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Abstract – The high-speed permanent magnet syn-
chronous motor (HSPMSM) plays an important role
in a wide range of engineering fields due to its high
power density, high efficiency, and light weight. In this
paper, a HSPMSM equipped with in-line slot conductors
(I-LSC) is proposed and compared with one equipped
with equidirectional toroidal winding (ETW). Firstly,
the differences between them are revealed, including
topology, back-electromotive force (EMF), slot fill fac-
tor, copper loss, and torque. Secondly, two-dimensional
finite element method (2D-FEM) tools are used to obtain
more precise performance such as air-gap field, back-
EMF, torque characteristics, efficiency maps, and the
unbalanced magnetic force (UMF). Considering the end-
windings of copper loss of ETW and the end ring copper
loss of I-LSC, the losses and efficiency of two motors are
simulated by three-dimensional finite element method
(3D-FEM). Finally, the simulation results validate the
feasibility of the newly proposed winding and indicate
that in-line slot conductors have superiority in power
density due to the high slot fill factor.

Index Terms – Equidirectional toroidal winding, high
fill factor, high-speed permanent magnet synchronous
motor, in-line slot conductor, power density.

I. INTRODUCTION
The demands for high-speed (HS) motor tech-

nologies are continuously evolving, with a focus on
achieving high power density, enhanced efficiency, and
energy conservation in the engineering applications
such as automobiles, aircraft, and flywheel energy stor-
age [1–3]. According to the operation principle, they
can principally be divided into HS switched reluc-

tance, induction, and permanent magnet synchronous
motors [3–5]. Notably, high-speed permanent magnet
synchronous motors (HSPMSM) with diverse stator and
rotor structures stand out for their exceptional perfor-
mance. HSPMSMs not only demonstrate remarkable
efficiency and power density but also boast a broader
range of applications and quicker dynamic response
capabilities. Hence, HSPMSM can be a good candidate
in the HS application field [6].

In the past few decades, the motor has been vig-
orously researched and promoted to seek the maximize
power density, which put very high requirements on the
design of the rotor/stator [6, 7]. The influence of the rotor
structure on power density has been emphasized previ-
ously [8]. Another important factor for power density
is the stator winding. For example, the fractional slot
concentrated windings (FSCW) in conventional perma-
nent magnet (PM) motors possess high power density
while the multiphase motors with integral slot distributed
windings can offer much higher torque than the FSCW
[9]. The motor end-windings should be designed shorter,
otherwise excessive axial length leads to low torque
density as outlined in [10]. HSPMSMs with hairpin
structures can have high torque but the slot shape is
always parallel as demonstrated in [11]. Here follows an
overview concerning diverse windings.

HSPMSM generally can be configured with [12]:

(1) overlapping windings: Fig. 1 (a) is a representative
example that uses a full pitch overlapping windings
with six slots [13]. Hence, HSPMSM with overlap-
ping windings have a relatively high winding factor.
However, regardless of the single layer and double
layer, these overlapping windings need to be set
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up in a crisscross arrangement, which makes the
motor not only display bulk end-windings but also
increases copper consumption. Moreover, the end-
windings result in a long axial length with a conse-
quent reduction in power density [13].

(2) Non-overlapping windings sometimes can be
involved in concentrated windings, such as tooth-
wound and yoke-wound. Compared with overlap-
ping windings, tooth-wound windings have the
advantage of short end-windings, low copper loss,
and shorter motor axial length [14]. As depicted in
Figs. 1 (b) and (c), single-layer and double-layer
windings are sleeve windings that have been exten-
sively utilized in permanent magnet motors. Taking
3s2p as an example, the winding factor for Figs. 1
(b) and (c) is 0.866 [15–17]. Halbach winding is
also a type of non-overlapping winding, which can
achieve the effect of enhancing and weakening the
magnetic field on one side in PMs. But the wind-
ing factor is also 0.866 [18]. The equidirectional
toroidal windings (ETW) are subordinate to yoke-
wound windings and have been proven to have a
conductor factor of 1 [19]. Furthermore, the utiliza-
tion rate of windings has been improved by utiliz-
ing a dual-rotor structure to address end-winding
[20]. ETW can significantly enhance torque den-
sity in various types of motors, such as axial flux
PMs, radial flux PMs, and linear motors [21–23].
However, single rotor radial flux PMs with ETW
has the disadvantage of low winding utilization rate
[24]. Hence, the new topology, the in-line slot con-
ductor (I-LSC), is envisaged and proposed in this
paper. In this way, this type of winding can be seen
as the ETW where the end-windings are omitted,
and the myriads of winding conductors are infinitely
approximated to a whole conductor that is placed in
the stator slot in Fig. 1 (d). The I-LSC can improve
winding utilization and have a high slot fill factor in
a single rotor motor. Besides crucial merits, I-LSC
can reduce copper consumption. It can be predicted
to be suitable for HS motors due to the low num-
ber of turns. The influence of ETW configuration
has been studied on HS operation but I-LSC has not
been systematically investigated [25].

The major objective of this paper is to evaluate
and confirm the merits and demerits of the new pro-
posed I-LSC and the existing ETW in HSPMSM by a
fair comparison. The constructions and operation prin-
ciples of I-LSC and ETW are introduced in Section II.
Then, the main performance of similarities and differ-
ences between the two motors is revealed in Section III.
Finally, a summary of this paper as well as directions for
future research work are presented in Section IV.

(a) (b) (c)

(d) (e) (f)

Fig. 1. Various winding types: (a) distributed winding,
(b) single layer winding, (c) double layer winding, (d)
ETW, (e) Halbach winding, and (f) I-LSC.

II. STRUCTURE AND OPERATION
PRINCIPLES

The construction of the mentioned motor with ETW
and the proposed motor with I-LSC are named ETW-
HSPMSM and I-LSC-HSPMSM, respectively, as shown
in Fig. 2. What they have in common is the 3s2p topolo-
gies to reduce the operating frequency and minimize
switching losses. The same rotors are external-installed
with PMs (N30SH) which can be diametrically magne-
tized. Furthermore, all other parameters are the same
for comparison purposes, except that ETW-HSPMSM
has more outer teeth and end-windings than I-LSC-
HSPMSM.

A. Structure
The differences between the two motors are mainly

on the stator side. Firstly, the two stators have simi-
lar inside teeth and slots. However, ETW-HSPMSM is
equipped with external teeth to place the outside con-
ductors, as shown in Fig. 2. Secondly, the windings of
ETW-HSPMSM are wound around the stator yoke but I-

Fig. 2. 3s2p motor topology: (a) ETW-HSPMSM and (b)
I-LSC-HSPMSM.
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LSC-HSPMSM is inserted into the stator slots. In addi-
tion, the positive sides (A, B, and C) of the ETW are
positioned inside the stator core, while the negative sides
(X, Y, and Z) are situated on the outside, as illustrated
in Fig. 2 (a). Only the positive sides (A, B, and C) can
be considered as effective edges. However, I-LSC only
has the positive sides (A, B, and C) without negative
sides. In ETW-HSPMSM, the incoming line terminals
(A, B, and C) need to be linked to a three-phase power
source, while the outgoing terminals (X, Y, and Z) are
connected together by a wye configuration. Conversely,
for I-LSC-HSPMSM, solid copper blocks (A, B, and C)
are inserted into the stator slots and connected to the end
ring. By contrast, there are no end-windings for I-LSC
which reduces the invalid length to diminish the size of I-
LSC-HSPMSM. The shape of the conductor can be made
even closer to the shape of the slot to improve the slot fill
factor.

B. Operation principle
To illustrate the operation principle of HSPMSMs

with ETW and I-LSC clearly, it is analyzed by using
the minimum unit motor as an example. Two motors
are shown to be fed square wave currents to maintain
consistency, which ETW had been reported in [20]. It
is necessary to observe the operating principles of the
two motors for their subsequent performance analysis. In
Fig. 3, two motors are excited by the square wave current
source, and the current during this period of one electri-
cal cycle is divided into six intervals, each corresponding
to specific three-phase current directions, as displayed in
Table 1.

Fig. 3. Three-phase square waveform current.

The notation ’+’ denotes current outflow the plane
of windings, while ’-’ signifies current inflow the plane,
as indicated in Table 1. The current through the windings
of ETW-HSPMSM and I-LSC-HSPMSM in a period will
generate an armature magnetic field. The armature mag-
netic field rotates periodically with time and forms a

Table 1: Three-phase winding current directions at dif-
ferent times

Current Times
0 1 2 3 4 5 6

ia 0 + + + - - -
ib - - - + + + -
ic + + - - - + +

periodical rotating magnetic field. Under the effect of
the rotating magnetic field, the rotor core subsequently
rotates. The armature magnetic field of two motors at
three moments in sequence is selected successively to
compare its distribution of magnetic field lines with the
armature magnetic field at moment 0 in Fig. 4. Each time
elapsed, N or S will undergo a counterclockwise rotation
of 120 degrees. Thus, the armature magnetic field alter-
nates in a periodic manner, forming a pair of poles.

(a) (b) (c)

Fig. 4. Armature reaction field of ETW-HSPMSM: (a)
time 2, (b) time 3, and (c) time 4.

Figure 5 demonstrates that the armature mag-
netic field of I-LSC-HSPMSM rotates counterclockwise
which exhibits the same rotational direction as ETW-
HSPMSM. However, ETW-HSPMSM has an effect of
magnetic leakage because of the existence of end-
windings.

(a) (b) (c)

Fig. 5. Armature reaction field of I-LSC-HSPMSM: (a)
time 2, (b) time 3, and (c) time 4.

The structure and materials of the PMs of the two
motors are identical, and the parallel direction are all
magnetized uniformly. Thus, the flux distribution gen-
erated by the PMs in both motors is identical. Conse-
quently, this ensures that the magnetic load of the two
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motors is identical, enabling a fairer comparison of their
performance in subsequent analyses.

C. No-load back-EMF
The no-load back-electromotive force (EMF) is gen-

erated when the external rotor permanent magnet rotates
around the Z-axis. Only the phase-EMF of positive sides
(EA, EB, and EC) are effective edges for the two motors
due to the unique coil arrangement of ETW and I-LSC.
The pitch factor (kp) is the coefficient of reduction in the
phase-EMF, which is always 0.5 [19]. The winding dis-
tributed coefficients (kd) of the two motors are 1. The
fundamental EMF component is E0, which is given by:

E0 = 2.22 f NsΦ1, (1)
where Ns is the number of turns per phase, f is the motor
frequency, and φ1 is the fundamental flux generated by
PM at each pole.

For ETW-HSPMSM and I-LSC-HSPMSM, E0 is
proportional to the number of turns and the fundamen-
tal flux.

D. Fill factor
According to stator tooth width and yoke height, the

cross-sectional area of stator slot and conductor (Acond)
can be determined for slot fill factor. A high slot fill fac-
tor (k f ill) decreases the motor volume by reducing the
unnecessary area of the slot, which can be calculated by:

k f ill =
AcondNs

Sslot
, (2)

where Acond is the cross-sectional area of one conductor
while Sslot is the stator slot.

I-LSC has arranged the winding as close to the slot
shape as feasible after removing the thickness of the
insulating paper. However, for ETW, there will be a gap
between the round-copper wires no matter how they are
placed.

E. Torque
The electromagnetic torque on the rotor in a syn-

thetic magnetic field can be expressed as:

Te =
2.22m f NsΦ1IRMS cosΦ0η

2π f
, (3)

where m is the phase number of the motor, Φ0 is the
angle formed by the current and back-EMF, and η is the
efficiency of the motor.

The current per phase (IRMS) is affected by current
density (Js). When stator slot area (Sslot ) is determined,
slot fill factor is also a principal element to affects IRMS,
which is given by:

IRMS = JsAcond , (4)

IRMS = Js
Sslotk f ill

Ns
. (5)

Torque can be also expressed as:
Te = 1.11mBglaDairJsk f illSslotη , (6)

where la is stator active length, Dair is average value of
the sum of the stator inner and outer diameters, and Bg
is peak value of air-gap flux density. According to the
above equation, if the mechanical structure of the motors
and the materials of the PMs are determined, the torque
will be proportional to the slot fill factor (k f ill) under the
same current density.

F. Copper loss
Total copper loss (PTCL) includes DC loss (PDC) and

AC loss (PAC) [26]. In calculating DC copper loss, the
end-windings of the ETW in the out slot should be taken
into account in copper loss, while I-LSC has only one
effective edge, which is given by:

PTCL = PAC +PDC, (7)

PDC = 3ρcuI2
RMS

2(la +hsy)Ns

Acond
, (8)

where ρcu is the resistivity of copper, Ns is the number of
in-series turns per phase, and hsy is stator yoke height.

To verify the rationality of the proposed motor with
I-LSC, the common and distinct characteristics of I-
LSC-HSPMSM and ETW-HSPMSM are compared. At
the same time, it is demonstrated that I-LSC-HSPMSM
will have a higher torque than ETW-HSPMSM due to
high slot fill factor. Moreover, due to its smaller vol-
ume, I-LSC-HSPMSM has a higher power density com-
pared to ETW-HSPMSM. The following section will
verify these conclusions by two-dimensional finite ele-
ment method (2D-FEM) and three-dimensional finite
element method (3D-FEM). Designing the two motors
requires adhering to specific preconditions and con-
straints to ensure a fair comparison.

(1) Both motors possess identical dimensions and
materials of the stators, PMs, and rotors. Magne-
tizing direction of PMs in both motors is identical.

Table 2: Optimized design parameters for two HSPMSM
ETW-

HSPMSM
I-LSC-

HSPMSM
Stator out diameter D0(mm) 54 54

Stator inner diameter Di(mm) 16.2 16.2
Stator active length la(mm) 9.1 9.1

Air-gap length lg(mm) 1.25 1.25
Shaft radius Rsha f t(mm) 0.3 0.3

Number of series turns per 36 1
phase Ns

Outer tooth height hot(mm) 3.3 0
Stator yoke height hsy(mm) 6.3 6.3
Inner tooth width wit(mm) 12.5 12.5

Current density Js(mm) 9.7 9.7
Rated speed (krpm) 110 110
DC copper loss Pdc 6.78 2.65
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(2) Air-gap length remains consistent between the two
motors.

(3) The two motors are excited by the same current den-
sity. Based on these principles, the primary parame-
ters of the two motors are presented in Table 2 [27].

III. ELECTROMAGNETIC
CHARACTERISTICS OF TWO MOTORS

Each motor, ETW-HSPMSM and I-LSC-HSPMSM,
is composed of a three-phase winding and a pair of mag-
nets as its minimum unit. According to the aforemen-
tioned parameters and analysis, the electromagnetic per-
formance of ETW-HSPMSM is consistent with what is
presented in [25] firstly. It will be seen that there are
some common points and differences in the electromag-
netic performance by considering both no-load and on-
load situations, respectively.

A. Air-gap flux density
The waveforms of air-gap flux density produced by

two PMs of both motors exhibit similarity as depicted in
Fig. 6 (a), which is due to the fact that the two motors
ensure the same magnetic load conditions. It demon-
strates that the outer teeth do not affect the air gap mag-
netic density. In Fig. 6 (b), it is illustrated that the ampli-
tudes of the fundamental harmonic of the air-gap flux
density in both motors are 0.85 T, with total harmonic
distortions (THD) of 7.01% for each.

(a) (b)

Fig. 6. Air-gap flux density of ETW-HSPMSM and
I-LSC-HSPMSM: (a) waveforms and (b) harmonic
spectra.

B. Open-circuit flux linkage
The detailed flux density distribution of the two

motors at the same rated speed of 110 krpm is depicted
in Fig. 7, and the peak flux density is specifically located
at the tip of the stator teeth. The flux linkage wave-
forms are shown in Fig. 8 (a), the peak value of ETW-
HSPMSM is 2.0 mWb while I-LSC-HSPMSM is 0.056
mWb. There is an apparent difference in amplitudes for
the two motors which can be mainly attributed to the dif-
ferent turns. The number of turns for ETW is 36 whereas
I-LSC is only 1. The ratio of the maximum values of
the flux linkage between the two motors is equal to the

(a) (b)

Fig. 7. Equal potential and flux distributions of high-
speed motors: (a) ETW-HSPMSM and (b) I-LSC-
HSPMSM.

ratio of their respective numbers of turns. It is worth not-
ing that the fundamental amplitude of ETW-HSPMSM
is 2.32 mWb while I-LSC-HSPMSM is 0.05 mWb.

(a) (b)

Fig. 8. Flux linkage and its harmonic spectra of ETW-
HSPMSM and I-LSC-HSPMSM: (a) waveforms and (b)
harmonic spectra.

C. Back-EMF
The no-load back-EMF of the two motors with the

rated speed of 110 krmp is shown in Fig. 9. It is evi-
dent that the peak values of no-load back-EMF in ETW-
HSPMSM and I-LSC-HSPMSM are 24.52 V and 0.66
V, respectively. The basic harmonic amplitude of ETW-
HSPMSM is 26 V, while that of I-LSC-HSPMSM is 0.63
V, which is shown in Fig. 9 (b). I-LSC-HSPMSM has
36 times lower back-EMF than ETW-HSPMSM because
the number of turns is 36 times less than ETW-HSPMSM
according to equation (1). THD of ETW-HSPMSM and
I-LSC-HSPMSM is 3.84% and 0.24%, respectively. In
particular, the 3rd harmonic of the phase back-EMF in
both motors cannot be ignored. However, this 3rd har-
monic is effectively eliminated in the line back-EMF, as
illustrated in Fig. 10.

D. Armature reaction fields
Figure 11 illustrates the windings armature field of

the two motors when subjected to square wave exci-
tation under identical current density. IRMS of I-LSC-
HSPMSM is 576.1 A, and that of ETW-HSPMSM is
12.02 A. I-LSC has 1 turn while ETW has 36 turns. Peak
value of I-LSC-HSPMSM is 0.151 T while peak value
of ETW-HSPMSM is 0.114 T as shown in Fig. 11 (a).
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(a) (b)

Fig. 9. No-load back-EMF and its harmonic spectra of
ETW-HSPMSM and I-LSC-HSPMSM: (a) waveforms
and (b) harmonic spectra.

(a) (b)

Fig. 10. No-load line back-EMF of ETW-HSPMSM
and I-LSC-HSPMSM: (a) waveforms and (b) harmonic
spectra.

Therefore, the ratio of peak values of the armature mag-
netic fields of the two motors is approximately equal
to the ratio of the incoming current of the two motors.
In Fig. 11 (b), the main fundamental values of ETW-
HSPMSM and I-LSC-HSPMSM are 0.05 T and 0.072
T, respectively.

(a) (b)

Fig. 11. Armature field of ETW-HSPMSM and I-LSC-
HSPMSM: (a) waveforms and (b) harmonic spectra.

E. On-load torque characteristics
With a conductor cross-sectional area of 1.24 mm2

and a slot area cross-sectional of 73.50 mm2, ETW-
HSPMSM can theoretically achieve a maximum slot fill
factor of 60.71%. As for I-LSC-HSPMSM, the wind-
ing shape is close to the stator slot and k f ill of I-LSC
can extend up to 80.00%. Under square-wave excitation
with the same current density, the average torque of the
two motors is 47.84 mNm and 63.52 mNm, respectively,
demonstrated in Fig. 12. It can be observed that the
torque ratio of the two motors and the slot fill factor ratio

are the same. The output torque of I-LSC-HSPMSM
is 24.68% higher than that of ETW-HSPMSM. Mean-
while, torque ripple is 1.30% lower than that of ETW-
HSPMSM.

Fig. 12. Torque waveforms of ETW-HSPMSM and I-
LSC-HSPMSM under rated load conditions.

F. Loss and efficiency map
In HSPMSMs, the main losses are stator iron loss

and copper loss. The application of 3D-FEM can be
applied for a more comprehensive analysis of motor
losses, including the calculation of the losses of end-
windings. Iron loss accounts for the main component of
total loss due to the high frequency of the HSPMSM,
which is shown in Fig. 13. Copper loss is obtained by
integrating the current density over one electrical cycle
for both motors. AC loss is determined by subtracting
the calculated DC copper loss from this total loss.

Two motors have different losses due to the dif-
ferent currents which are fed into the windings at the
same current density. Iron core loss of ETW-HSPMSM
is 88.5 W, while that of I-LSC-HSPMSM is 76.4 W.
I-LSC-HSPMSM has a larger cross-sectional area of
the conductor and lower resistance, resulting in DC

Fig. 13. Comparison of on-load losses at rated speeds.
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loss of 2.65 W compared to ETW-HSPMSM’s DC loss
of 6.78 W. It is worth mentioning that AC loss of I-
LSC-HSPMSM reaches 43.78 W due to the skin effect,
whereas AC loss of ETW-HSPMSM is only 3.09 W. At
high frequencies, AC copper loss of I-LSC-HSPMSM
is high because of the skin effect. According to equa-
tion (9), output power of ETW-HSPMSM is 551.07 W,
while that of I-LSC-HSPMSM is 731.70 W (see Fig. 13).
However, the efficiency of ETW-HSPMSM is 84.85%,
and that of I-LSC-HSPMSM is 85.63%, as calculated by
equation (10):

Pm = Te
2πn
60

, (9)

η =
Pm

Pm +PAC +Pcore+PDC
×100%, (10)

where Pm is the output mechanical power, Pcore is the
stator core loss, and n is the rated speed.

The output torque will be affected because of dif-
ferent excitations. Under sinusoidal excitation, the out-
put torque is 9% smaller than the square wave excitation.
The efficiency map should be generated under the sinu-
soidal excitation as shown in Fig. 14.

When the two motors are in the bus voltage of 35.04
V and the current density is 0-12 J/mm2, the highest effi-
ciency of both motors is 85.02%. Under the same cur-
rent density, the output torque of I-LSC-HSPMSM is still
higher than that of ETW-HSPMSM. Core loss of the two
motors increases much faster than the increment of the
output power, which leads to a high-efficiency area not
at the point of inflection. However, in the range of 200
krmp, output torque of I-LSC-HSPMSM only declines
by 7.82%, while ETW-HSPMSM drops to 49.39% at 200
krmp. Therefore, I-LSCHSPMSMs are more suitable for
high-speed applications than ETW-HSPMSMs.

Fig. 14. Efficiency map of two motors: (a) ETW-
HSPMSM and (b) I-LSC-HSPMSM.

G. Unbalanced magnetic force
In addition to output power, unbalanced magnetic

force (UMF) is also an important performance index
for HS operation. UMF significantly affects vibration,
noise level, and life of bearings, which can be calculated
by [28]:

Fig. 15. Orthogonal components of unbalanced magnetic
force.

Fx =
ragla
2µ0

∫ 2π

0
[(B2

t −B2
r )cosθ +2BrBt sinθ ]dθ , (11)

Fy =
ragla
2µ0

∫ 2π

0
[(B2

t −B2
r )cosθ −2BrBt sinθ ]dθ , (12)

where Fx and Fy are two orthogonal components of
UMF, rag is radius of the air-gap, µ0 is permeability of
a vacuum, and Br and Bt are radial and tangential com-
ponents of air-gap flux density.

No matter the ETW and I-LSC, they both have
the UFM shown in Fig. 15. Maximum value of ETW-
HSPMSM is 7.65 N and of I-LSC-HSPMSM is 9.53 N.
UMF will appear in the 3s2p motors at rated high speed
due to asymmetric stator structure. Therefore, future
work should change the pole-slot combination to offset
UMF.

IV. CONCLUSION
In this paper, an HSPMSM with I-LSC is proposed

and compared with ETW. It can be seen that the pro-
posed motor (I-LSC-HSPMSM) has superiority in out-
put torque due to a high slot fill factor at the same speed.
Comparative studies on the two motors also show that
the power density of I-LSC-HSPMSM is higher than
ETW-HSPMSM due to high power and small volume.
Compared with ETW, the I-LSC can be an excellent
choice in HS motors from the point of maintaining a high
torque at high speed. Moreover, I-LSC-HSPMSM has
the advantages of dealing with the problem of the end-
windings of ETW in the radial motor. However, I-LSC-
HSPMSM inevitably has higher AC loss at high speeds
due to skin effects. It can be concluded that I-LSC has a
bright future and new challenges which should be solved
in HS applications. As for unbalanced magnetic force, it
can be known that the two motors both exist, which will
be investigated in future studies for an appropriate struc-
ture. Subsequently, a motor prototype will be fabricated
to verify the correctness of the ideas and simulations.
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