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ABSTRACT Aiming at the shortcomings of complex mechanical transmission structure and low efficiency
of the existing belt conveyor driven by asynchronous motor, this paper focuses on the investigation of a new
type of low-speed high-torque-density direct-drive permanent magnet synchronous motor (LHDPMSM) for
driving the belt conveyor. The proposed LHDPMSM utilizes external rotor structure to achieve the goal of
fully direct drive of the belt conveyor. First, the topology and advantages of the straight-shape external-rotor
LHDPMSM is introduced. Then the selection rules of the pole-slot combination are studied. Furthermore,
an improved subdomain model is established based on the idea of segmentation for fast calculation
of the no-load magnetic field of the proposed straight-shape external-rotor LHDPMSM. Moreover, the
operating performance of the proposed LHDPMSM with load fluctuations was verified by FEA. In addition,
an efficient cooling system based on Z-shape water channels and hollow shaft was designed, and a LPTN
model was established for temperature fast calculation. Since the cooling system has a negative impact on
the shaft mechanical strength, the mechanical strength of the shaft and other fragile components of the
LHDPMSM was analyzed to ensure the safe operation of the motor. Finally, a prototype is manufactured
and tested to validate the design concept introduced in this paper.

INDEX TERMS Low-speed high-torque-density, external rotor, PMSM, LPTN, cooling system, belt
conveyor.

I. INTRODUCTION

In recent years, the application of the external-rotor perma-
nent magnet synchronous machine (ERPMSM) has become
increasingly widespread [1], [2], [3], and the research
of the ERPMSM has been a hotspot. However, most of
these researches focus on the electric vehicle application.
The research on the low-speed high-torque-density direct-
drive ERPMSM (LHDERPMSM) for belt conveyor applica-
tion is extremely rare. As a modern transportation equipment,
the belt conveyor is widely used in factories, ports, min-
ing, etc. [4]. At present, most of the belt conveyors are

The associate editor coordinating the review of this manuscript and

approving it for publication was Qinfen Lu

still driven by asynchronous motor cooperates with speed
reducer. Although this driving method is technically mature
and robust, however, due to some inherent shortcomings of
the asynchronous motor, there are still many problems have
not been solved. For example, complex mechanical trans-
mission structure (asynchronous motor + speed reducer +
drive roller), loud noise, low efficiency, etc. When using the
proposed LHDERPMSM to drive the belt conveyor, these
problems can be resolved. The proposed LHDERPMSM not
only omits the speed reducer and drive roller, but also main-
tains high efficiency over a wide load range.

For the investigation of the LHDERPMSM, pole-slot
combination selection, no-load back electromotive force
(BEMF) fast calculation, efficient cooling system design and
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mechanical strength analysis are the key to improving the
motor design efficiency and ensuring long-term efficient and
stable operation of the motor. Some research has been con-
ducted on the pole-slot combination of the PMSM. In [5],
a novel vibration reduction method which combines the
modified slot—pole combination and optimal slot opening
coefficient is researched and verified. In [6], a new pole-slot
combination with higher winding factor, lower total harmon-
ics distortion (THD) of the no-load BEMF and lower cogging
torque is presented based on three-slot pitch coils. In [7],
the influence of slot-pole combination on torque density and
flux weaking ability of the wheel-hub machine is analyzed,
and the result indicates that it is best to choose a slightly
smaller pole number than the slot number. In [8], for in-wheel
permanent magnet vernier motors (PMVM), the influence of
slot-pole combination on BEMF harmonic is researched and
the PMVM with two slot pitches corporate with open-slot
stator is determined as the better combination. As for the
proposed LHDERPMDM, the pole-slot combination needs to
meet the requirements of outputting maximum torque within
a limited volume. Therefore, the above research conclusions
are not fully applicable to the LHDERPMSM studied in this
paper.

The no-load BEMF is an important index for LHDER-
PMSM performance evaluation [9]. The value of the BEMF
directly influence the power factor, efficiency, overload capa-
bility and starting performance of the motor. Furthermore,
the harmonic content of the BEMF can also influence the
torque ripple, vibration, noise and eddy current loss of the
motor [10]. Generally, the no-load BEMF is obtained by
FEA, which is time consuming. Therefore, it is of great
significance to establish the no-load BEMF analytical model
to improve the initial parameters design efficiency of the
LHDERPMSM. The authors in [11] presents new magnetic
field calculation model based on the combination of magnetic
equivalent circuit and rotor magnetic potential model. In [12],
the method of combining the subdomain method and the
magnetic equivalent circuit method is proposed for V-shape
interior PMSM magnetic field calculation. In [13], a rotor
magnetic potential model which can accurately calculate the
rotor surface magnetic potential distribution is proposed and
applied to the spoke-type machine. At present, the subdo-
main model which depends on dividing the motor solution
domain into several subdomains and solving the correspond-
ing partial differential equations to obtain the magnetic field
results is the most commonly used magnetic field calcula-
tion method [14], [15], [16], [17], [18]. As for the proposed
LHDERPMSM, the straight-shape PM not meet the annular
boundary condition of the subdomain model,therefore further
research is required.

As for the ERPMSM cooling system design and mechani-
cal strength analysis, many scholars have conducted relevant
research. In [19], a high-performance cooling system based
on heat pipe technology is proposed for external-rotor surface
mounted PMSM. In [20], different cooling schemes include
air cooling-method and water-cooling method are researched
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and compared for a high-torque-density ERPMSM. In [21],
the spiral waterway cooling structure is presented for an
external rotor in-wheel motor. In [22], the thermal field
distribution of the ERPMSM for E-bike was analyzed by
the lumped thermal network and the V-shaped rotor core
strength was analyzed under different speeds. For the pro-
posed LHDERPMSM, due to the need to drive heavy load,
higher requirements are placed on the cooling capacity of
the motor cooling system and the mechanical strength of the
important components, which requires in-depth research.

FIGURE 1. The structure of the proposed straight-shape LHDERPMSM.

Il. STRAIGHT-SHAPE LHDERPMSM TOPOLOGY

Fig. 1 shows the topology of the proposed straight-shape
LHDERPMSM. The stator slot is arranged on the outside of
the stator, and the straight-shape PM is embedded in the rotor
part close to the stator. The thin bridge is designed to reduce
the flux leakage and improve the output torque, while keeping
the rotor mechanically rigid. In contrast with the traditional
surface-mounted ERPMSM, the proposed LHDERPMSM
has some unique advantage. First, when the PM is surrounded
by the magnetic isolation bridge, the risk of PM falling off or
shifting can be eliminated. Furthermore, the PM can also be
protected safely from damage caused by assembly, bearing
damage, eccentricity, etc. Second, the PM of the proposed
LHDERPMSM adopts cuboid structure, this structure not
only saves PM materials, but also is easy to process. Third,
the PM of the surface-mounted PMSM (SPMSM) needs to be
firmly fixed to the rotor core through trapezoidal aluminum
pressure plates and bolts, as shown in Fig.2. The existence of
the pressure plates and bolts will greatly hinder the improve-
ment of the pole arc coefficient of the PM, thereby affecting
the improvement of the LHDERPMSM torque density. Based
on the above advantages, the proposed straight-shape PM
structure was determined as the most suitable topology for
LHDERPMSM.

Ill. POLE-SLOT COMBINATION SELECTION

The proposed LHDERPMSM needs to output as much torque
as possible within a limited motor volume, which will lead
to a contradiction between the volume and the torque out-
put capability. According to (1) and (2), when the power
is constant, the output torque is inversely proportional to
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FIGURE 2. The schematic diagram of the PM installation method for
traditional SPMSM.

the speed. Therefore, the lower the speed, the greater the
output torque. Furthermore, the speed is inversely propor-
tional to the pole pairs number, so the larger pole pairs
number, the lower the rated speed of the motor. Therefore,
in order to maximize the output torque capability of the
LHDERPMSM, the multiple-pole design of the motor is
required. As for the traditional integer slot winding (ISW),
the achievement of multiple-pole design must correspond to
the multiple-stator slot number. However, if the slot number
increases significantly, it will not only cause the stator teeth
to be too narrow, leading to insufficient mechanical strength
or magnetic saturation, but also reduce the installation space
of the winding due to the increase in the use of the insulation
materials, thereby reducing the torque density of the motor.
Contrary to ISW, fractional slot winding (PFSW) means that
the multipole design of the LHDERPMSM can be realized
with less stator slots.

T = 60—P (1)
2mn

n= @ )
p

where, T denotes the output torque. P denotes the motor rated
power. n denotes the motor speed. f denotes the frequency.
p denotes the pole pairs number.

The existence of the harmonic will cause an increase
in torque ripple and lead to hazards such as vibration and
noise. Therefore, the harmonic content is an important factor
in evaluating whether the pole-slot combination is optimal.
Due to the use of star connection at the end of the three-
phase winding, the third-order harmonic can be eliminated.
Therefore, the focus of the pole-slot combination selection
is to reduce the fifth-order (5th) and seventh-order (7th)
harmonic content. Fig.3 shows the schematic diagram of
using short-pitch winding to reduce 5th and 7th harmonics.
To simultaneously reduce 5th and 7th harmonics, the pitch
v1 should be determined as the five sixths of the polar pitch,
as shown in (3).

5 5 Z 5
y1—6t_6x2p_6mq 3)
where, T denotes the polar pitch. Z denotes the stator slot
number. m denotes the phase number, m = 3. g denotes the
stator slots per pole per phase.
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FIGURE 3. The reduction of 5th and 7th harmonics by short-pitch winding.

According to the definition of pitch, the y; can only be
set as an integer. Therefore, in order to make full use of the
harmonic reduction ability of the short-pitch winding of the
proposed LHDERPMSM, the value of g shown in (3) should
be determined as 0.4s (s = 1,2...). When the s is determined
as 1, the g equals 0.4 and y; equals 1. At this time, the PESW

becomes the FSCW. The advantages of adopted FSCW are
shown as follows.

1) The end of the FSCW does not need to span several slots,
which significantly shortens the length of the winding end
and the prototype.

2) There is no overlap between the ends of the adjacent
coils, which is extremely easy for coil inserting

3) The PFSW means single tooth wound structure, which
allows more copper to be placed in the slot. A higher copper
filling factor plays a key role in improving the torque density
of the LHDERPMSM.

TABLE 1. Major parameters of the proposed LHDERPMSM.

Parameters Symbols Parameter
Rotor type - External
Rated power (kW) P 93
Rated voltage (V) Uy 1140
Stator slot VA 48
Frequency (Hz) f 22.67
Rotor OD (mm) R, 755
Pole number P 40
Rated output torque (kN-m) Ty 13.06
Overload multiple s 1.8
Permanent magnet - N38SH

When g is determined as 0.4, according to (3), the rela-
tionship between the stator slot number and pole number can
be expressed as (4). Therefore, the pole-slot combination of
the unit motor is determined as 10-12. Then, the pole-slot
combination of the whole LHDERPMSM is determined as
10s-12s (s = 1,2, 3...). As for the LHDERPMSM researched
in this paper, the outer diameter of the motor is limited
by the actual working conditions. Therefore, too much slot
number will lead to narrow stator teeth width and reduce
the mechanical strength of the stator. Finally, the pole-slot
combination of the LHDERPMSM proposed in this paper is
determined as 40-48. Table 1 presents the major parameters
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and symbols of the proposed LHDERPMSM.
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FIGURE 4. The comparison of the BEMF waveforms of the LHDERPMSM
with different pole-slot combinations.

In order to verify the superiority of the pole-slot combi-
nation of 40-48. Two LHDERPMSM have been redesigned
with pole-slot combination of 32-48 and 42-54, respectively.
Fig.4 shows the BEMF of the LHDERPMSM with these
three different pole-slot combinations, and Table 2 compares
the total harmonic distortion (THD) of the corresponding
BEMF. It can be found from Fig.4 and TABLE 2 that the
distortion of the 32-48 is the most severe. Furthermore, the
distortion degree of the BEMF of 40-48 and 42-54 is rela-
tively similar. By comparing the THD, it can be found that
the THD of 40-48 is lower, indicating a stronger ability
to suppress harmonics. Therefore, for the LHDERPMSM
studied in this paper, 40-48 is the most suitable pole-slot
combination.

TABLE 2. THD of no-load BEMF with different pole-slot combinations.

Combination 40 pole-48 slot 32 pole-48 slot 42 pole-54 slot
THD 8.04% 10.30% 8.6%

IV. NO-LOAD BEMF ANALYSIS

The rapid acquisition of the no-load BEMF is important
for improving the design efficiency of the initial parame-
ters of the LHDERPMSM. Although some initial work is
required to establish the no-load BEMF analytical model,
they are very time-consuming compared with FEA. Due to
the non-circular arc shape of the proposed straight-shape
PM of the LHDERPMSM, the PM not meet the boundary
condition of the traditional subdomain model. Therefore,
the traditional subdomain model cannot be used directly.
To solve this problem, the improved subdomain model based
on segmentation idea is presented. In order to simplify the
subdomain model, some assumptions are made as follow.
1) The PM is fully magnetized in the radial direction. 2) The
diameter of the ERPMSM is larger than the PM thickness,
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therefore, it is assumed that the two short edges of the PM
are along the radial direction.

Based on segmentation idea, the PM is segmented into N
pieces along the radial direction. When N is infinite, the outer
and inner edges of the small PM block are approximately
concentric with the rotor. Then the magnetic field correspond-
ing to each small PM block can be solved by traditional
subdomain model. After solving the magnetic field corre-
sponding to each small PM block, the complete magnetic
field of the LHDERPMSM can be obtained by superposition
along circumferential position.

\ 7
Straight-shape PM

1]

M. PM block
(=N/2)

o

FIGURE 5. The simplified diagram of the divided permanent magnet.

The simplified diagram of the segmentation of one PM is
shown as Fig. 5. In Fig. 5, the red rectangle represents the
whole PM. The small PM block obtained by segmentation is
shown as the green part. The whole PM is divided into two
symmetrical parts along the r-axis. Furthermore, the left part
is divided into N/2 pieces, as well as the right part. The central
angle of each part can be expressed as (5).

_7T0lp

0 = N )

where, ), denotes the effective pole arc coefficient. R, and
R,,; denotes the outer radius and inner radius of the PM
block, respectively. The expressions of R, and R,; can be
expressed as (6)-(7).

h

~ cos [ ap(i— 0.5)/(pN)]
hi

cos [ a,(j — 0.5)/(pN)]

(6)

Rumi

Rmo =

@)

where, h denotes the distance between the stator center to the
rectangular PM inner edge, /1 denotes the distance between
the stator center to the rectangular PM outer edge, j denotes
the serial number of the PM block. When the central angle
0 is determined, the angle range of each small PM block can
also be determined. Therefore, the magnetization of a pair of
permanent magnets can be expressed by a piecewise function,
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as shown below.

M, =0 b4 T, .
-0y, — <0 < —— 8
Mg:()] “p2p< < pNJ (®)
Mr:Br/MO T[ap. ]Tap.
——j<f<——=(G—-1 9
Mo =0 ] pNJ< < pN(l )
M, =0 Ta, . T ap
——(—-1D<b<—(1-—= 10
Mg:O] N U D<o< A=) (0
Mr = —Br /Mo T % . T_ T ;
—(1-—= 0 <———(1-—
Mo =0 } p( NJ)< <5 pN( )
(11)
M, =0 oWy N
Mo = 0] » _pN 1-j)<06<4 otp)zp
(12)

where, M, denotes the radial magnetization component, My
denotes the tangential magnetization component, B, denotes
the residual magnetic flux density, wo denotes the vacuum
permeability. Through Fourier analysis of (8)-(12), the radial
magnetization can be expressed as (13)-(14).

oo
My =D Mpcos(npf) (13)
n=1,3,5...
2B . (AT Oy . o/nmwoa,
= s [ (5 ~n (50 0)] 0

Secondly, for the PM block that j = N/2, the equivalent
outer and inner radius of the PM are equivalent as follows.

Rmij = Rmi — Ipc (15)
Rmoj = Rmo — Ilbe (16)

where, [ denotes the length between point b and point c,
as shown in Fig. 3. It should be notes that the length of [,
corresponding to each permanent magnet block is different.
In addition, the influence of the magnetic isolation bridge
on flux leakage will be described by the leakage coeffi-
cient og. Therefore, the air gap flux density can be expressed
as (17)-(19). The expression of the no-load BEMF can be
expressed as (20).

B (9)
NJ2 x

= Z Z — fpr(r) -kp(n) - cos(npH) (17)

j=123..n=135.. %0
fBr(r)

np=1 np—1 np+1

Z(L) +(RS) (R_) o
Kp(n)
_ —MHoM, np
T -l

(np — 1) Rmij / Rinoj)*"P+2 (Rmij | Rmoj)"" ' —~(np + 1)

1t |:1 B <&)2np:| -l [(&)2@_(@)2%}
Ky Rmoj My Rmij Rmoj
(19)
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2
= _ZNl RsLef Wy —
0o

np Oc
2

) (20)

where, p; denotes the relative permeability. R; denotes the
stator outer radius. N1 denotes the number of series turns per
phase. L.y denotes the stator core length. w, denotes angular
velocity. 6, denotes coil pitch.

In order to test the accuracy of the above improved
subdomain model for no-load BEMF calculation of the pro-
posed straight-shape LHDERPMSM. The FEA model of
the LHDERPMSM is established and the no-load BEMF is
obtained. The simulation and analytical results of the no-load
BEMF are shown in Fig. 6. It can be found that these two
waveforms are in good agreement. Therefore, the proposed
analytical model is reliable for the no-load BEMF calculation
of the proposed straight-shape LHDERPMSM.

: 3(5)2 P —FEA result
ZE --- Analytical result |
S <0 / \\\ nalytical result
S 250 // \
2 o
E -250
2 -500 \ /
-750 \‘\\r,/'/
-1000, 11 22 33 44

Time (ms)

FIGURE 6. Comparison of the no-load BEMF obtained by FEA and
analytical method.

V. LHDERPMSM PERFORMANCE EVALUATION

As for the traditional asynchronous motor, the efficiency of
the motor is greatly influenced by the load ratio, which limits
the energy-saving effect of the motor. As for the belt conveyor
proposed in this paper, the load ratio ranging from 0.3 to 1.
Furthermore, the expression of the electromagnetic torque
of the LHDERPMSM is expressed as (21). Therefore, with
the load ratio increase, a larger g-axis current is required.
The effect of g-axis and d-axis current on output torque
is shown in Fig. 7. It should be emphasized that when the
magnetic density exceeds 2.0T, the silicon steel sheet enters
the magnetic saturation zone.

Te=3/2-pYyiq 2n

where, ¥y denotes PM magnetic linkage, i; denotes the g-axis
current.

It can be seen that when the g-axis current excitation
is used along, the flux lines coupling stator core and the
rotor core are abundant, which is beneficial to improve the
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@ b)

FIGURE 7. Effect of d-axis and g-axis current excitation on flux
distribution. (a) No load condition. (b) Full load d-axis current excitation.
(c) Full load g-axis current excitation.
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FIGURE 8. Speed-load ratio-output power characteristics of the
LHDERPMSM.

7.0 1.0
L W
36 -e—Copper loss / 08
g —+-Stator core loss / '
= 4.21"-a-Rotor core loss " 0.6 =
- —=Efficiency / 'S
2 238 = 04 &
= / =
1.4 0.2
L
(})0 40 50 60 70 80 90 10

Load ratio (%)

FIGURE 9. Loss-load ratio-efficiency characteristics of the LHDERPMSM.

torque output capacity of the LHDERPMSM. Contrary to
the effect of g-axis current, d-axis current will generate
a magnetic field opposite to the excitation field, so as to
broaden the speed range of the LHDERPMSM. Since the
proposed LHDERPMSM is used for belt conveyor, the speed
of the motor is usually maintained at the rated speed and
does not change with the change of load. Fig. 8 denotes the
speed-load ratio-output power characteristics of the proposed
LHDERPMSM, and Fig. 9 denotes the loss-load ratio-
efficiency characteristics of the LHDERPMSM obtained by
FEA. Compared with traditional asynchronous motor, the
efficiency of the proposed LHDERPMSM can still be main-
tained at a high level during a wide load range, which is one
of the advantages of using LHDERPMSM to drive the belt
conveyor. Since the frequency of the LHDERPMSM is low,
the stator core loss and rotor core loss are low. For copper
loss, the proposed LHDERPMSM needs to drive heavy load,
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so the winding current is large, which leads to large copper
loss of the motor. High copper loss leads to high winding
temperature, which has a bad effect on slot insulation and PM.
Therefore, the temperature field analysis of LHDERPMSM is
crucial.

10,
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gO 40 50 60 70 80 90 100
Load ratio (%)

FIGURE 10. Torque ripple-load ratio characteristics of the ERPMSM.

Fig. 10 denotes the load ratio-torque ripple characteristics
of the LHDERPMSM. It can be seen that the torque ripple
decreases with the increase of the load. This is because
the saturation of the stator teeth increases with the torque
increase, resulting in small variation of the reluctance [22].
The overall torque fluctuation of the ERPMSM is at a
reasonable level.

VI. THERMAL ANALYSIS

As described in section V, due to high copper loss, the
LHDERMSM proposed in this paper has a higher risk of
PM high-temperature demagnetization and insulation fatigue.
Furthermore, the poor heat dissipation condition of the
LHDERPMSM further exacerbated these risks. First, the
stator of the LHDERPMSM is surrounded by the external
rotor, which is not conducive to the winding heat dissipation.
Second, the external surface of the proposed LHDERPMSM
is covered by a thick rubber layer to improve the fric-
tion. The lower thermal conductivity of the rubber further
inhibits the heat dissipation of the PM. Third, the proposed
LHDERPMSM is an explosion-proof motor, and the air gap is
sealed, which is not conducive to heat dissipation. Therefore,
the design of an efficient cooling system and thermal field
analysis are the major factors affecting the service life of the
LHDERPMSM for belt conveyor application.

At present, water cooling is the most direct and effective
way to reduce the motor temperature [23], [24]. Due to the
external rotor structure of the proposed LHDERPMSM, the
inlet and outlet of cooling water cannot be directly installed
on the shell like the outer stator PMSM. In order to real-
ize the water cooling of the proposed LHDERPMSM, the
structure of leading out the water inlet and outlet through
the shaft is presented in this paper. Generally, spiral water
channel is the most commonly used motor cooling structure
due to low water flow resistance. However, when the spiral
water channel is adopted for the proposed LHDERPMSM,
the water outlet and water inlet must be at both ends of the
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stator respectively. Therefore, water holes need to be drilled
at both ends of the shaft, one as the water inlet and the other as
the water outlet. This cooling structure design will not affect
the cooling capacity of the LHDERPMSM, but will affect the
extraction of the three-phase winding. Because the leading
out of the three-phase winding must also pass through the
shaft. Therefore, according to the structure characteristics of
the proposed LHDERPMSM, the Z-shape water channel is
adopted.

Water inlet

FIGURE 12. The water-cooling system structure of the proposed
LHDERPMSM.

Fig. 11 shows the schematic diagram of the whole
LHDERPMSM structure. The detailed structure of the
water-cooling system and the hollow shaft is shown
in Figure 12. It can be seen from Fig. 12 that two holes are
drilled axially on the one side of the shaft as the water inlet
and outlet. Furthermore, two inclined steel pipes are used to
connect the water channel in shaft and the Z-shaped water
channel in the stator support. In addition, the hole on the
other side of the shaft serves as the outlet of the three-phase
winding.

Some detailed parameters of the water-cooling structure of
the proposed LHDERPMSM are shown in Table 3. Due to the
need to open eight holes in the axial and radial direction of
the shaft to realize the design of water-cooling structure and
the extraction of the winding, this will have a negative impact
on the mechanical strength of the shaft. Therefore, the veri-
fication of the shaft strength is crucial. The analysis of the
mechanical strength of the shaft and some major components
will be presented in section VII.

The CFD is often used for thermal calculation of the motor.
In order to solve the problem of complex modelling process
and long calculation time of the CFD analysis of the pro-
posed LHDERPMSM caused by complex motor structure and

VOLUME 11, 2023

TABLE 3. Detailed parameters of the water-cooling system.

Parameter Value
Water cooling channel width (mm) 56
Water cooling channel height (mm) 15
Number of water-cooling-channel 16
Diameter of water inlet and outlet in shaft (mm) 30
Inlet and outlet pipe inner diameter (mm) 30
Flat key occupied width (mm) 60
Water velocity (m/s) 0.6

A}
Three-phase Water inlet and
winding outlet outlet

FIGURE 13. Node connections of the LPTN model of the proposed
LHDERPMSM.

large volume, the corresponding lumped parameter thermal
network (LPTN) model was established. Due to the heat
insulation effect of the rubber and belt, the convective effect
on the outer surface of the rotor is ignored. Figure 13 shows
the node connection of the LPTN model.

Node O denotes the cooling water channel; Nodesl-6
denotes the rotor steel rings; Nodes7-10 denotes rotor yoke;
Nodes 11-14 denotes PM; Nodes 15-18 denotes the sili-
con steel sheet circular ring between the PM and air gap;
Nodes 19-22 denotes the air gap; Nodes 23-26 denotes
the stator teeth; Nodes 27-32 denotes the stator winding;
Nodes 33-36 denotes the stator yoke; Nodes 37-40 denotes
the water-cooling plate; Nodes 41-42 denotes the air cavity;
Nodes 43-44 denotes the end cap; Nodes 45-46 denotes the
bearing. In addition, the relevant thermal resistance calcula-
tion can refer to [25].

Flat key

Unit: occupied regio

27992 Max
&57.191

] okeic]

§5.559
54.755
39586
31585
52.384
51.553
£0.721 Min

FIGURE 14. The diagram of the winding temperature distribution.

In this paper, the CFD is also conducted to verify the
accuracy of the LPTN model. The temperature distribution of
the stator winding and PM are shown in Fig. 14 and Fig.15,
respectively. Due to the difficulty of heat dissipation at the
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FIGURE 15. The diagram of the PM temperature distribution.

TABLE 4. The comparison of the PM and winding temperature calculated
by LPTN and CFD.

Component LPTN (°C) CFD (°C) Error (%)
PM 81.45 86.79 6.15%
Winding 83.63 87.99 4.96%

winding end, the temperature of the winding end is greater
than that in the middle. The maximum temperature of the
winding is about §7.992°. Furthermore, the maximum tem-
perature of the PM is about 86.785°. In addition, Table 4
compares the winding and PM max temperature calculated
by LPTN model and CFD.

It can be seen from TABLE 4 that there is an error between
the LPTN results and the CFD results. As for the CFD results,
since the stator support and the stator core need to be fixed
by a flat key, there is no water-cooling channel installed
on this part of the stator support, which leads to a high
temperature rise of the PM and winding of the corresponding
region. However, as for the LPTN model, the existence of
the flat key was ignored and it was assumed that the water
channels were uniformly distributed within the stator support.
Therefore, the temperature results calculated by LPTN are
small. Due to the small error of the LPTN and CFD results,
it is reliable to quickly obtain the temperature of the pro-
posed LHDERPMSM through the established LPTN model.
In summary, both simulation and calculation results indicate
that the temperature of the winding and PM is controlled
within a safe range by using the proposed water-cooling
structure, which verifies the effectiveness of the proposed
water-cooling system.

VII. MECHANICAL STRENGTH ANALYSIS

The straight-shape rotor part is the major torque output
components of the proposed LHDERPMSM. Many trade-
offs exist between the electromagnetic performance and the
mechanical strength of the rotor structure of the proposed
LHDERPMSM. For instance, by reducing the thickness of
the magnetic isolation bridge, the flux leakage of the rotor
can be reduced and the electromagnetic performance of the
motor can be improved, but the mechanical strength of the
rotor will be reduced. Therefore, it is necessary to ver-
ify the mechanical strength of the proposed rotor structure
while ensuring its excellent electromagnetic performance.
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Furthermore, as shown in Fig.12, since multiple holes need
to be drilled in the shaft along axial and radial direction,
the interior of the shaft is no longer solid, but a complex
hollow structure. The large output torque reaction force and
the gravity of the LHDERPMSM put forward high require-
ments on the mechanical strength of the shaft. Therefore, the
analysis of the shaft strength is also a top priority. Ansys is
regularly used to calculate the mechanical deformation of the
complex mechanical structure, and the results are close to the
actual situation. When the mechanical strength of the rotor
and shaft is analyzed by Ansys, the mechanical parameters
of the material are shown as follows.

1) The rotor core is made of silicon steel sheet DW465-
50. The mechanical characteristics of DW465-50 are shown
as follow: density p = 7650kg/m3, Young’s modulus E =
2.05 x 105 MPa, Poisson’s Ratio y = 0.27, yield strength
[os] =390MPa, and ultimate tensile strength [ot] = 500MPa.

2) The shaft is made of 40Cr. The mechanical charac-
teristics of the 40Cr are shown as follows: density p =
7850kg/m3, Young’s modulus E =2.11 x 105 MPa, Poisson’s
Ratio y = 0.29, yield strength [o's] = 785MPa, and ultimate
tensile strength [ot] = 980MPa.

TABLE 5. Mechanical stress and displacement analysis of the rotor core.

Torque Displacement (m) Von Mises Stress (Pa)
Unit:m Unit: Pa
13.06  |Hoor R
kN-m s
Max:2.893e-5
23.51 kN-m|
Max:5.207e-5 Max:8.496e7

Table 5 shows the contour plots of the Von Mises stress dis-
tribution (result unit: Pa) and Displacements (result unit: m)
results of the rotor core under rated load condition and
short-term maximum overload condition. It can be seen
that under rated load condition, the maximum displacement
occurs at the magnetic isolation bridge of the central part
of the core, about 0.0289mm. Furthermore, the max stress
occurs at the root of the magnetic isolation bridge, about
47.2MPa. When under overload condition, the max displace-
ment and stress are about 0.0521mm and 84.96 MPa, and
the occurrence position is the same as that under rated load
condition. Both stress and displacement are within the safety
range.

Table 6 shows the contour plots of the Von Mises stress dis-
tribution (result unit: Pa) and Displacements (result unit: m)
results of the shaft under rated load condition and short-term
maximum overload condition. It can be seen that under
rated load condition, the max displacement occurs at the
contact position between the stator core support and shaft,
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TABLE 6. Mechanical stress and displacement analysis of the shaft.

Torque Displacement (m) Von Mises Stress (Pa)
Unit: m Unit: Pa
56755 1358228 Max
5044525 1.2083e5
441395 105738
37834=.5 90626eT
13.06 3152825 7552267
252225 B0417eT
kN'm 1891725 4531327
1261125 3020827
£3056e.6 1510527
o Min 245.25 Min
Max: 5.675e-5 Max:1.359e8
Unit:m Unit: Pa
9.5476e-5 2434668 Max
848655 216418
7425905 1893663
63651e5 16281a3
5304205 1352668
23.51 42434e-5 108218
kN'‘m 318255 811547
21217=5 5410327
108085 2705167
© Min 63.568 Min
Max:9.548e-5 Max:2.435¢8

about 0.057mm. Furthermore, the maximum stress occurs
at the shaft near the motor support, about 135.9MPa. When
under maximum overload condition, the max displacement
and stress are about 0.095mm and 243MPa, and the occur-
rence position is the same as that under rated load condition.
Both stress and displacement are within the safety range.
Therefore, through reasonable parameter design, the mechan-
ical strength of the straight-shape rotor structure and the
hollow shaft proposed in this paper for LHDERPMSM can
be guaranteed.

Load motor [

‘ ————y

Transmission |||
drum I

FIGURE 16. The experimental platform of the prototype LHDPMSM.

VIII. EXPERIMENT VALIDATION

In this paper, the prototype LHDERPMSM has been manu-
factured and tested to validate the design concept introduced
in this paper. The prototype LHDERPMSM testing platform
is shown in Fig.16. An inner rotor PMSM is served as the
load motor, and the connection with the prototype is realized
by the turnabout drum and belt.

Fig. 17 shows the measured no-load BEMF of the proto-
type LHDERPMSM. The root mean square (rms) value and
the THD of the no-load BEMF obtained by analytical method,
FEA method and experiment are compared in Table 7. It can
be seen that the rms value and THD obtained by the proposed
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FIGURE 17. The experimental waveform of the no-load BEMF of the
prototype.

TABLE 7. RMS value and THD of the no-load BEMF.

Type BEMF (V)  BEMEF Error (%)  THD(%)
Analytical result 533.9 2.72 8.20
FEA result 552.4 0.66 8.04
Experiment result 5488 0 - 4.03

improved subdomain model are close to the experimental
result, proving the accuracy of the model.
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FIGURE 18. The tested winding temperature of the prototype
LHDERPMSM.

In order to measure the winding temperature, the Pt100
is placed in advance in the stator slot and close to the flat
key occupied region. Record temperature data every 25 min-
utes. The temperature variation trend of the stator winding is
shown in Figure 18. It can be seen from Fig.18 that the max-
imum winding temperature is about 91.9°, which meets the
LHDERPMSM initial design requirements and demonstrates
the effectiveness of the proposed cooling system.

TABLE 8 compares the winding temperatures obtained
by CFD, LPTN and the experiment. The error between the
results of CFD, LPTN and the experimental result is very
small, which verifies the reliability of the LPTN model and
CFD model.

Figure 19 compares the efficiency of the prototype
LHDERPMSM under different load condition. It can be seen
from Figure 19 that although the load has changes, the effi-
ciency of the prototype has always remained at a high level.
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TABLE 8. Comparison of the winding temperature of the LHDERPMSM.

Method CFD LPTN  Experiment  Error (%)
Temperature (°C)  87.99 - 91.9 4.25
Temperature (°C) - 83.63 91.9 9.00

100

90

80

70

Efficiency (%)

60

59’10 50 60 70 80 90 100

Load ratio (%)

FIGURE 19. The tested efficiency of the prototype LHDERPMSM under
different load condition.

This advantage is not possessed by asynchronous motors.
Therefore, replacing the original asynchronous motor with
LHDERPMSM is beneficial for improving the energy-saving
performance of the belt conveyor.

In addition, during the long-term full load experiment
process, the prototype operated stably without any abnormal
phenomenon such as chamber sweeping or sudden increase
of electromagnetic noise, which verified the mechanical
strength of the straight-shape rotor structure and the hollow
shaft.

IX. CONCLUSION

In this paper, in order to improve the operating performance
of the traditional belt conveyor, a kind of LHDERPMSM
for driving belt conveyor is introduced. The full paper pro-
vides a detailed study of all key issues in the design process
of this type of motor. First, the selection rules for the
pole-slot combination were determined and validated. Then,
an improved subdomain model based on segmentation idea
is proposed for fast calculation of the no-load magnetic field.
In order to intuitively reflect the energy-saving advantages
of the proposed LHDERPMSM, the efficiency of the motor
under different load ratio is analyzed by FEA. Furthermore,
an inner-stator water cooling structure is proposed based on
Z-shaped water channel and hollow shaft for LHDERPMSM
cooling enhancement, and a corresponding LPTN model
was established to achieve the goal of fast temperature cal-
culation. Moreover, the mechanical strength of the main
components such as straight-shape external rotor core and
hollow shaft was verified under rated load condition and
maximum overload condition to guarantee the safe operation
of the LHDERPMSM. Finally, a prototype has been manu-
factured and tested to validate the design concept proposed
in this paper. The high degree of the coincidence between
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the experimental results and the theoretical results verifies the
accuracy of the theory proposed in this paper.
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