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ABSTRACT Permanent magnet synchronous motors with the formed winding can not only improve the
slot fill factor and heat dissipation capacity but also effectively reduce the additional loss in the winding.
Formed winding permanent magnet synchronous motors will become the future development tendency. Due
to inherent features of the formed winding, the circulating current loss is a non-negligible issue. This paper
proposes using the formed winding in permanent magnet synchronous motors and analyzes the circulating
current loss in the formed winding. First, the finite element models of integer slot and fractional slot
motors are established, and the magnetic field analysis are carried out. Then two commonly used methods
of calculating circulating current loss are introduced in detail, and their calculation results are compared.
Moreover, the high-precision field-circuit coupled finite element method is used to calculate the circulating
current loss of integer and fractional motors. And circulating currents of the hairpin winding and the formed
winding are compared. The analysis indicates that the circulating current in the formed winding cannot be
ignored. Finally, comprehensive and in-depth research on the influencing factors of circulating current loss
in the formed winding has been conducted. The results clarify that the number of parallel strands, the width
of the slot opening, and the stator current have a considerable influence on the circulating current loss.

INDEX TERMS Circulating current loss, field-circuit coupling, permanent magnet synchronous motors,

slot-pole combination, the formed winding.

I. INTRODUCTION

In recent years, the rapid development of electric vehi-
cles (EVs) and aerospace has put forward higher requirements
of different types of electrical machines, including permanent
magnet synchronous motors (PMSM), switched reluctance
motors (SRM), induction motors (IM) and so on [1]-[3].
Compared with PMSM, the torque ripple of SRM is larger,
the efficiency of IM is smaller, and the power density of
SRM and IM is relatively low [3], [4]. An ever-increasing
use of PMSM in high-performance sectors such as electric
vehicles has been observed due to their advantages of high
power density and high efficiency. More and more scholars
pay attention to PMSM, which causes PMSM to become a
research hotspot. PMSM mostly use the round copper wire
winding or the hairpin winding type. The round copper wire
winding has low slot fill factor and poor heat dissipation
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capacity. The hairpin winding can effectively improve the
slot fill factor [5], [6]. But the hairpin winding has a large
eddy current loss due to its large cross-sectional area [7]-[10].
The eddy current loss in the hairpin winding needs to be
solved urgently. Therefore, this paper proposes using the
formed winding in PMSM. The formed winding composed
of double rows of multiple parallel flat wires is a new type of
winding technology in PMSM. Winding types of PMSM are
shown in Table 1, and physical images are shown in Fig. 1.
Using the formed winding in PMSM can increase the slot
fill factor and reduce eddy current loss. So, the formed
winding PMSM is likely to become the future development
tendency.

While the formed winding in PMSM has numerous mer-
its, it also presents drawbacks such as circulating current.
The uneven distribution of the leakage magnetic field will
cause the potential difference between parallel strands in
the formed winding [11], [12]. This phenomenon directly
leads to the circulating current loss [13]. Previous literatures
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TABLE 1. Winding types of PMSM.

Round copper Hairpin Formed
wire winding winding winding
[eeeee]
[eeelee]
OO000
Q0000
OO000
Geometry S555
OO0
Q0000
[e/ 000 e]
Q0000
177777777
)
Slot opening Semi-closed Semi-closed
type of stator slot slot Opensslot
Assembly Mounting in Mounting by Mounting in
of coils radial direction axial inserting radial direction
Type of .end Coil of wire Formmg Parallel joint
connection and welding
Embedding . . .
difficulty Most difficult More difficult Simple

on the circulating current loss mainly focused on the stator
bar of large AC motors or the parallel branches in PMSM.
Reference [14], [15] illustrated that circulating current exists
in motors with multiple parallel branches. Circulating current
loss affects the efficiency and the temperature rise of the
stator [16], [17]. Reference [18] proposed end transposition
to reduce the circulating current of tooth-wound coils. Ref-
erences [19] proposed a global transposition to reduce the
circulating current in the stator bar of a large AC motor. The
formed winding is a newly proposed winding technology in
PMSM, the loss mechanism caused by the formed winding
of PMSM is different from that of existing windings. It is
rare in existing literatures to study the circulating current loss
between the parallel strands in the formed winding of PMSM.

(b)

FIGURE 1. The physical images of winding types [3]. (a) Round copper
wire winding (b) Hairpin winding (c) Formed winding.

At the initial moment of motor design, considering the
circulating current loss is necessary. Analyzing influencing
factors of the circulating current loss is helpful to PMSM
designers at the beginning of design. References [20]-[22]
showed that the position and number of strands, the volt-
age, and the speed all impact the circulating current loss
of the round wire winding PMSM. The accurate calculation
of circulating current loss is essential to design the motor
and select the transposition type. References [23] calculated
the circulating current loss of large AC motors by analyt-
ical method. Large AC motors are large in size and diffi-
cult to analyze by finite element, so most of them calculate
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circulating current by analysis method. The calculation speed
of the analytical method is 18 times faster than the finite
element method [24]. But analytical method made a lot of
simplifications and set inaccurate boundary conditions, so it
is not suitable for general application compared with the finite
element method [20]. Reference [11], [16], [18], [20]-[22]
used the 2D finite element method to analyze the circulating
current loss of the round wire PMSM, and reference [16], [18]
verified the effectiveness of the finite element method by
experiments.

The first task of motor design is to select a suitable slot-
pole combination. Slot-pole combinations play an essential
role in the manufacture and performance of PMSM [25].
Integer slot motors have low rotor loss but large cogging
torque. In contrast, fractional slot motors have small cogging
torque but high magnetomotive force harmonic [26]-[28].
The magnetic flux generated by the stator current in the air
gap is about half of the magnetic flux generated by the perma-
nent magnet [29]. Different winding arrangements impact the
electromagnetic performance. The difference in the electro-
magnetic performance will affect the circulating current loss.

In this paper, the circulating current loss in the formed
winding of PMSM is studied. Two finite element models
of PMSM with different slot-pole combinations are estab-
lished, and their magnetic fields are analyzed. Then two
generally used calculation methods for circulating current
loss, the leakage inductance potential method and the field-
circuit coupling method, are introduced in detail, and their
calculation results are compared. The field-circuit coupling
method is used to calculate the circulating current loss of
integer slot and fractional slot PMSM. And the circulating
current loss of the hairpin winding and the formed winding
are compared. The results show that the circulating current
loss distribution of PMSM with different slot-pole combina-
tions is not the same, and the circulating current in the formed
winding cannot be ignored. In view of this phenomenon,
influencing factors of circulating current loss in the formed
winding are studied at great length.

Il. THE FORMED WINDING OF PMSM

A. THE FORMED WINDING

The formed winding in PMSM draws lessons from the stator
bar technology in large AC motors. The formed winding is
made up of multiple flat copper wires, including a straight
section and two ends. And PMSM with the formed winding
adopts rectangular open slot stator structure. The formed
winding is embedded through the slot opening and connected
at the end through the parallel joint to form a complete
coil. The schematic diagram of the formed winding is shown
in Fig. 2. The formed winding is different from the existing
winding types of PMSM. Although it has a non-negligible cir-
culating current loss, it can reduce circulating current loss by
transposing strands and changing the end connection mode.
The manufacture of the formed winding is more complicated,
but its application in PMSM is convenient to embed. Most
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importantly, the formed winding in PMSM can improve the
slot fill factor and heat dissipation capacity and can reduce
additional losses.

ﬁ Top view of the stator bar %

d winding

Parallel joint

In-slot winding

Top view of coil end

FIGURE 2. The schematic diagram of the formed winding.

The formed winding PMSM can be classified by different
classification principles. According to the number of slots per
pole per phase, the formed winding PMSM can be divided
into integer slot PMSM and fractional slot PMSM. The num-
ber of slots per pole per phase can be expressed as

o
= — 1
q 2pm (H
where Q is the number of stator slots, p is the number of pole
pairs, m is the number of phases. When ¢ is an integer, it is an

integer slot PMSM, otherwise it is a fractional slot PMSM.

B. INTEGER SLOT AND FRACTIONAL SLOT PMSM

This paper takes a 12-pole integer slot formed winding
PMSM as an example. According to the principle of the same
rotor and the same power density, a fractional slot formed
winding PMSM is designed. The one-sixth model of two
PMSM is shown in Fig. 3. The main parameters of two
PMSM are shown in Table 2. Compared with the integer
slot PMSM, the structural parameters of the fractional slot
motor are basically unchanged, only the winding parameters
change.

TABLE 2. Main parameters of formed winding PMSM.

Parameters Integer slot Fractional slot
Rated power (kW) 105 105
Rated current (A) 188.3 157.5

Stator inner diameter (mm) 260 260

Core length (mm) 200 200
Number of stator slots 72 54

pitch 5

Conductors per slot 4 6
Parallel number 10 8

To save calculation time, the influence of the end leak-
age magnetic field is ignored. 2D finite element models of
two motors are set up and analyzed. The no-load magnetic
density distributions are shown in Fig. 4. Due to the thinner
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Integer slot
stator core with 12 slots

The formed winding

The formed winding S

Fractional slot
stator core with 9 slots

FIGURE 3. One-sixth model of formed winding PMSM.
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FIGURE 4. No-load magnetic density cloud map of the formed winding
PMSM. (a) Integer slot. (b) Fractional slot.

rotor tip and stator teeth, the maximum magnetic density
of both appear at the top of the rotor and the stator teeth.
The maximum flux density of the fractional slot motor is
2.35T, greater than that of the integer slot motor. But the
stator teeth magnetic density of the fractional slot motor is
slightly smaller. The no-load magnetic leakage coefficient of
the motor is

P
= 5

where @y, is total flux per pole, the rotor magnetic circuit
structure remains unchanged, @, is unchanged. ®; is the air
gap flux per pole, and the expression is

00

@

T
®s =/ Bsy sin odx - L, 3)
0 T

where t is the pole pitch, Bs; is the fundamental wave am-
plitude of air gap magnetic density, L; is the core length.
Stator inner diameter is constant, pole pitch has not changed.

The air gap magnetic density and Fourier decompositions
under no-load condition are shown in Fig. 5. It can be seen
from Fig. 5 (a) that the degree of the sine of the waveform
is not perfect. The waveform of the integer slot PMSM
is symmetrical along the magnetic pole centerline. But the
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FIGURE 5. No-load air gap magnetic density waveforms and Fourier
decompositions. (a) Waveforms. (b) Fourier decompositions.

waveform symmetry of the fractional slot PMSM is not good.
Fig. 5 (b) is the frequency domain waveform obtained by
Fourier decomposition. The fundamental wave amplitude of
the integer slot PMSM is 0.78T, and the harmonic distor-
tion rate is 19.75%. The fundamental wave amplitude of the
fractional slot PMSM is 0.79T, and the harmonic distortion
rate is 26.60%, which is all greater than that of the integer
slot PMSM. On the basis of formulas (2) and (3), when
the fundamental wave amplitude of the air gap magnetic
density changes, the no-load magnetic leakage coefficient
changes accordingly. So, the slot leakage magnetic field dis-
tribution of PMSM with different winding arrangements is
different.

When PMSM adopts the formed winding, the uneven dis-
tribution of leakage magnetic field and the relative posi-
tion difference between strands will lead to differences
in the size of the magnetic chain of different branches.
It causes that the leakage electromotive force induced by each
strand is different. There is a potential difference between
the strands, which generates circulating current. The wind-
ing arrangement affects the leakage magnetic field in the
slot of PMSM, resulting in the different circulating current
distribution.
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Ill. CALCULATION METHOD OF CIRCULATING CURRENT
LOSS AND RESULT ANALYSIS

Due to the uneven distribution of the leakage magnetic field
and the inherent structural features of the formed winding,
the circulating current flow path generates between paral-
lel strands. Calculating circulating current loss is vital for
designing the motor and choosing the transposition type.
Calculation methods of circulating current loss include the
analytical method and field-circuit coupling method. The
analytical method calculates fast but uses many empirical
coefficients and assumptions, and the calculation process
is cumbersome. In contrast, the field-circuit coupling finite
element method has high accuracy but requires accurate mod-
eling and a long calculation time.

A. LEAKAGE INDUCTANCE ELECTROMOTIVE FORCE
METHOD
The leakage inductance electromotive force method is a com-
monly used analytical method to calculate the circulating
current loss. Due to the uneven distribution of the slot and
the end leakage magnetic field, there is a potential differ-
ence between the parallel strands. The potential difference
between the strands cause the circulating current. So, leakage
inductance electromotive force is divided into the slot and
end leakage inductance electromotive force. The winding in
the slot interlinks with the leakage flux to generate the slot
leakage electromotive force. The end winding and the leak-
age flux are linked to produce the end leakage electromotive
force. Precisely calculating the leakage inductance electro-
motive force is the key to calculate the circulating current.

Make the following assumptions:

1) The resistance of each strand is the same.

2) Ignore the saturation of the stator core.

3) The strand current changes with time and the strand
current at the initial moment is the average value of the stator
current, that is, Ii(o).

__zl_& Esl E.‘cl/:\
R i
1
—>— —>—

FIGURE 6. Equivalent circuit of leakage inductance potential method.

The equivalent circuit for calculating the circulating cur-
rent loss is shown in Fig. 6. Each strand is equivalent to a
strand resistance (R), a slot leakage inductance electromotive
force (Es;) and an end leakage inductance electromotive force
(Ee;). Each turn of the stator bar is formed by N strands. [; is
the total current flowing through each turn of the stator bar. ;
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is the current effective value vector of the i-th strand in each
turn of the stator bar, expressed as i,- = [;/¢;. I; is the effective
value of the i-th strand current, ¢; is the current phase angle.
The formulas used in this part referred to [22].

The Ampere’ s loop law is expressed as

fH dl = —dl _i @)
by M

where H; is the magnetic field intensity, B; is the magnetic
induction intensity, by is the slot width.
The magnetic induction intensity can be expressed as

toli

B =
by

&)

where (o is vacuum permeability, o = 47 x 107N - A72.
Then the self-inductance leakage flux of the i-th strand is

b, = /Bids = B:S;; (6)

where Sj; is the area of self-inductance leakage flux linkage.
The effective value vector of the self-induced electromo-

tive force of the i-th strand is

27f o

N

= _]\/_”f(bum =—J

Sili (N

where Cbﬁm is the amplitude vector of the self-inductance
leakage flux, f is the frequency.

The angle of the self-induced electromotive force is 90°
behind that of the current. The effective value vector of the
mutual inductance electromotive force of the i-th strand is

: 27f 1o
Ej=—j—— b, S,J (8)

where S,-j is the slot leakage flux area, I] is the j-th strand
current, [; = I;/@;.

The expression of the stator slot leakage electromotive
force of the i-th strand is

Eg; = Z Ej =

End strands are affected by the ferromagnetic boundary.
The mirror image method is used to analyze the magnetic
misalignment at the end strand. The schematic diagram of the
end strand mirror method is shown in Fig. 7. In Fig. 7, ab and
fg are the end extensions of the i-th strand in the upper layer
and the j-th strand in the lower layer, respectively. The mirror
plane is at the axial coordinate equal to 0. The mirror current
of the j-th strand is

2 .
2SS sy )

S ] 1

I = (10)

where wpe is the core permeability Ignoring the core sat-
uration, the core permeability is infinite, so the mirror
current is [ 1= I
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FIGURE 7. Schematic diagram of the mirror method at the end strand.

The magnetic flux of the alternating magnetic field that is
generated by the j-th strand and its mirror current and the i-th
strand expressed as

by = jéA,-j-dz,- (11)

where Aij is the magnetic misalignment generated by the
current at the micro-element d/; of the i-th strand, and the

expression is
11 + I;
7 fdl,-) (12)

. MO0 j .1
Y An ( feh L Tl S

where L is the distance between d/; and d/;. The induced
potential generated by the alternating magnetic field gener-
ated by the current /; at the end of the i-th strand is

Ej = —iV2rf Sy = —inaf [;Cy (13)

where Cjj = [, ( Jin Adl+ i dl+ [y 1dl) -dl;, B

lag the argument of ®; ijm by 90°. The end leakage inductance
potential of the i-th strand is expressed as

. 2N . 2N .
Eei=) Eyj=pof Y (-iliCy) (14)
=1 =1

Each turn of the stator bar is paralleled by N strands, and
the total current passing through each turn of the bar is /. The
equivalent circuit diagram of the stator bar in Fig. 6. Iterative
method can be used to solve the current in the i-th strand. The
initial voltage of the i-th strand is expressed as

(0 +(0 (0 (0
U0 =pri® — O —EY (15)

where R is the resistance of the strand, i © i the initial strand
current, that is, the average value of the stator current, E O g
the slot leakage inductance electromotive force at the 1mt1al
moment, E is the end leakage inductance electromotive
force at the mmal moment.

The average voltage of each strand is expressed as

N
. 1 .
U0 =520 (16)

where Ul.(o) is the strand voltage at the initial moment.
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The voltage difference U;k) of each strand and its average
élvc) can obtained by iteratively calculating. According to
formula (9), formula (13) and formula (14), the current of
each strand can be calculated.

The circulating current in each strand is expressed as
T=1Ij—1Iy (17)

where I] is the effective value of the j-th strand current, iav is
the average value of the strand current.
The circulating current loss of each parallel strand is

pec = |lu|* Rui (18)

where I} is the circulating current in the i-th strand, Ry; is the
resistance of the i-th strand.

B. FIELD-CIRCUIT COUPLING METHOD

The leakage inductance electromotive force method not only
ignore the saturation of the stator core, but also need to solve
a series of equations to calculate the strand current. The
analytical method has poor accuracy, and the solution process
is more complicated. The field-circuit coupling method can
make up for the deficiencies of the analytical method. The
field-circuit coupling method is simpler, and the calculation
result is more accurate, but model accuracy and computing
time are more demanding.

The field-circuit coupling method is based on finite ele-
ment software, and parallel strands are equivalent to a parallel
circuit network, and each strand constitutes a branch circuit.
The ends of each branch are connected together in parallel,
and then the “‘electromagnetic field-circuit” coupling solu-
tion for calculating the circulating current loss is realized.
The field-circuit coupling method is used to get the current
distribution of each parallel strand.

The calculation of 3D finite model requires much time.
The application of 2D finite element analysis of the magnetic
field in the slot has higher accuracy. This article ignores the
end leakage magnetic field, establishes 2D finite element
models, and uses external circuit to be equivalent to the end
connection. The pitch of the integer slot PMSM is 5, take
No. 1 slot winding as an example, the No. 1 upper winding
is connected to the No. 6 lower winding. The calculation
model and equivalent external circuit are shown in Fig. 8 and
Fig. 9. In Fig. 8, PQ satisfies the Vector Potential boundary
condition, ON satisfies the Neumann boundary condition,
OP and OQ satisfy the periodic boundary condition. And
boundary conditions satisfied by the calculation model can
be expressed as

Alpg =0 (19)
oA =0 (20)
on |oN N

Alop = Alog (21)

where n is the normal direction of the geometric neutral
between the magnetic poles.
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FIGURE 9. Equivalent external circuit of field-circuit coupling method.

In order to facilitate subsequent analysis, the strands of
the formed winding are numbered. The lower winding is
numbered in the same way as the upper winding. The strand
number are shown in Fig. 10. The integer slot PMSM and
the fractional slot PMSM under rated operating conditions
are simulated separately. Using finite element software to
analyze can get the current of each parallel strands. And then
equations (17) and (18) are applied to obtain the circulating
current loss distribution.

C. COMPARISON OF THE RESULTS CALCULATED BY THE
TWO CALCULATION METHODS
The leakage inductance potential method and the field-circuit
coupled finite element method are commonly used to calcu-
late the circulating current loss. In order to verify the accuracy
of the calculation results, the current of each strand in the
integer slot and the fractional slot PMSM calculated by the
two methods are compared.

This paper aims to analyze the influence of the slot leakage
magnetic on circulating current in PMSM. The 2D finite ele-
ment method is accurate and fast to analyze the slot leakage
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FIGURE 10. The strand number of the formed winding PMSM.

magnetic flux, so the 2D finite element method is applied to
analyze the circulating current. And to accurately compare
the finite element method and the analytical method to cal-
culate the circulating current, only the slot leakage magnetic
field is considered when applying the leakage inductance
potential method.

100 T T T
FEA Analytical
Integer slot — o
50 Fractional slot— A

Current/A
o

—
=
S

Time/ms

FIGURE 11. The current of the No. 1 strand in two PMSM.

The current distributions of the No. 1 strand near the slot
notch in two PMSM in one period are shown in Fig. 11. It can
be seen from Fig. 11 that the finite element method and the
analytical method are in good agreement. However, due to
the assumptions and different calculation steps used in the
analytical method, there are still small differences between
the two methods.

The prerequisite for the accurate calculation of the circu-
lating current by the leakage inductance potential method is
the precise calculation of the leakage magnetic field. But the
process of applying the analytical method to calculate the
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leakage magnetic field is cumbersome and has poor accuracy.
The field-circuit coupling method needs exact modeling,
accurate setting of boundary and excitation, and reasonable
mesh. Besides, the better computer performance and longer
computing time are required. But the field-circuit coupling
method has high accuracy.

D. ANALYSIS OF THE RESULTS CALCULATED BY THE
FIELD-CIRCUIT COUPLING FINITE ELEMENT METHOD

The field-circuit coupling method based on finite element
software and the current of each strand can be directly
obtained. Although the field-circuit coupling method needs
accurate modeling, high computer hardware, and long calcu-
lation time. But the field-circuit coupling method has high
accuracy, the 2D PMSM finite element model is small, and
the computer is well developed, so the field-circuit coupling
method is used in the following research.

B(T)
0.20

I0.18
0.17

0.15
0.13

0.12
lO.lO
0.08
0.07
0.05

0.03

0.02
0.00

Fractional slot

Integer slot

FIGURE 12. Magnetic density distribution in the slot.

Magnetic density distribution in the slot are shown
in Fig. 12. It can be seen from Fig. 12 that the overall magnetic
density distribution in the integer slot and the fractional slot
motor is similar. The strands closer to the slot notch are
more affected by the leakage magnetic field, and the strands
farther away from the slot notch are less affected. In the same
slot height direction, the parallel strands closest to the slot
notch are affected by the leakage magnetic field differently.
The closer to the slot bottom, the smaller the magnetic den-
sity and the more uniform the magnetic density distribution.
The circulating current loss distribution of integer slot and
fractional slot PMSM obtained by the field-circuit coupling
method are shown in Fig. 13 and Fig. 14. The circulating
current loss of the lower winding is much smaller than that
of the upper winding. One turn stator bar near the slot notch
in the upper winding is affected differently by the leakage
magnetic field. Except for one turn stator bar near the slot
notch, the circulating current loss of the strands shows a
“W” -shaped distribution.
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FIGURE 13. Circulating current loss distribution in strands of the integer
slot formed winding PMSM.

—®— Upper winding
—4&—  Lower winding
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Circulating current loss/W
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Strand number

FIGURE 14. Circulating current loss distribution in strands of the
fractional slot formed winding PMSM.

The maximum value of the circulating current loss of the
strand in the integer slot PMSM is greater than that of the
fractional slot PMSM. The circulating current loss in one
slot of the integer slot PMSM is about 4.94W, which is
less than the 5.33W of the fractional slot PMSM. However,
the total circulating current loss of the integer slot PMSM
is 355.68W, which is much larger than the total circulating
current loss of the fractional slot PMSM of 287.82W. The
winding arrangement type has a considerable influence on the
circulating current loss of the formed winding PMSM.

Regardless of whether it is the integer slot PMSM or the
fractional slot PMSM, the circulating current loss in the
formed winding cannot be ignored. Compared with the round
wire winding, the hairpin winding and the formed winding
have obvious advantage of high slot fill factor. However,
the parallel strands of the round wire winding are very thin
and easily transposed during the wire winding, so the eddy
current loss and circulating current loss in the round wire
winding are very small and almost zero. Eddy current loss
and circulating current loss are collectively referred to as AC
copper loss. The AC copper loss in the hairpin winding and
the formed winding is relatively large. Equivalent external
circuit of the hairpin winding is shown in Fig. 15. The hairpin
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winding passes through all positions in the slot, and the
number of parallel branches is 1.

Al-2  X6-3

Al2-4  X7-1

B5-2 YI10-3

Bl6-4 YI1l1-1

C9-2 Z14-3 C20-4 Z15-1

FIGURE 15. Equivalent external circuit of the hairpin winding.
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FIGURE 16. Electric density distribution of the hairpin winding and the
formed winding. (a) The hairpin winding. (b) The formed winding.

Fig. 16 shows the electric density of the hairpin winding
and the formed winding. The cross-sectional area of the
formed winding is reduced, and its maximum electric density
is smaller than that of the hairpin winding. The eddy current
loss is proportional to the square of the electric density, so the
eddy current loss in the formed winding is much smaller than
the hairpin winding.

The circulating current distributions of the strand closest to
the slot notch of the hairpin winding and the formed winding
are shown in Fig. 17. The circulating current of the formed
winding is larger, and that of the hairpin winding is almost
zero. The number of parallel branches of the hairpin winding
is 1, the hairpin winding with 1 parallel branch have no
circulating current loss. There is a phase difference between
the strand current with the circulating current and the strand
current without the circulating current of the formed winding,
so the waveform of the circulating current is different from
the strand current.

AC copper losses of the hairpin winding and the formed
winding are shown in TABLE 3. Both the hairpin winding
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FIGURE 17. Circulating current of hairpin winding and formed winding.

and the formed winding can effectively increase the slot fill
factor, but the AC copper loss is large. Compared with the
hairpin winding, the formed winding can reduce eddy current
loss. Even if there is circulating current loss in the formed
winding, the total AC copper loss is still less than that of the
hairpin winding.

TABLE 3. AC copper losses of the hairpin winding and the formed
winding.

Eddy Circulating Total AC
Winding type current current copper loss
loss(W) loss(W) (W)
The hairpin winding 2200.70 0 2200.70
The formed winding 1404.40 355.68 1767.68

The circulating current loss in the formed winding is the
largest, the value is 355.68W. Although the formed winding
in PMSM has great advantages, its circulating current loss is
still an important issue. So, it is necessary to analyze influ-
encing factors of the circulating current loss in the formed
winding.

IV. INFLUENCING FACTORS OF CIRCULATING CURRENT
LOSS IN THE FORMED WINDING

The parallel strands in the formed winding are respectively at
different positions in the slot. Besides, the slot leakage mag-
netic field is not uniformly distributed, resulting in different
leakage magnetic fluxes in the strands. The leak-age induc-
tance potential induced in the strands is different, so there
is a potential difference between the strands. Parallel joints
connect the ends of the strands, so there is a circulating
current in the strands. The two main influencing factors of
the circulating current loss are the slot leakage magnetic field
and the position of the strands in the slot.

The distribution of the leakage magnetic field in the slot is
different along with the slot height, and the circulating current
loss in different slot height directions is different. PMSM
with different winding arrangements have different number
of parallel strands, slot widths, and rated currents, resulting
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in different circulating current loss. The number of parallel
strands is different, so the position of the magnetic field in the
slot where the strand is located is also different. Different slot
widths lead to different distribution of magnetic field leakage
in the slot. The stator current is different, so the degree of
magnetic field distortion is also different. In this section,
the field-circuit coupling method is applied to analyze the
influence of the number of parallel strands, the slot width, and
the input current on the circulating current loss in the formed
winding.

2 — T : " : . : . " :
[ 1Barl with 9 strands
[ 1Bar2 with 9 strands

L5} —&— Barl with 10 strands

—&— Bar2 with 10 strands

0.5 F H 1
0 1 n I n
5 7 9 11 13 15 17 19

1 3

Circulating current loss/W

Strand number

FIGURE 18. Circulating current loss of upper winding with 9 strands.

A. NUMBER OF PARALLEL STRANDS

Taking the integer slot PMSM as the research object, the num-
ber of parallel strands changes from 10 to 9. Ensure that
the positions of the other 9 strands remain unchanged, and
remove the No. 10 and No. 20 strands of each layer of
winding. The stator current is the same as that of 10 strands in
parallel. The circulating current loss distribution of the upper
winding with different parallel strands is shown in Fig. 18.
There is a strand at the same slot height, the circulating
current loss distribution is not a “W”’-shaped distribution.
When the stator current and structure are unchanged, the leak-
age magnetic field in the slot is basically unchanged. When
9 strands in parallel, the position of each strand in the slot
remains unchanged, and the circulating current loss of a
single strand has a tiny change. Since the circulating current
loss of the 10th and the 20th strand in each layer is disap-
pear, the circulating current loss is reduced accordingly. The
circulating current loss of 9 strands in parallel is less.

In the condition of constant electric density, change the
number of parallel strands, from the original 10 strands to
8 and 6, respectively. Keep the stator structure and the input
current unchanged, and the degree of distortion of the leakage
magnetic field in the slot is the same. The number of parallel
strands changes, and the position of each strand in the slot
changes. Therefore, the strand current changes, and the cir-
culating current loss changes accordingly.

The circulating current loss of the upper winding in the
slot corresponding to the strands with different numbers of
parallel strands are shown in Fig. 19. The distribution trend
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FIGURE 19. Circulating current loss of the upper winding.

of circulating current loss in the slot of stator bars with
different numbers of parallel strands is the same, and they all
show a “W”-shaped distribution. However, the position of
each strand in the slot is different, and the closer to the slot,
the greater the difference in circulating current loss.

TABLE 4. Circulating current loss of integer slot PMSM with different
number of parallel strands.

Single slot circulating
current loss(W)

Total circulating
current loss(W)

10 strands 4.94 355.68
8 strands 4.92 354.24
6 strands 3.65 262.80

The circulating current loss with different parallel strands
are shown in Table 4. It can be seen from Table 4 that
the number of parallel strands increases, and the circulating
current loss increases. However, the circulating current loss
increases nonlinearly with the increase of the number of par-
allel windings. And the number of parallel strands increases
to a certain extent, and the increase in circulating current
loss is not obvious. The fewer the number of parallel strands,
the smaller the circulation loss. However, when selecting the
number of parallel strands in the stator bar, the eddy current
loss that cannot be ignored in the strands should also be
considered.

B. SLOT WIDTH

The distribution of leakage magnetic field in the slot will vary
with the width of the slot opening. PMSM with the formed
winding adopt open slot stator structure, and the width of the
slot directly determines the slot opening width. According to
the analysis of equation (9), the stator slot width has a great
influence on the leakage inductance potential. The slot width
is inversely proportional to the leakage inductance potential
of the slot. As the slot width increases, the slot leakage induc-
tance potential decreases, the potential difference between the
strands decrease. The strand current decreases, and the cir-
culating current loss decreases accordingly. The distribution
of the circulating current loss in the upper winding and the
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lower winding for the formed winding PMSM with different
slot width is shown in Table 5.

TABLE 5. Circulating current loss of PMSM with different slot width.

bs0=6.2mm  bs0=6.5mm  bs0=7mm
Circulating current loss
of upper winding (W) 472 4.28 377
Circulating current loss
of lower winding (W) 0.2 0.19 0.15
Total circulating 4.94 447 300

current loss (W)

It can be seen from Table 5 that, regardless of the upper
winding or the lower winding, the circulating current loss
tends to decrease with the increase of the slot width. As the
slot width increases, the potential difference between the
strands decreases. So the circulating current loss decreases
accordingly. At the beginning of the design of the formed
winding PMSM, it is of great significance to select the appro-
priate slot width to reduce the circulating current loss.

The formed winding PMSM adopts a rectangular open
slot structure, and the slot width is the same as the slot
opening width. The larger the slot width, the smaller the
circulating current loss. However, if the slot opening is too
wide, the magnetic density of the stator teeth will be too high,
which will affect the performance of the formed winding
PMSM. Besides, the size of the stator teeth will also affect the
mechanical strength of the PMSM. Therefore, comprehensive
consideration should be taken to select the slot width of the
formed winding PMSM.

C. CURRENT IN THE STATOR BAR

During the actual operation of the PMSM, operating con-
ditions will vary with the requirements of the load. When
the interior PMSM generates different torques, the required
current is different. The magnitude of the stator current is
different, and the distortion of the leakage magnetic field
in the slot is different, which affects the circulating current
loss between the strands. Taking the integer slot formed
winding PMSM as an example, the simulation analysis of
the rated operating condition and heavy load condition are
carried out. The distribution of the leakage magnetic field
in the slot is shown in Fig. 20. From Fig. 20, it can be seen
that the magnetic field distortion is serious under heavy load
condition, and the content of the leakage magnetic field in the
slot increases.

The circulating current loss distributions of the upper and
lower winding in the slot under different working conditions
are shown in Fig. 21. When the PMSM is working in heavy
load condition, the leakage magnetic field in the slot has a
more significant impact on the strands. In this case, regardless
of the upper winding or the lower winding, the circulating
current loss of each strand is obviously more remarkable than
the rated working condition. And The circulating current loss
in one slot of the formed winding PMSM in the heavy load
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condition is about 30.31W, which is much larger than that of
the rated working condition.

V. CONCLUSION

This paper studied the circulating current loss in the formed
winding of PMSM. Firstly, the no-load magnetic field of an
integer slot and a fractional slot formed winding PMSM were
analyzed. Then two commonly used methods for calculating
circulating current loss were introduced and compared. The
field-circuit coupling finite element method was applied to
calculate the circulating current loss in the formed winding of
PMSM. Finally, the influencing factors of circulating current
loss were studied in detail. The main conclusions are as
follows:

1) When the power, the main frame size, and the rotor
magnetic circuit structure remain unchanged, the slot-pole
combination affects the air gap magnetic density and the slot
leakage magnetic field. The no-load air gap magnetic density
fundamental wave amplitude of the integer slot PMSM is
0.78T, and the harmonic distortion rate is 19.75%, which are
all smaller than the fractional slot PMSM.
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2) Based on the principle that the power, rotor and main
frame size are the same, the circulating current loss of PMSM
with different slot-pole combination is different. Compared
with the integer slot PMSM, the total circulating current loss
of the fractional slot PMSM is smaller. The total circulating
current loss of the fractional slot PMSM is 287.82W, which
is only 80% of the integer slot PMSM.

3) The number of parallel strands, the slot width, and the
stator current affect the circulating current loss. The circulat-
ing current loss of the PMSM with six strands in parallel is
only 74% of 10 strands. The circulating current loss of the slot
width with 7mm is only 79% of the slot width with 6.2mm.
And the circulating current loss of PMSM under heavy load
is about six times that under rated conditions. The fewer
the parallel strands, the greater the slot width, the smaller the
stator current, the smaller the circulating current loss in the
formed winding will be.
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