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Abstract: A method is proposed to comprehensively study the eddy and circulating current losses of
stator winding wound by multiple parallel strands, to further improve the power density of stator
iron coreless permanent magnet brushless DC (PMBLDC) motors. Analytical models of the eddy and
circulating current losses in stator winding are deduced firstly to explicitly express the influencing
factors of these two losses. As is shown, these factors are mutually contradicting. While the eddy
current loss can be greatly reduced by using multiple parallel conductor strands, the circulating
current loss will be extensively increased. The factors influencing these two winding losses, such as
the strand diameter, magnetization types, and rotating speed, are investigated. A prototype of stator
iron coreless PMBLDC motor without an inner rotor core is manufactured and tested to validate
the theory. The experimental results of winding eddy and circulating current losses with different

combinations of strand diameters and parallel numbers agree well with the theoretical results.
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5523. https://doi.org/10.3390/ With the merits of high-power density, high efficiency, and excellent controllability,
en16145523 high-speed iron coreless permanent magnet (PM) brushless DC (BLDC) motors have been

widely used in various applications, such as attitude control systems of microsatellites in
aerospace [1,2], energy storage flywheels [3,4], and electric vehicles [5,6]. For the aerospace
applications, high-speed flywheel driving motors are used to realize real-time attitude
adjustment of the aerospace crafts [7]. Limited installation space and the vacuum outer
space environment will result in poor heat dissipation for the driving motor, which may
cause overheating during long runs. The motor acts as one of the power consuming units,
and its power loss influences the system energy efficiency directly. Hence, motors with
low power consumption are critically essential for in the aerospace area. Through the iron
coreless lightweight design, the stator iron loss can be eliminated. However, without an
iron core, the stator windings are exposed directly to the high intensity rotating magnetic
field, which make the winding losses dominate the main part of the total loss. Thus, the
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iron coreless PMBLDC motor was studied in [10], and it was found that an effective way to
reduce the AC winding loss was to ensure stator winding by using multiple parallel strands
of thin conductors, but the circulating currents would appear in these parallel strands due
to unbalanced back EMF difference [11-13]. Using thinner strands can yield lower eddy
current loss, but the circulating current loss will increase. To minimize the winding copper
loss, it is critical to find the optimal pair of the diameter and number of strands through a
comprehensive study of the eddy and circulating current losses.

Some studies have been carried out to reduce the winding eddy and/or circulating
current losses [14-25]. The winding eddy current loss is a significant contributor to the
overall stator winding loss of a high speed PMBLDC motor [14]. Compared with the slotted
iron core PM motor, in which the eddy current loss in each conductor depends mainly on
the slot leakage and slot opening fringing fluxes [9,15,16], the eddy current loss is much
more significant in the slotless and iron coreless PM motors since the stator windings are
exposed directly to the high-intensity rotating magnetic fields [17,18]. In [9], the airgap
magnetic field distributions of the Halbach and radial PM arrays were investigated and
compared; although higher magnetic flux density can be obtained to achieve higher torque,
induced winding copper loss will be serious during the high-speed operation, which were
ignored in the paper. In [19,20], it is shown that the geometrical parameters, such as the
diameter of round wire and the height, width, and skewing angle of rectangular wire, have
a great influence on the winding eddy current loss.

The winding circulating current loss caused by the difference between flux linkages of
strands in a stator winding is another significant contributor to the overall stator winding
loss of high speed PMBLDC motors [21,22]. The circulating strand current loss of an iron
coreless axial flux PM motor with printed circuit board winding was investigated in [17],
and it was found that circulating strand currents between layers were inevitable and would
lead to excessive heating. It is thus extremely important to limit the circulating strand
currents. In [24], it was found that by controlling the position of the conductors, the winding
circulating current loss can be markedly reduced. However, for applications with strict
space restrictions, such as PMBLDC motors used for aircraft and aerospace, transposed coil
is inappropriate. The winding circulating current loss can also be reduced by reducing the
number of parallel strands, but the other losses, such as the ordinary copper loss and core
loss, will increase [25].

Only a few papers have studied both the eddy and circulating current losses com-
prehensively to minimize the winding loss from the angle of the winding design. The
Litz wire, a copper wire of twisted enamel-insulated multistrands, is adopted for making
the stator winding of an iron coreless stator axial flux PM machine [26]. By making a
tradeoff between these two loss components, the Litz wire can improve the efficiency for
high-speed operation. However, Litz wires have a comparatively poor filling factor, and
are inappropriate for some special applications with strict spatial restriction.

This paper reports a comprehensive study of the winding eddy and circulating current
losses with the purpose to minimize the winding copper loss through the design practice
of three different stator iron coreless PMBLDC motors. Firstly, the structures and structural
parameters of these motors are presented. Then, the analytical models of eddy current
losses of round wire and circulating current loss of multiple parallel strands are derived.
Various influencing factors, such as the strand diameter, magnetization type, and rotating
speed, on these losses are investigated. The results of circulating current loss are obtained
by both the finite element analysis (FEA) and analytical method, while the winding eddy
current loss is calculated mainly by FEA. After a comparative study, one of the three stator
iron coreless PMBLDC motors is chosen for prototype manufacturing and experimental
testing to validate the theoretical results.
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2. Structural and Analytical Modeling
2.1. Structures and Structural Parameters of Iron Coreless PMBLDC Motors

As shown in Figure 1, three types of stator iron coreless PMBLDC motors with similar
structures are studied. The Type I motor has only the outer rotor core with PMs mounted
on the inner surface and the stator windings. On the basis of the structure of the Type I
motor, the Type II motor has an additional inner rotor core, which rotates together with the
outer rotor core and PMs. The Type III motor possesses dual rotors with surface mounted
PMs. Table 1 tabulates the structural parameters of these three motors. To miniaturize
the design, all three motors use full teeth concentrated windings, which have smaller end
windings than the commonly used distributed windings.

Outer rotor core Outer rotor core
Outer PM

Windings

Inner rotor core Inner rotor cofe

(b) ()
Figure 1. Structure of Type III stator iron coreless PMBLDC motor. (a) Type I; (b) Type II; (c) Type III.

Table 1. Structural parameters of three stator iron coreless PMBLDC motors.

Items Typel Type 11 Type 111
Inner radius of outer PM, Ry (mm) 25 25 25
Pole pairs, p 7 7 7
Outer radius of outer PM, R, (mm) 28 28 28
Outer radius of inner PM, R, (mm) - - 20
Outer radius of Back-iron, R; (mm) - 20 18
Relative permeability of the PMs, y, 1.043 1.043 1.043
Residual flux density of the PMs, B, (T) 1.28 1.28 1.28
Effective axial length of the motor, L ¢ (mm) 12 12 12
Rated power (W) 6 6 6
Rated phase current (A) 1 1 1

2.2. Analytical Model of Eddy Current Loss in a Round Wire

For the stator iron coreless PMBLDC motors, the windings are exposed directly to
the high-intensity rotating magnetic field [27], and heavy eddy currents are induced in the
conductor strands, resulting in eddy current loss. The winding eddy current loss can be
obtained by summing up the eddy current loss of all conductor strands.

Figure 2 illustrates the cross section of a single round conductor exposed to a magnetic
field of flux density B in the horizontal direction and alternating with time at a frequency f.
The eddy current loss in a microelement dx in the conductor d;,1 can be expressed as [28]:

2
dwy = % = (471 fBx)?ca cos 0dx = 1672 f2B*x*oa cos Bdx 1)
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Single
conductor

Figure 2. Cross section of a single round conductor exposed in a magnetic field.

The geometrical relationships between dx, r, and 6 can be obtained as:
x =rsinf
{ dx = rcos 040 @

By substituting Equation (2) into Equation (1) and integrating on both sides, one can
obtain the eddy current loss of the single round conductor as:

wy = 167‘(2f2320'1’4lf0n/2 sin? 0 cos? 0d6
= 12 f2r*B20l 3)
= £ SD*B?w?0l

where 7, D, [, and S are the radius, diameter, axial length, and cross-sectional area of the
conductor, respectively, ¢ = 5.8 x 107 S/m is the conductivity of the copper conductor, and
w = 27f is the angular frequency.

By neglecting the axial end effect of the motor and assuming the conductors are
distributed evenly in each layer, one can obtain the total eddy current loss of stator winding,
Wye, by summing up the eddy current loss of all conductor strands as:

M 4 N oo 5
Wwe = oo TD olwy ];k; (2k+1) [ rmj(zk+1)+Btmj(zk+1)] @)

where N is the number of layers and M the number of conductor strands of the stator

winding.
Let .
2 2
Kj = kzl (2k+1) [Brmj(2k+1) + Btmj(2k+1)]
and we have:
4
Wae = Toog ——nD (lel Z K; (5)

where w1 is the angular frequency of the fundamental harmonic, and B, 2k+1) and Byyj(ox+1)
are the magnitudes of radial and tangential components of the (2k + 1)-th harmonic of flux
density at the j-th winding layer, respectively.

2.3. Circulating Current Loss of Multiple Parallel Strands

While using multiple parallel conductor strands with a cross-sectional area equivalent
to that of a single conductor, as illustrated in Figure 3, can effectively reduce the winding
eddy current loss, the induced electromotive forces (EMFs) in these parallel conductor
strands are different from each other due to the difference in the magnetic field distribution
in the winding region, and time varying circulating currents are generated among the
multiple parallel conductor strands, resulting in circulating current loss.
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Figure 3. Equivalence of a single conductor wire and a multi-strand wire.

Assume the stator phase winding is wound by a wire of { parallel conductor strands.
The strand radius ry can found by ro? = r?/{, where r is the radius of single solid conductor.

Figure 4 shows an equivalent circuit of the multiple parallel conductor strands in
a phase winding. The parameters ¢, R, and L are the commonly used acronyms and
abbreviations of electromagnetic motive force, electrical resistance, and inductance of the
parallel strands. The strand circulating currents deduced from Kirchhoff’s law in the phase
winding can be calculated by:

7 4 _
Yig=) V% _g 6)

k=1 =1/ (Re)® + (Li)?

where iy, e, Ry, and Ly (k=1,2,3, ..., () are the current, induced EMF, resistance, and
self-inductance of the k-th parallel strand, respectively, and V the phase is the terminal

voltage.
I i i iy i
el (50} € er
+
V:? R, R, « oo Ry RC
L & L, L & L

1 oo

Figure 4. Equivalent circuit of multiple parallel conductor strands.
The circulating current loss of the whole phase winding deduced from Ohm’s law, we,,
can be obtained as:

m-a-i% Ry @)

g
Wee =

k=1

where a is the number of parallel branches of each phase winding, and m the number of

phases.
The parameters, a, {, and M can be related by:

M = 2amx{ (8)

where « is the phase winding number of turns.
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3. Eddy and Circulating Current Losses

To improve the power density of the motor, the motor power losses must be minimized.
The power losses of the stator iron coreless PMBLDC motor include the rotor iron core loss,
the eddy current loss in PMs, and the winding copper loss. Due to the PMs mounted on the
rotor cores rotating synchronously with each other, there are no relative movements of the
alternating magnetic field between the rotor components. The loss of the rotor iron core and
eddy current loss in PMs are so small that they can be neglected. Among them, the major
component is the winding copper loss, which is generated by the stator phase current, and
eddy and circulating currents in the multiple parallel thin conductor strands. For the wire
gauges used in this paper, the ratio of the resistance between AC to DC for different cases is
close to 1. Hence, the proximity and skin effects are neglected in the copper loss calculation
here. In the constant torque mode, the phase current is fixed for a given load torque, and
thus, the winding copper loss can be minimized by properly balancing the effects of the
eddy and circulating currents.

As shown in Figure 3, since the cross-sectional areas of the single conductor and the
multiple thin conductor strands of the stator winding are the same, their DC resistances are
same, whereas the AC resistances are very different. As discussed previously, while the
eddy current loss can be suppressed by using multiple parallel thin conductor strands, the
circulating current loss of the whole phase windings will increase.

The objective of the winding design presented below is to find the optimal diameter of
thin conductor strands that can yield the minimum winding copper loss through a proper
trade-off between the eddy and circulating current losses. The previous analysis shows
that various factors, such as the strand diameter, magnetization of PMs, and rotating speed,
can influence the eddy and circulating current losses simultaneously. To achieve the above
objective, these factors are investigated as follows.

3.1. Effects of Strand Diameter

As analyzed previously, the eddy current loss of parallel conductor strands of stator
winding is directly proportional to the fourth power of the strand diameter. Because the
number of parallel conductor strands is related to the strand diameter, it can be deduced that
the circulating current loss is inversely proportional to the square of the strand diameter.

Under the condition of using the same amount of copper, the diameter of parallel thin
conductor strands can be calculated by:

d=D, 22221 )

where Q is the slot number, and N; the number of parallel thin conductor strands in each
slot.

The eddy current losses for different pairs of the number and diameter of the par-
allel thin conductor strands in each slot, as shown in Figure 5, are calculated by the
two dimensional (2D) finite element analysis (FEA) under the condition of using the same
mesh size. Figure 6 depicts the FEA results of the winding eddy current losses of Type I, II,
and III stator iron coreless PMBLDC motors versus the strand diameter at a rotating speed
of 10,000 rpm. As shown, the winding eddy current losses of these different stator iron
coreless PMBLDC motors increase nonlinearly versus the strand diameter. The winding
eddy current loss of the Type III motor is higher than that of the other two types of motors,
due to the extra airgap flux density produced by the inner PMs on the rotor core. The
difference between the winding eddy current losses of the Type III motor and the other
two types of motors increases with the strand diameter, whereas the winding eddy current
losses of Type I and II motors vary along the same trend versus the strand diameter with a
small difference.
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Figure 5. The number and diameter of parallel thin conductor strands in each slot under the condition
of using same amount of copper.
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Figure 6. Winding eddy current losses of Type I, II, and III stator iron coreless PMBLDC motors
versus the strand diameter at 10,000 rpm.

The circulating current loss of stator phase winding versus the number of parallel
strands is calculated for the parallel thin conductor strands connected in the type of
concentrated winding, as illustrated schematically in Figure 7, where the signs of dots and
crosses indicate the directions of strand currents flowing out and in, perpendicular to the
paper surface, respectively. The same thin strands in different turns are colored the same,
and the strands of the same wire are enclosed with dashed lines. Under the assumption that
the same amount of copper is filled in one slot, one can choose different pairs of number
and diameter of parallel strands. Three combinations of number and diameter of parallel
thin strands, i.e., 2 strands @ 0.75 mm, 4 strands @ 0.53 mm, and 11 strands @ 0.31 mm, are
selected for the 2D FEA of circulating current loss.
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Figure 7. Schematic connection diagram of parallel conductor strands with different wire diameters
for concentrated windings. (a) Two strands @ 0.75 mm; (b) four strands @ 0.53 mm; (c) eleven strands

@ 0.31 mm.

The circulating current losses of Type I, 1I, and III stator iron coreless PMBLDC motors
are obtained by the 2D FEA of transient magnetic fields and (7) at 10,000 rpm. Figure 8
plots the circulating current losses of Type I, II, and III motors for the above combinations
of the number and diameter of strands in a phase winding. As shown, for each motor type,
the circulating current loss increases as the number of strands increases. Among the three
motor types, for a given pair of strand number and diameter, the Type I has the highest
circulating current loss and the Type IIl motor has the least circulating current loss.
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Figure 8. Circulating current losses of Type I, II, and III motors with three combinations of number
and diameter of parallel strands in a phase winding at 10,000 rpm.

3.2. Effects of Magnetization

In surface mounted PMBLDC motors, the PMs of different types of magnetizations
can be adopted, such as the radial, parallel, sinusoidal, and Halbach array magnetizations,
etc. Figure 9 shows the magnetic field distribution in the air gap under one pole pair with
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parallel magnetization of the three-stator iron coreless PMBLDC motor types. It can be
found that the polarity for Type III is bipolar, and the other two types are unipolar.

(@)

(b)

.y

(©)

Figure 9. The magnetic field distribution of two adjacent PMs with parallel magnetization of the
stator iron coreless PMBLDC motors. (a) Type I; (b) Type II; (c) Type III.

Figure 10 shows the 2D FEA results of the radial and tangential components of the
airgap flux density in Type I, II, and III motors with PMs magnetized in the radial and
parallel directions. The symbol r here means the different calculation radii of the airgap, and
it ranges from 20.5 mm to 24.5 mm, with a step of 1 mm. The difference is very little between
the results produced by different magnetized PMs. The tangential components difference
of airgap flux density for Type III in comparison to the other two types in Figure 10 resulted
from the rotor structure difference. Due to harmonic differences, the radial and tangential
components of magnetic flux density appeared to be flat-topped and shaped waves.

0.8 radial parallel 1.0 A
0.6 - < r=205 0.8
04 A > r=21.5
[ — er=225
~ 027/ —— o« r=235
£ 0.0 ¥ o r=245
R 0.2
0.4
-0.6
708 T T T T T _1'07 T T
0 60 120 180 240 300 360 0 60
Angle (elec. deg.)
(a)
0.8 1.0 1
0.6 radial parallel 0.8 7\
al x r=20.5 0.6 1
0.4 — x r=215 04
1f \ — = r=225
- 0.2 ‘ . r_n3s| O 0.2
< 0.0 1 x =243 — 0.0 7
Q0.2 7 = ‘8-ii
-0.44 0.6
0.6 0.8
0.8 -1

60

e 0
120 180 240 300 360 0

Angle (elec. deg.)

Figure 10. Cont.

radial parallel
L] r=20.5

r=215

r=225

120 180 240 300 360
Angle (elec. deg.)

radial parallel

= =205
— s r=215
— s+ y=25
— v ;=235

= 24,08

(b)

60

0 120 180 240 300 360
Angle (elec. deg.)



Energies 2023, 16, 5523

10 of 16

0.8 1.0 -
0.6 - radial parallel radial parFilllelr=20.5
o = =205
0.4 — o =215
0.2 1 — & y=225
€00 — r=23.5
—O.Zj
*0.4i
—0.67
-0.8 T T T T T -1.0 R
0 60 120 180 240 300 360 0 60 120 180 240 300 360

Angle (elec. deg.) Angle (elec. deg.)

(c)

Figure 10. The radial and tangential components of airgap flux density of Type I, II, and III motors
with PMs magnetized in radial and parallel directions. (a) Type I; (b) Type IL; (c) Type III.

For the convenience of simulation and to clearly display the results, three windings
of different strand diameters of 0.3 mm, 0.8 mm, and 1.4 mm are chosen. Figure 11 shows
the 2D FEA results of the winding eddy current loss of Type I, II, and III motors with PMs
magnetized in the radial and parallel directions versus the strand diameter at 10,000 rpm.
As shown, for a given strand diameter, the Type III motor has the highest winding eddy
current loss, and the Type I motor the lowest. For a given strand diameter, the difference
between the winding eddy current losses of Type III motors with PMs magnetized in
different directions is the smallest. For a given motor type with a given strand diameter,
the winding eddy current loss of motor with PMs magnetized in parallel is smaller than
that of the motor with radially magnetized PMs. Hence, the PMs magnetized in parallel
is preferred for the stator iron coreless PMBLDC motors to reduce the winding eddy
current loss.
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(a) (b) (c)

Figure 11. The winding eddy current losses of Type I, II, and III stator iron coreless PMBLDC motors
with different strand diameters versus magnetization type at 10,000 rpm. (a) Type I; (b) Type II;
(c) Type IIL

3.3. Effects of Rotating Speed

It can be deduced from the analytical analysis that both the winding eddy and circu-
lating current losses are proportional to the quadratic of the rotating speed.

Figure 12 illustrates the winding eddy current losses of Type I, II, and III motors with
a different strand diameter versus the rotating speed. As shown, the winding eddy current
loss can be kept small within the calculated speed range with a small strand diameter.
The winding eddy current losses of all motor types increase nonlinearly with the rotating
speed. For a given strand diameter, the winding eddy current loss of the Type III motor
is the highest, and that of the Type I motor is the smallest, because of the rotor structural
difference.
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Figure 12. The winding eddy current losses of Type I, II, and III motors with three different strand
diameters versus rotating speed. (a) Type I; (b) Type II; (c) Type IIL

As can be seen from Figure 10, the radial magnetic field amplitude variation ranges
of Types I-IIl are 0.18 T~0.42 T, 0.32~0.44, and 0.56 T~0.62 T, respectively. It can be easily
found that the amplitude difference of the magnetic flux density of Type I is more distinct
than the other two motor types. Hence, the problem regarding circulating current loss will
be more serious. In order to investigate the winding eddy and circulating current losses
comprehensively and show circulating current losses obviously, taking the Type I motor as
an example, the 2D FEA results of the winding eddy and circulating current losses versus
the rotating speed in three different cases, i.e., 2 strands @ 0.75 mm, 4 strands @ 0.53 mm,
and 11 strands @ 0.31 mm, are shown in Figure 13. The winding eddy and circulating
current losses of the Type II and III motors can be carried out in the same way. From the
results, one can readily observe: (1) the winding eddy and circulating current losses of
the three cases increase nonlinearly with the rotating speed; (2) in the case of two strands
@ 0.75 mm, the winding circulating current loss is lower than the winding eddy current
loss, whereas in the case of four strands @ 0.53 mm, the winding circulating current loss
becomes significantly higher than the winding eddy current loss.

80
—F— 2 strands @ 0.75 mm eddy current loss
70+ —@— 2 strands @ 0.75 mm circulating current loss
—&— 4 strands @ 0.53 mm eddy current loss
601 —w— 4 strands @ 0.53 mm circulating current loss
50 11 strands @ 0.31 mm eddy current loss
) 11 strands @ 0.31 mm circulating cufrent loss
g 404
8
— 30
20
10
05
T T T
3000 6000 9000 12,000 15,000

Rotating speed (rpm)

Figure 13. Winding eddy and circulating current losses of Type I with three different strand diameters
versus rotating speed.

To compare with the winding loss of a single conductor winding, a case of one strand
@ 1.06 mm is also calculated. In this case, only the eddy current loss exists in the stator
winding. The winding eddy and circulating current losses of the four different cases in
several typical speeds are plotted in Figure 14. It is clear that the circulating current loss
increases rapidly while the winding eddy current loss decreases sharply as the number
of strands increases. Thus, the sum of the winding eddy and circulating current losses
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decreases at first and then increases. Based on the investigation in this paper, the sum
of the winding eddy and circulating current losses in the case of two strands @ 0.75 mm
is the smallest, which validates that the eddy and circulating current losses should be
investigated comprehensively to obtain minimum winding losses. The optimum parallel
strand number and the corresponding diameter in one turn winding of the other two motor
types can be achieved in the same way.

200

120 Wee 3000 pm [, 9000 rpm
] W, 3000 rpm W, 9000 pm

160 ] ] Wee 6000 pm e 12,000 rpm

140 4 R w,,, 6000 pm e 12,000 rpmy

Loss (W)

1 strand 2 strands 4 strands 11 strands .
@ 1.06 mm @ 0.75 mm @ 0.53 mm @ 0.31 mm

parallel number @ strand diameter

Figure 14. Winding eddy and circulating current losses of Type I with different speeds versus three
different strand diameters.

4. Experimental Testing
4.1. Experiment for Measuring Winding Eddy Current Loss

Three prototypes of Type I stator iron coreless PMBLDC motors with 2 strands
@ 0.75 mm, 4 strands @ 0.53 mm, and 11 strands @ 0.31 mm, respectively, were fabri-
cated and tested experimentally to verify the theoretical analyses. Figure 15 shows a photo
of the prototype stator and rotor components of the Type I motors with three combinations
of the number and diameter of conductor strands. Each phase winding has three turns. The
rotor PMs are with a parallel magnetization for the three prototypes of the Type I motor,
and the cases with PM radial magnetization can be carried out by the same way.

winding | 2strands @ | 4 strands@ | 11 strands @

Figure 15. A photo of prototype stator and rotor components of Type I motors with three combinations
of the number and diameter of strands for experimental testing.

Figure 16 shows the winding eddy current loss test system. The test motor is driven
by a high-speed BLDC motor with the rated speed of 30,000 rpm. The winding eddy
current loss of the motor can be measured for the three cases by the free stopping and
loss separation methods. Assuming ] (kg-m?) is the inertia of rotating parts of the driving
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motor, torque sensor, coupling, and the test motor, the angular acceleration versus time can
be obtained by the derivation of the free speed dropping curve, which is collected from
torque sensor through rs-485 can. The loss of the test motor system, w, can be calculated by
Equation (10), as shown below. The total loss is the integral of w in the whole free stopping
time. One can express the winding eddy current loss, wye, as the difference between the
losses of the stator support with and without phase windings.

T=]B
{ w=Tw (10)

where T is the torque in Nm produced by the loss, 8 the angular acceleration in rad /s?, and
w the angular velocity in rad/s.

temperature
output module

PC for temperatur: '
real-time output

bridge switch

test motor support speed display
platform panel

PC for speed-time
curve

Figure 16. Winding eddy current loss test system.

Figure 17 plots the 2D FEA and experimental results of the winding eddy current loss
of the Type I motor for the three different cases. The error between the experiment and
simulations is approximately 12% and 15% for the Type I and II motors, respectively, and
for the Type III motor, the error is approximately 31%. It can be seen that the winding
eddy current loss is higher in the motor with thick strands than that in the motor with
thin strands, which agrees with the previous analysis. The experimental results have also
shown good agreement with the FEA results. The small difference between the FEA and
experimental results in the case of two strands @ 0.75 mm can be attributed mainly to the
difference in the bearing pre-tightening before and after the change of stators.

35
—0— 2 strands @ 0.75 mm FEA results

—o— 2 strands @ 0.75 mm experimental resutls

—4— 4 strands @ 0.53 mm FEA results

—v— 4 strands @ 0.53 mm experimental resutls
11 strands @ 0.31 mm FEA results
11 strands @ 0.31 mm experimental resuitls

— o |39 W
W (=) W (=}
1 1 1 1

Winding eddy current loss (W)
1)
1

T
2 13 14 15x10°
Rotating speed (rpm)

Figure 17. The 2D FEA and experimental test results of winding eddy current losses of Type I motors
with three combinations of the number and diameter of strands versus rotating speed.
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4.2. Measurement of Circulating Strand Currents

Figure 18 shows a photo of the experimental testing system for measuring the strand
currents in the stator phase winding by using current clamps. Two cases of Type I motors
with different strand numbers and diameters, i.e., two strands @ 0.75 mm and four strands @
0.53 mm, were tested. In the case of two strands @ 0.75 mm, the two ends of the two parallel
strands on the same side were connected to one probe, and then the two dangling ends were
connected to the other two probes of the oscilloscope, respectively.

velocimeter — test motor

Figure 18. Winding circulating current testing system.

It can be found from the induced EMFs shown on the oscilloscope that the magnitudes
and phase angles of EMFs in the parallel strands are different with each other at a certain
rotating speed. The waveform of the circulating strand current generated by the different
strand EMFs was measured by the current clamp and displayed on the oscilloscope. The
rotating speed of the test motor was measured by a velocimeter. As for the other case of
four strands @ 0.53 mm, where A1-A4 are the labels for the four individual strands, the
combinations of A1-A4 and A2-A3 are chosen to be tested, respectively, by the same testing
method for the case of two strands @ 0.75 mm. Table 2 tabulates the experimental results
of the two cases operated in the speed range from 3000 rpm to 15,000 rpm, with a step of
3000 rpm.

Table 2. Experimental results of strand currents in the Type I motor stator windings of two different
strand diameters.

Speed (rpm)
3000 6000 9000 12,000 15,000
Current (mA)

Two strands @ 0.75 mm 110.70 204.90 324.06 402.76 498.86

Al 4.66 5.87 5.22 5.49 5.92

Four strands @ A2 2.68 4.75 4.19 5.53 6.51

0.53 mm A3 2.87 4.68 4.74 5.46 6.57

Ad 5.08 5.96 5.76 5.86 7.79

Because of the experimental error, some measured strand currents with lower speed
were a little bigger than those with higher speed. However, the overall trend of the
measured strand currents along with the rotating speed is theoretically right. As the
rotating speed increases, the strand currents in the case of two strands @ 0.75 mm increase
significantly. In the case of four strands @ 0.53 mm, the circulating strand currents are much
smaller, and increase at a much smaller rate than the case of two strands. In principle, the
circulating strand currents in the selected two parallel strands in the case of four strands
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should be somewhat higher than those in the case of two strands if the strands are untwisted
because of the reduction of resistance. However, due to some uncontrollable factors in the
manual winding process, the strands in the case of four strands @ 0.53 mm were twisted.
By comparing with the calculated currents in the untwisted two parallel strands, the effects
of twisting strands can be revealed.

5. Conclusions

In this paper, a comprehensive study has been conducted to calculate the winding
eddy and circulating current losses of multiple parallel thin strands for stator iron coreless
PMBLDC motors, which can be beneficial for the purpose of improving the power density.
The results show that the winding eddy current loss of the Type III motor is much higher
than the other two types and is more sensitive to the strand diameter. The calculation
results of the circulating current loss with the multiple parallel thin strands obtained
by the 2D FEA shows that the circulating current loss of the Type I motor for a given
pair of the number and diameter of strands is higher than those of the other two motor
types. The winding eddy and circulating current losses for different winding cases are
analyzed comparatively, and the optimal winding case with the smallest winding losses is
selected through a compromise between the eddy current loss and circulating current loss.
Finally, three prototypes of the Type I stator iron coreless PMBLDC motors with different
combinations of the number and diameter of conductor strands were manufactured and
tested for measuring the winding eddy losses and circulating currents. The experimental
results agree well with the theoretical results. The method proposed in this paper provides
a guideline for further improving the power density of stator iron coreless PMBLDC motor
types. In addition, rectangular strand wires will be assessed in future studies.
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