosen in the analysis allowing for various winding arrangements to be constructed and
evaluated in a timely manner. The laminated stator core hardware comprises a three-tooth
stator section with slot geometry identical to that of the complete machine, Figs. 1b-c.

Fig. 1. Outline of the high-speed PM machine laminated stator core section (a), prototype of three-
tooth stator section with a single tooth wound (b), and end-winding view (c)
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To investigate the AC copper loss effects at high-speed operation three winding arrange-
ments are constructed, Fig. 2a. Winding versions I and II are selected to demonstrate how
important is to accurately build a 3D FE model of the winding conductors. And winding
version III is used to investigate the influence of the geometry/size of end-winding on AC po-
wer loss. The baseline configuration, winding version I is representative of mush winding
wound ‘in hand’ and comprising 7 parallel conductors with 16 turns and a 50% copper fill
factor. The arrangement between turns with parallel wires (1.6 mm) is not defined (ran-
domly placed within the stator slot), and very difficult to be accurately represented in the FEA.
Such a winding construction provides short and compact end-winding resulting in low end-
winding DC resistance. However, the end-winding conductors are in the close proximity of the
stator/teeth periphery being exposed to end effects.

Winding version II was wound using a custom manufactured multi-stranded bundle with
conductors being bonded together. This allows for the conductor position within the stator slot
together with bundle outer shape to be well defined and allowing for accurate model
representation in the FEA. The winding consists of 14 turns with adjacent 7 parallel con-
ductors (1.6 mm) within a bundle and 44% copper fill factor. Fig. 2b shows the process of
preparing 7 parallel bonded copper conductors as a turn which comprises a vertical strip of 4
conductors adjacent to a vertical strip of 3 conductors, and these two layers are glued together.
Finally, an individual turn is arranged in precise location in the slot with respect to each other,
Fig. 2c.

The winding version III comprises 10 turns of a solid conductor (10.25 mm x 1.30 mm)
with rectangular cross-section with the 7% copper fill factor. This winding construction with
the low value of the fill factor allows for various end-winding arrangements (including
conductor profile sizes and shapes) to be investigated in a timely manner both experimentally
and using the FEA.

(c)

End-winding, energized side

(@)
Winding version | ./”/

—

Winding version Il

Asingle stator
tooth with a coil

Thermocouples

Fig. 2. Analyzed winding arrangement (a), and the process of making multi-stranded bundle with
conductors being bonded together (b) with the final manufactured winding version II (c)
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3. Experimental setup

Several winding versions were selected to measure the total DC and AC power loss using
a power analyzer together with a precision current transducer. The DC and AC power losses
are measured within the three-tooth segmented stator assembly. A voltage source inverter was
used to supply a variable current to the tested winding, Fig. 3a.

Voltage source
inverter

Water-jacked Environmental
cooled-machine chamber

Fig. 3. Test bench for power loss and the temperature measure (a), and the three-tooth segment stator
assembly with an environmental test chamber (b)

Three segments of stator

To emulate the water jacket assembly present in the complete machine, the three-tooth
segment stator setup was mounted on a liquid-cooled cold plate using an interfacing plate,
Fig. 3b. The cold-plate temperature was set to 20°C and controlled by a chiller unit assuring
consistent measuring conditions. To provide good heat transfer between the laminated stator
core, interfacing and cold plate, a thermal paste is used. A single tooth winding is instrumen-
ted with a number of type-K thermocouples. The environmental chamber is used as an en-
closure to keep constant environmental conditions such as a fix temperature on the tested
stator with a coil. Temperature measurements are monitored at each side of the coil including
active length and end-windings at several excitation currents and frequencies.

(a) (b)
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Fig. 4. Winding temperatures recorded for winding versions II (a) and III (b) at /=40 A,
the frequency ranges are 400 Hz, 600 Hz and 800 Hz



www.czasopisma.pan.pl P N www.journals.pan.pl

N

Vol. 65 (2016) Analysis of end-winding proximity losses in a high-speed PM machine 253

The thermal test for a single excitation point is carried until thermal equilibrium is reached.
The thermal steady state is defined as temperature changes lower than 1°C over 10 min. The
example of temperatures recorded for winding versions Il and III at / = 40 A for various
frequencies are demonstrated in Fig. 4. In both cases, lower copper temperatures can be seen
at the energized side of the end-winding compared with the opposite side. Also, smaller
temperature difference can be seen between both sides of the winding active-length.

4. Finite element models

Modeling of the end region of the machine requires a 3D program that solves Maxwell’s
equations and is not simple to investigate due to the complexity of the geometry and the dif-
ficulty of analysis [21]. In addition, the complexity is magnified due to the mesh discretization
problem related to each winding strand. Analysis of the loss distribution within the three-tooth
segment stator is carried out using the well-established discrete time step finite element
method (FEM), with 3D formulations. Complete loss predictions including both the winding
and the laminated stator core is required in order to separate the power loss components from
measurements. Fig. 5 presents the geometry of the three-tooth laminated stator core with
wound coil assumed in the FE calculations. Due to symmetry, the 3D model includes a half of
the geometry, Figs. Sa-b. The yoke flux leakage caused by the air-gap between stator segments
(here, 0.56 mm), indicated in Figs. 5a-b, is crucial for accurate loss prediction and therefore
must be taken into account in the FE models.

Air-gap —_— End-winding

Segmented \//>><,, )
stator ~

Symmetry XY-plane S~

Fig. 5. 3D FE model representation of the three-tooth stator assembly with winding versions II (a)
and III (b)

The laminated stator core’s winding conductors are represented as separate solid conduc-
tors linked together via an external circuit and supplied from a sinusoidal current AC source,
Fig. 6. It is important to note that each individual conductor within a bundle needs to be repre-
sented in the external circuit in order to provide correct power loss predictions [16]. A simpli-
fication making use of the grouped regions representing the individual bundles rather that
individual conductors is incorrect here and would result in significant overestimation of the
generated AC winding loss.
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14 turns with 7 parallel conductors

o B
10 conductors in series
o!

Fig. 6. Conductors’ arrangements for the external circuit used in the FEA

To current source

Fig. 7 shows two different shapes of the end-winding of winding version III, which can
affect the AC proximity effects. Case I shows the end-winding bonded in 90 deg. with
semicircular shape in the corner, and the variable parameter / represents the horizontal length
of end-winding (%, parameter varies with /). And the / parameter ranges from 2 mm to 32 mm
and A; from 15.5 mm to 0.7 mm. Case II presents the rectangular shaped cross-section of the
end-winding with the variable parameter /4, representing the distance between the end-winding
and stator core. The parameter /4, ranges from 2 mm to 32 mm. It has to be noticed that this
investigation of cases I and II leads to increase in the length of turns which affects the DC and
AC copper losses. The arrangement of the conductors is depicted in Fig. 7c.

(c)
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Fig. 7. 3D FE model with mesh discretization of the selected end-winding shapes for winding version III,
semicircular shape (a) and rectangular shape (b), and conductors number definition (c)

5. AC loss analysis

It is impossible to extract the laminated stator core’s losses experimentally by simple tests,
since only the total loss measurements are available. Hence, to validate the theoretical findings
an estimation of iron loss is needed. Computational methods for those losses have been widely
described [4, 5, 7, 18, 19, 20]. The mean value of the iron loss in the laminated core pack
based on the Bertotti formula has been calculated for harmonic excitation (the integral value
of loss is calculated over the stator core volume) [21]. The stator core losses can be decom-
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posed into the losses by hysteresis, the eddy currents losses, and the losses in excess as shown
by expression (1), respectively.

+7r-0'-d2(

Pre=|ky By f By f Y k(B f)2 867 |k, M

where k;, k., o, d, f, B, are the coefficients of losses by hysteresis, of losses in excess, the
conductivity of the material (representing classical eddy current losses), the thickness of the
lamination, the frequency and the peak value of the magnetic flux density, respectively. Ma-
terial coefficients used for the iron loss predictions are listed in Table 1.

Table 1. Iron loss coefficients for a steel sheet M300-35 A

Hysteresis loss coefficient (k) W T?m? 93.89

Classical loss coefficient (o) S’ 2.22e6
Loss in excess coefficient (k,) W(TsY*m 1.33
Fill factor (k) - 0.98

Thickness of steel iron (d) m 3.5¢-3

The AC copper loss within the solid conductors is determined from the Joule loss, and the
AC proximity effects are accounted for both the active length and end-winding regions. The
AC resistance increases under AC excitation as compared to DC operation. The ratio of AC
resistance to DC resistance Rac/Rpc is the commonly used figure of merit when assessing the
high frequency effects. To account for the temperature variation in the loss prediction, the
electrical resistivity is adjusted accordingly, then the copper loss from the Joule loss can be
expressed by:

Py = po(l+a(T—200C))j JAv, @
V

where, py is the electrical resistivity 1.68-10" *Qm of copper at 20°C, T is the temperature at
the operating point, J is the current density, and the temperature coefficient of resistivity « for
copper is 93-107°K " .

Table 2 compares experimental results with FEM calculations of iron loss (Pg.) and copper
loss (Pc,) for the winding versions I and II under AC current supply 40 A at 400 Hz, where the
winding operating temperatures for copper was 73°C and 88°C, respectively. Under DC ope-
rating condition at 40 A the power loss for the same winding versions was measured and com-
puted at working temperatures 57°C and 50.2°C, respectively.

Unsurprisingly, winding version II gives more accurate knowledge of a total AC power
loss and it can be concluded that each position of conductor has to be well defined in the FEM.
Nevertheless, the FEA results are still slightly overestimated as compared with measurements.
The difference is mainly caused by the end-winding distance of designed coil, between con-
ductors and stator tooth, which is much smaller compared with the FE model. Then it affects
a power loss as shown in an example of winding version III (see Fig. 9). In the FE models the
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same value of copper resistivity at the maximum measured winding temperature was used in
the whole coil including the end-winding, whereas the temperature is quite different for both

sides of the copper active-length and the end-winding (see Fig. 4), and this also affects the
accurate copper loss prediction.

Table 2. Measured/calculated power losses and Rxc/Rpc

Wm(!mg AC and DC operating condition Measurements Calculations 3D
version FEA
inaccurate
P})WCJ:’;)SS AC: 400 HZ, 40 Arms 54.4 W prediction*
I (Peut Pre) DC, 40 A 2W 24'W
Resistance
ratio RAC/RDC 2.47 n/a
Power loss AC, 400 Hz, 40 A s 61.5W 68 W
1 (Pout Pre) DC, 40 A 19.9 W 206 W
Resistance
ratio Rac/Rpc 3.1 3.3

*Caused by the arrangement between turns with parallel wires, which is not defined

b
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Fig. 8. Power loss results for winding version II at 20°C of winding temperature: vs. rms current

at 400 Hz (a), vs. frequency at rms current 40 A (b), vs. rms current and frequency (c), vs. copper loss

in slot and end-winding region at 40 A (d); and ratio Ry¢/Rpc vs. frequency at 40 A (e), power loss
measurements vs. frequency under 40 A at working winding temperature (f)

According to winding versions I and 11, it is clear that defining positions of each conductor
in FEM has a significant impact on the AC winding power loss predictions when considering
multi-stranded winding design, in particular when a low number of turns per slot is considered
[2, 16, 17]. Here, it is noticed that the multi-strand mush wound winding construction might
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not be possible to be evaluated in an accurate manner when using the FEA due to a random
position of the strands and undefined shape of the bundles. It was observed that randomly
placed conductors generate less loss than the model with well known positions of conductors,
caused by the temperature and winding fill factor difference which leads to change the heat
transfer.
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Fig. 9. Power loss vs. end-winding size parameters, investigation of winding version III: total power loss
(a), total copper loss within the active-length and end-winding (b), iron loss (c), iron loss contribution:
hysteresis loss (d), eddy current loss (¢) and excess losses (f), results obtained at 40 A, 400 Hz

Power loss investigation for winding version II is depicted in Fig. 8. Fig. 8a-c presents the
total power loss (Pc, + Pre) changes versus AC current at 400 Hz, vs. frequency at 40 A, and
vs. frequency and AC current, respectively. Also, separate copper loss vs. frequency at 40 A
computed in the slot (Pcy active-lengtn) and in the end-winding (Pcy gnd-winding) 1 Shown in Fig. 8d.
This AC loss determines the increase of the resistance under AC excitation (R,.), Fig. 8e.
Figs. 8a-e regards to cold machine and Fig. 8f shows the measurements compared with FEA at
working temperature (see Fig. 4a).

The 3D FEA of copper losses in the designed bar conductors, version III, was selected to
investigate the end-winding size influence on the AC loss. For the end-winding case I with
low A;, smallest differences of AC power loss between measurements and 3D FEA have been
found (that geometry is more close to the end-winding shape of the designed winding version
IIT). The case II of end-winding shows a worse agreement with measured values of AC power
loss, which may result from incorrect 3D modeling of end-windings. As shown in Fig. 9, end-
winding size affected both copper and iron losses. Also, the separation of the iron loss in
hysteresis, eddy current and the excess losses contributions is shown in Figs. 9d-f.

Fig. 10 shows the non-uniform current distributions of the current density in each con-
ductor of the coil. The greatest proximity effect is recorded in the conductors that are placed
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near the slot opening and in the conductors placed close to the stator core (where 4, and 4, is
smallest). Both cases of end-winding shape with highest distances of 4; and 4, offer lowest
current density recorded in the conductors.

(c)

il —
| 1
Jmax = 19.6E6 A/m2 (bright colour) Jmax = 27.4E6 A/m2 (bright colour)
Jmin = 1E6 A/m2 (dark colour) Jmin — 7623 A/m2 (dark colour)
=2mm 1 (b) ()

Jmax = 14.2E6 A/m2 (bright colour) Jmax = 16.3E6 A/m2 (bright colour)
Jmin = 1E6 A/m2 (dark colour) Jmin = 670E3 A/m2 (dark colour)

Fig. 10. Current density distribution within the conductors for end-winding case I (a-b) and case II (c-d)
at 600 Hz, 40 A

From Fig. 10, it can also be concluded that one of the principal leakage flux components
that has an impact on the iron and copper losses is the end-winding leakage flux [22-24],
which is expected to be low when the end-winding is short and/or is located at high distances
hy and h,.

Very often coil failures occur in conductors located at the top of the coil closest to the slot
opening or closest to the slot corners where the flux leakage is significant [2]. And one of the
conductors failure reasons is increased AC resistance due to high frequency operation. To
demonstrate the difference of AC loss in the strands the conducting regions were split into
individual elements, and then AC to DC resistance ratio in the separate conductors was
computed for both end-winding cases I and II of the winding version III, Fig. 11. For each
case of end-winding shape two examples were demonstrated with smallest and highest
distances between end-winding and stator core. Figs. 11a-c show the R,c/Rpc ratio computed
in the slot and end-winding as a sum. And Figs. 11b-d show the same resistance ratio just in
the end-winding conductors. It can be seen that the proximity loss is quite different in each
conductor depending on the position in the slot. It was also found that the conductors placed in
the middle of the slot generate lowest Rac/Rpc. For example, the Ryc/Rpc is 1.95 in conductor
placed nearest the slot corner (conductor No.1, see Fig. 7¢), and it was reduced to 1.48 in the
conductor placed in the middle of the slot (conductor No. 11, see Fig. 7c). Also, the end-
winding conductors placed nearest the stator core armature generate more eddy-currents than
the other ones, Fig. 11b. Higher Ryc/Rpc can have a substantial effect on the cooling system
and create hot spots.
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Fig. 11.The AC to DC resistance ratio for winding version III in each conductor at 600 Hz and 40 A. The

Rac/Rpc resistance of end-winding case I computed in the slot and end-winding (a) and in the end-

winding only (b) and the R,c/Rpc resistance of end-winding case Il computed in the slot and end-wind-
ing (c) and in the end-winding only (d)

6. Conclusion

The analysis of the proximity losses in the end-windings have clearly shown that the power
loss prediction at the AC operation is a complex task and the end connection should be
properly designed and calculated. Both proximity and skin effects in a motor winding can be
difficult to compute accurately because they are a function of conductor’s geometry, winding
layout and frequency. Also, it strongly depends on stator/rotor core and PM geometry. Some
of these factors here have been selected to illustrate the AC losses.

Winding arrangements utilizing various conductor profile sizes and shapes of the end-
winding have been investigated to give more generic insight into the AC winding losses phe-
nomena. The end connection portion in this particular machine significantly contributes to the
copper and iron losses. Depending on end-winding size/shape, the power loss in the armature
core (Pg.) and copper (Pc,) ranges between 13.7-15.6 W and 25.4-27.5 W, respectively. To
demonstrate the importance of the effect of winding ends on the copper loss, the analysis of
eddy-currents has been performed within the slot (Pcy Active-lengtn) and end-winding (Pey gnd-
winding) Separately. It has been found that placing conductors nearest the tooth and placing end-
winding conductors nearest the stator core leads to higher AC to DC resistance ratio.
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The theoretical prediction has been compared against experimental data showing good
correlation. It has been shown that the AC power loss prediction requires to build an accurate
FE model with defined positions of each individual conductors within the slot, which is more
complex when windings consist of more conductors with a low number of turns.
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