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a b s t r a c t

Clearance-fit (side-fit) spline joints are a key component in a permanent magnet synchronous motor
(PMSM) in electric submersible pumping wells. The nonuniform spline clearance affects the output
performance of a PMSM. A concept for energy conservation is optimized in this study to improve the
modeling accuracy of electromagnetic torque. However, most existing computation models are one-way
model with a magneto-mechanical simulation. In this study, a more accurate two-way coupling method
is presented for simulating the electromagnetic and mechanical characteristics of PMSM. Additionally,
importance should be attached to this two-way magneto-mechanical coupling methodology in an actual
simulation. The coupled power, electrical and magnetic energy, and electromagnetic torque equations
are solved iteratively until convergence for PMSMs with a segmented rotor and a non-segmented rotor.
The optimal electromagnetic torque is obtained for different rotor configurations with the change of
temperatures and rotational speeds. The results show that the output performance and electromagnetic
torque of the PMSM are seriously affected by the effects of two-way magneto-mechanical coupling and
nonuniform spline clearance. The proposed two-way coupling model gives more reasonable predictions
than other one-way models do, because the power transfer between the electrical and magnetic energy
can be modeled more accurately. The self-centralizing performance of clearance-fit splines and the
sensitivity to the radial clearance magnitude lead to the reduction of the electromagnetic torque for the
PMSM. Additionally, the electromagnetic torques decrease with the enhanced rotor temperatures and
rotational speeds. The best rotor temperature and rotational speed are chosen through a comparison of
the experimental results, and then the optimal electromagnetic torque is provided to ensure the output
performance of the PMSM in electric submersible pumping wells.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

With the development of oil production and permanent magnet
technology, permanent magnet synchronous motor technology has
Liu), 20090053@upc.edu.cn
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advanced rapidly (Ahmed and Toliyat, 2007; Zhu et al., 2007; Ji,
2008; Hao et al., 2019; Isildar et al., 2019; Wan et al., 2020; Liu
et al., 2023) in electric submersible pumping wells. PMSMs are
becoming increasingly popular due to their high efficiency, power
density, power factor, and reliability (Morimoto et al., 2001; Cui
et al., 2020; Yang et al., 2020). A spline system consisting of the
internal spline and an external spline is widely utilized in PMSMs
(Cortes et al., 2019; Johnson and Affam, 2019; Ahn et al., 2021;
Klemz et al., 2021). Due to assembly and manufacturing errors,
nonuniform spline clearance impacts the performance of PMSMs
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(Fang et al., 2021; Qiao et al., 2013; Zhang and Yang, 2022).
Therefore, to precisely forecast the electromagnetic andmechanical
characteristics of PMSMs in electric submersible pumping wells, it
is essential to take into account the impact of spline clearance.

The use of PMSMs in petroleum exploration has increased in the
last two decades. Significant efforts have beenmade to optimize the
design and simulation of PMSMs to improve their mechanical
characteristics in electric submersible pumping wells. A method of
multi physical domain coupling thermal analysis based on control
circuit, electromagnetic and thermal was presented. The validity
and accuracy of the multi physical domain coupling thermal anal-
ysis method were verified. The temperature rise distribution of key
components was accurately simulated using the method (Chen
et al., 2017). The extracted modes were studied and the associ-
ated Finite Element modal analysis was carried out. Preliminary
analysis for identifying the core stiffness from its modal charac-
teristics was presented. Based upon the identified parameters
rotor-dynamic analysis was performed for critical speed calculation
(Singhal et al., 2011). The modal parameters of the whole PMSM
were calculated by using the substructure modal synthesis method.
The weak links of the motor were found out and the structure
optimization was carried out. The modal parameters of the motor
were obtained through the frequency domain analysis method, and
the FEA result was confirmed by the modal test of the motor (Zhao
et al., 2020). A multi-objective optimization algorithm was
employed to determine the rotor design parameters which maxi-
mized the output torque of the PMSM over three different load
conditions (no load, rated load and maximum speed load) (Wang
et al., 2022). A design of line start permanent magnet synchro-
nous motor with consequent magnetic pole was proposed. The
number of the permanent magnets (PMs) in the proposed structure
was 25% less than the PMs utilized in conventional motors, which
could potentially decrease the manufacturing expenses, in partic-
ular, in larger size motors (Ghoroghchian et al., 2020).

The rotor of an SR-PMSM comprises several segment rotors
connected by splines (Wang et al., 2012; Rallabandi and Fernandes,
2014; Fan et al., 2022). The splines of a PMSM typically transfer a
load in complicated subsurface environments. Consequently,
excessive wear often occurs before the splines reach their expected
life, which can result in the occurrence of clearance fits at the spline
joints (Ding et al., 2017; Dong et al., 2019; Chen et al., 2022). The
spline clearance changes the torsion angle of the rotor and signif-
icantly affects the output performance of a PMSM in electric sub-
mersible pumping wells.

In this study, a two-way magneto-mechanical coupling method
for a PMSM is investigated based on the traditional one-way
coupling method. We improve the accuracy of the traditional
model and we propose a novel model to calculate the electro-
magnetic torque of a PMSM in electric submersible pumping wells.
To verify the feasibility of this method, different coupledmodels are
used to calculate the electromagnetic torque of a PMSM. The
PMSMs are analyzed first using one-way coupling and then using
two-way coupling. Then, a comparison between the mechanical
characteristics of a permanent magnet synchronous motor with a
non-segmented rotor (NSR-PMSM) and a permanent magnet syn-
chronous motor with a segmented rotor (SR-PMSM) is presented
based on 3D-FEA under different operating conditions. Finally, the
influences of the rotor structure on the mechanical characteristics
are further discussed based on the prototype experiment.

2. Mathematical model of electromagnetic torque for a
PMSM

When a PMSM is running steadily in electric submersible
pumping wells, the energy stored in the air gap magnetic field
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changes. A small amount of magnetic energy is converted into
mechanical energy and drives the rotation of the rotor (Wang et al.,
2009; Hasanien, 2010; Gao et al., 2019).

According to the Energy Conservation Law, the following
equation represents the electrical energy consumed by the system.

dWe ¼dWmech þ dWm ¼ tedqr þ dWm (1)

where dWmech is the energy converted from electrical energy to
mechanical energy in J, dWm is the energy converted from electrical
energy to magnetic energy in J, dqr is the electrical angle between
the d-axis and the synthesizedmagnetic field direction of the stator
in rad, and te is the electromagnetic torque in N$m.

Some of the electrical energy input (Yang and Zhang, 2008) to
the system is converted into magnetic energy (Redinz, 2023) and
some is converted into mechanical energy (Duarte et al., 2018) to
drive the rotor. Eq. (2) can be used to determine the total power
input to the system.

dWe ¼jr
Lr

djr þ isdjs (2)

where is is the current in the stator winding in A, jr is the rotor
magnetic flux in Wb, Lr is the self-inductance of the rotor winding
in H, and js is the stator magnetic flux in Wb.

The amount of total electrical energy converted into magnetic
energy can be represented as:

dWm ¼ vWm

vqr
dqr þ jr

Lr
djr þ isdjs (3)

Eqs. (1)e(3) are solved for the electromagnetic torque te of
PMSM (Spalek, 2010; Nishino et al., 2017), as follows:

tedqr ¼dWe �dWm ¼jr
Lr

djr þ isdjs

� jr
Lr

djr � isdjs �
vWm

vqr
dqr¼ � vWm

vqr
dqr

(4)

Disregarding themagnetic reluctance of the iron core, the stored
energy of the motor magnetic field (Morimoto et al., 2014; Li et al.,
2019) can be expressed by:

Wm ¼ j2
r

2Lr
þ isMsr

jr
Lr

cos qr þ 1
2
Lsi2s (5)

where Msr is the maximum mutual inductance between the stator
and the rotor in H.

The electromagnetic torque te can be derived by substituting Eq.
(5) into Eq. (4), as follows:

te ¼ � vWm

vqr
¼ isMsr

jr
Lr

sin qr (6)

The PMSM generates electromagnetic torque to drive the rotor
rotation due to the angular mismatch between the stator and rotor
magnetic fields (Kim et al., 2005; Lim et al., 2017; Ilka et al., 2018).
Spline clearance leads to an angular shift of the rotor and changes
the position of permanent magnets on the rotor, resulting in the
electromagnetic torque of the motor being affected. The electro-
magnetic forces exerted on the PMSM rotor with a high aspect ratio
tend to deform it, reducing the electromagnetic torque. These fac-
tors have an influence on the electromagnetic torque of the PMSM,
which is why the decline rate of the electromagnetic torque is
calculated (Zhang et al., 2007; Guemes et al., 2011; Hong et al.,
2014; Xu et al., 2023). The linear density of the electromagnetic
torque r at a distance x from the drive end can be obtained with the
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following equation:

r¼ te sinðqr þ pdrðLr � x� nLrÞ � ðn� 1ÞpdsÞ
Lr

(7)

where p is the number of pole pairs, dr is the torsion angle per unit
length in rad, ds is the torsion angle of the spline in rad, and Lr is the
length of the segmented rotor in mm.

Considering the torsional deformation of the shaft leading to
torque reduction, the optimized electromagnetic torque Te can be
determined as follows:

Te ¼
Xn

n¼1

sinðq� ðn� 1ÞpdrLr=2� ðn� 1Þpds ÞsinðpdrLr=2Þ
pdrLr=2n

te

(8)

Most existing computation models are one-way model with a
magneto-mechanical simulation. In this study, a more accurate
two-way coupling method is presented for computing and simu-
lating the electromagnetic andmechanical characteristics of PMSM.
The coupled power, electrical and magnetic energy, and electro-
magnetic torque equations are solved iteratively until convergence
for the NSR-PMSMs and the SR-PMSMs with a segmented rotor and
a non-segmented rotor.
Table 1
The main dimensions and parameters of two PMSMs.

Parameters NSR-PMSM SR-PMSM

Rated power P, kW 7.5 7.5
Rated voltage U, V 380 380
Number of poles p 16 16
Number of slots Z 18 18
Rated speed n, rpm 500 500
Rotor length s, mm 2600 (600 þ 50)�4
Number of total turns N 100 100
3. Comparison of electromagnetic torque according to
coupling methods

To evaluate the electromagnetic and mechanical characteristics
of two PMSMs in electric submersible pumping wells, we provide
three-dimensional models of the SR-PMSM and NSR-PMSM. The
external spline is located on the outer surface of the shaft, while the
internal spline is located on the inner surface of the hole. There is a
clearance fit between adjacent segment rotors. And the nonuni-
form clearance is located between the external tooth profile of the
internal spline and the internal tooth profile of the external spline
of a PMSM, as shown in Fig. 1. The variation of spline clearance due
to the existence of load fluctuations can be affected by these factors
such as the material of motor shaft and the high ambient temper-
atures, which will make the numerical simulation more compli-
cated. Consequently, the influence of dynamic clearance changes on
electromagnetic torque is ignored for the characteristic analysis of
PMSM. And the average spline clearance is 250 mm (Liu et al., 2021).

The numerical simulation of two PMSMs including the rotor,
the stator core and the permanent magnet is implemented, and
the electromagnetic characteristics are obtained from FEA. The
main dimensions and parameters of the two PMSMs are set, as
Fig. 1. The spline clearance of a perma
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shown in Table 1.
Fig. 2(a) shows the machine topology of the 18-slot and 16-pole

PMSM. The PMSM consists of two essential components: the stator
core with winding and the rotor embedded with permanent
magnets, and the two PMSMs differ in their rotor and mechanical
structures (Zhang et al., 2018). It can be seen that both PMSMs
possess identical stator structures, which are composed of eighteen
cores. The eighteen stator cores are evenly arranged along the rotor.
The only difference between these two PMSMs is the rotor struc-
ture. The rotor of the SR-PMSM consists of four separate sections on
which 16 permanent magnets are embedded (Akpan et al., 2001;
Khulief and Al-Naser, 2005; Iwashita et al., 2020). The length of
each segmented rotor is equal to that of each segmented stator. The
rotor of the NSR-PMSM is a block without segments like a common
rotor.

Fig. 2(b) illustrates the design variables of the motor. The com-
parison between the NSR-PMSM and the SR-PMSM is made based
on finite element analysis (Kim, 2001; Freytag et al., 2011). To
ensure a fair comparison, the two PMSMs have the same basic di-
mensions as well as the number of coils per slot, the material, and
the connection types of winding.

In this section, we analyze the electromagnetic and mechanical
characteristics of the PMSM using one-way coupling and two-way
coupling methods and examine the relationship between the
coupling methodology and the simulation results.

The strain and torque of PMSM are calculated with the help of
solving the magnetic field by Maxwell module and importing the
magnetic force acting on the permanent magnet into Transient
Structural module for one-way coupling methodology.

The proposed two-way coupling computation model is verified
by finite element method by using ANSYS on each cell zone
throughout the PMSM rotor. The strain and torque of PMSM are
calculated with the help of solving the magnetic field by Maxwell
module and importing the magnetic force acting on the permanent
magnet into Transient Structural module. And then the shaft strain
nent magnet synchronous motor.



Fig. 2. Configuration of permanent magnet synchronous motor studied. (a) Three-dimensional model; (b) Design variables of the motor.
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of PMSM obtained from Transient Structural module for one-way
coupling methodology is imported into Maxwell module again in
order to analyze the magnetic force for two-way coupling meth-
odology. Moreover, the magnetic force calculated is imported into
Transient Structural module again to compute the strain and torque
on the motor shaft for two-way coupling methodology. And repeat
the previous step until the relative error between the calculated
torques is less than 1%.

Compared with two-way coupling methodology, these param-
eters such as the shaft strain and magnetic force of PMSM need not
be imported into Maxwell module and Transient Structural module
again and there are no subsequent iterative processes for one-way
coupling methodology.

The three-phase current of PMSM stator winding (Korasli, 2008;
Han et al., 2022) is expressed by Eq. (9).

8<
:

iA ¼ imsinð2pft þ qÞ
iB ¼ imsinð2pft þ qþ 2p=3Þ
iC ¼ imsinð2pft þ q� 2p=3Þ

(9)

where iA, iB and iC are the three-phase currents of the stator
winding in A, im is the maximum value of the three-phase current
in A, f is the frequency of the three-phase current in Hz, t is the
working time of PMSM in s, and q is the initial phase angle of the
current in rad.

Fig. 3 shows the electromagnetic torques of the PMSM with
different motor spline clearances using the one-way and two-way
coupling methodologies. And the calculated results of electro-
magnetic torque are compared with the measured ones. It is
observed that the spline clearance of the motor is inversely pro-
portional to the electromagnetic torque. When the spline clearance
is increased from 150 to 350 mm, the electromagnetic torque is
dropped by about 10%. The average error between the simulated
Fig. 3. Variation curves of motor electromagnetic torque with different spline clear-
ances using the one-way and two-way coupling methodologies.
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results and the measured results is 11.85%, while the electromag-
netic torques of the PMSM are computed by the one-way coupling
method. Furthermore, the average error between the simulated
results and the measured results is only 4.13%, while we use the
two-way coupling method proposed to analyze the electromag-
netic torques. It can be concluded that the two-way coupling
method provides a more accurate estimation of the electromag-
netic torque than the one-way coupling method.

4. Results and interpretation of model

4.1. The influence of the spline clearance of the PMSM on the
mechanical characteristics

To investigate the impact of spline clearance on the stress-strain
behavior of the PMSM in electric submersible pumping wells, the
stress-strain of the PMSM is analyzed using a two-way coupling
method. There are many nodes that need to be processed and
calculated at the spline teeth while meshing the three-dimensional
solid model with the complicated multi-tooth structure. And it
results in a large number of poor meshes generated and inaccurate
finite element results. Consequently, the complex structure at the
spline teeth has been simplified for the PMSM. And some unnec-
essary chamfers and shoulders have been removed from the spline
connection of the 3D model (Fig. 1). These removed chamfers are
composed of the edges of spline teeth and the boundary lines be-
tween each groove surface of spline grooves. These removed
shoulders are mainly located at the joint between spline and motor
shaft. The poly-hexcore mesh is used to achieve the electromag-
netic torques with two-way magneto-mechanical coupling while
this methodology can improve the predicted accuracies and save
the calculated resources. The mesh has been refined near the tooth
profiles of spline used in the PMSM.

The stress distribution of the NSR-PMSM and the SR-PMSM is
shown in Fig. 4(a) and (b). The strain distribution of the NSR-PMSM
and the SR-PMSM is shown in Fig. 5(a) and (b). It can be found from
the figures that the maximum stress and strain appear adjacent to
the surface of the spline joint. The problem of stress concentration
in the spline joint is investigated under the aforementioned
conditions.

The maximum stress-strain values of the PMSM at different
spline clearances are shown in Table 2.

The increase in the spline clearance leads to the decrease in the
maximum stress-strain of the SR-PMSM.When the spline clearance
is increased from 150 to 350 mm, themaximum stress is dropped by
5.86%, and the maximum strain is dropped by 5.89%. Consequently,
the spline clearance at the spline joint changes the torsion angle of
the rotor and reduces the electromagnetic forces applied to the
rotor.

Fig. 6 shows the electromagnetic torque of the two types of
motors at different spline clearances. The spline clearance (S) is set



Fig. 4. Stress distribution of PMSM rotor. (a) NSR-PMSM; (b) SR-PMSM.

Fig. 5. Strain distribution of PMSM rotor. (a) NSR-PMSM; (b) SR-PMSM.

Table 2
The maximum stress-strain of NSR-PMSM and SR-PMSM.

Rotor configurations Spline clearance, mm Maximum stress, Pa Maximum strain, m$m�1

NSR-PMSM 0 5.5396 � 105 2.7699 � 10�5

SR-PMSM 150 1.2825 � 106 6.4158 � 10�6

200 1.2670 � 106 6.3372 � 10�6

250 1.2475 � 106 6.2394 � 10�6

300 1.2276 � 106 6.1407 � 10�6

350 1.2073 � 106 6.0381 � 10�6

Fig. 6. Comparison of electromagnetic torque in NSR-PMSM and SR-PMSM with a
change in spline clearances.
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to 0 mm for the NSR-PMSM. There is no need for spline connection
between adjacent segment rotors of the NSR-PMSM. Therefore, a
spline clearance of 0 mm represents that the PMSM is not
segmented (NSR-PMSM). The other five curves show the variations
of the electromagnetic torque vs. time under different spline
4421
clearances for the SR-PMSM. And the spline clearances (S) of the SR-
PMSM are set from 150 to 350 mm. For the same conditions, the
NSR-PMSM rotor produces a significantly higher electromagnetic
torque than the SR-PMSM rotor.

The decline rate of the electromagnetic torque refers to the
percentage of electromagnetic torque drop on the SR-PMSM rotor
compared with the NSR-PMSM rotor. And it indicates the influence
of spline clearance on the electromagnetic torque of PMSM. The
decline rate of the electromagnetic torque at 150 rpm and a varying
spline clearance is shown in Fig. 7.

The decline rate of the electromagnetic torque exhibits a rela-
tively low value of 4.91% at a spline clearance of 150 mm. When the
spline clearance is 350 rpm, the decline rate of the electromagnetic
torque increases to 17.82%. This result confirms that the decline rate
of the electromagnetic torque is inversely proportional to the spline
clearance.
4.2. Comparison of electromagnetic torque according to operating
conditions

The range of the rotation speed for the PMSM driving the sub-
mersible screw pump in this study is 150e400 rpm. The electro-
magnetic torque in the two PMSMs at different motor speeds using



Fig. 7. Decline rate of the electromagnetic torque at different spline clearances.

Fig. 8. Variation curves of the motor electromagnetic torque in NSR-PMSM and SR-
PMSM under different rotational speed conditions.

Fig. 9. Variation curves of the motor electromagnetic torque in the NSR-PMSM and SR-
PMSM under different temperature conditions.
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the finite element method is obtained and compared in Fig. 8. The
PMSM is controlled by magnetic field orientation vector. The stator
currents are adjusted by themotor power device. And themagnetic
field positions of the motor rotor are measured by sensors such as
encoders. A certain relative position is maintained between the
magnetic fields of the stator and the rotor in order to realize the
precise control of the PMSM in electric submersible pumping wells.

With the increase in the motor's rotational speed, the electro-
magnetic torque of the PMSM decreases slightly. At a motor rota-
tional speed of 400 rpm, the electromagnetic torques of the NSR-
PMSM and the SR-PMSM are 53.34 and 50.22 N$m, respectively.
Compared with the NSR-PMSM, this represents a decrease of 5.85%
in the electromagnetic torque for the SR-PMSM. It can be found that
the variations of electromagnetic torque reduction due to the ex-
istence of rotational speed are basically the same for the SR-PMSM
and NSR-PMSM. But the NSR-PMSM exhibits a higher electromag-
netic torque than the SR-PMSM under different rotational speed
conditions. The main reason is that the effect of spline clearance on
the electromagnetic torque of the SR-PMSM and NSR-PMSM does
not vary with different rotational speeds, while it can be influenced
by the motor residual magnetism and the magnetic field of per-
manent magnet and stator coil.

PMSMs are commonly used in oil wells over several kilometers
deep (Huang et al., 2016; Zhang et al., 2017; Jia et al., 2021), where
the ambient temperature is high and heat dissipation is poor (Clegg
et al., 1990; Leupold and Potenziani, 1993; Moosavi et al., 2015). In
this study, we analyze the electromagnetic torque of a PMSM under
high-temperature conditions using finite element methods. Fig. 9
presents the electromagnetic torque of the two types of motors at
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different temperature conditions. Generally, electromagnetic tor-
que decreases with increasing temperature at any particular motor
rotational speed, but the decrease is substantially higher at high
temperatures than at low temperatures, in the temperature range
considered. When the motor rotational speed is approximately
150 rpm with a temperature of 60 �C, the electromagnetic torques
of NSR-PMSM and SR-PMSM are 62.34 and 58.66 N$m, respectively.
This indicates a decrease of 5.9% in the electromagnetic torque of
the SR-PMSM compared to the NSR-PMSMunder high-temperature
conditions.

Compared with the SR-PMSM, the variation of electromagnetic
torque reduction due to the existence of temperature under high-
temperature conditions is much higher than that in low-
temperature conditions for the NSR-PMSM. The main reason is
that the permanent magnet will gradually demagnetize under
high-temperature conditions, which results in the weakening of
the magnetic field strength of motor rotor. Moreover, the stator coil
is made of copper, and the conductivity of copper under high-
temperature conditions is slightly lower than that under low-
temperature conditions, which weakens the magnetic field
strength of motor stator and reduces the electromagnetic torque of
the PMSM. In addition, the high ambient temperatures will also
affect the viscosity of lubricating oil between stator and rotor and
the shaft strain of each part of the PMSM, and these parameters will
also have a small impact on the reduction of electromagnetic
torque.

The decline rate of the electromagnetic torque serves as an in-
dicator of the impact of spline clearance on the mechanical per-
formance of the PMSM. A higher decline rate of the electromagnetic
torque indicates the stronger effect of the spline clearance on the
electromagnetic torque. Fig. 10 shows the decline rate of the elec-
tromagnetic torque at different operating conditions.

It is observed that the increase in the motor's rotational speed
does not lead to changes in the decline rate of the electromagnetic
torque. However, the increase in the ambient temperature results
in a decrease in the decline rate of the electromagnetic torque. The
maximum decline rate of the electromagnetic torque by the SR-
PMSM at 400 rpm with a temperature of 60 �C is 7.04%. However,
the presentation of the minimum decline rate of the electromag-
netic torque is at a value of 3.92% when the motor rotational speed
is approximately 150 rpm with a temperature of 160 �C. It can be
concluded that there is no relationship between the influence of
the spline clearance on the motor output performance and motor
rotational speed, and the decline rate of the electromagnetic torque
is inversely proportional to the temperatures.



Fig. 10. Relationship between working conditions and electromagnetic torque.

Fig. 12. Variation curves of the motor load characteristics at different powers.
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5. The experimental results and interpretation

As shown in Fig. 11, a test platform was developed and experi-
ments were carried out to reveal the effect of the spline clearance
on the mechanical characteristics of PMSM. Fig. 11(a) illustrates the
spline of motor shaft applied in the experimental prototype PMSM.
The splines are used to connect adjacent motor shafts of segmented
rotors in a PMSM-driven rodless lifting system. The variations of
the decreased electromagnetic torque caused by the existence of
spline clearance are almost the same between the 18-slot and 16-
pole PMSM and the 12-slot and 10-pole PMSM. Moreover, the 12-
slot and 10-pole PMSM has been processed and manufactured,
and used as a prototype in the experiment. Consequently, the 12
slots and 10 poles are tested to verify the accuracy and the impact of
the spline clearance on electromagnetic torque of 18-slot and 16-
pole PMSM. And a 12-slot and 10-pole PMSM is used in the
Fig. 11. A test platform of PMSM and its experimental prototype. (a) Spline of mo

4423
experiment and the rated voltage and the power are 380 V and
7.5 kW, respectively (Fig. 11(b)). The output torque of the PMSM
motor is measured using a torque transducer installed on the mo-
tor's rotor.

The variation curves of the load characteristics at different
powers of the PMSM are presented in Fig.12. It can be observed that
the motor efficiencies are obviously low for the low-speed
(150e400 rpm) PMSMs. And the losses caused by segmented ro-
tors, centralizer bearings at the joints and thrust bearings at each
shaft end increase under high temperature conditions. The motor
efficiency of the PMSMwhose power is 15 kWdrops faster, which is
caused by an increase in the number of segmented rotors of the
motor and the total length of themotor.When the output rotational
speed of the motor is constant, the number of segmented rotors of
the motor is proportional to the motor losses, and the motor effi-
ciency is higher than 60% for the load factors in the range of 20%e
100%. This result indicates that the prototype of the PMSM meets
the industrial operational requirements.

The various internal splines with different specifications are
manufactured on the motor shafts, resulting in different clearance
fits and spline clearances. And the output torque of the prototype is
tested at different spline clearances to verify the impact of the
spline clearance on the output performance of the PMSM. Fig. 13
presents the variation curves of the electromagnetic torque at
different spline clearances.

The effect of the spline clearance on the electromagnetic torque
tor shaft; (b) Prototype PMSM, driver, converter and sensor of test platform.



Fig. 13. Experimental results of electromagnetic torque of PMSM at different spline
clearances.
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is analyzed using the electromagnetic torque model and finite
element analysis. The patterns of variation of electromagnetic tor-
que reduction due to the existence of spline gap are basically the
same for 18-slot and 16-pole PMSMs and 12-slot and 10-pole
PMSMs. The main reason is that the prototype PMSMs with 18-
slot and 16-pole and 12-slot and 10-pole used in the experiment
and finite element analysis are manufactured and made of multiple
segment rotors and have the same basic structure. And there is a
clearance fit between adjacent segment rotors. The spline clearance
of the motor is inversely proportional to the electromagnetic tor-
que. The shaft strain of PMSM enhances and the angle of magnetic
field between stator and rotor reduces with the increase in the
spline clearance, which leads to the faster decline of electromag-
netic torque on the motor shaft.

Moreover, the electromagnetic torque of 12-slot and 10-pole
PMSM decreases faster than that of 18-slot and 16-pole PMSM
with the increased spline clearance. The main reason is that 18-slot
and 16-pole PMSM used in finite element analysis is composed of
four segment rotors in order to ensure the quality of the grid, while
12-slot and 10-pole PMSM used in the experiment is made of more
segment rotors. The spline clearance in the front part leads to the
rotation of the motor shaft, which will affect the angles between
adjacent segment rotors. More segment rotors make the PMSM
more susceptible to the spline clearance.

The experimental and theoretical results of the electromagnetic
torque obtained from the electromagnetic torque model and
measurement are shown in Fig. 14.

The measured electromagnetic torque of the PMSM are
compared with the finite element analysis results. It can be seen
Fig. 14. Comparison of measured results and theoretical results of electromagnetic
torque.
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from the figure that the finite element analysis results agree well
with the measured results. The maximum relative error between
the finite element analysis and measured results for the SR-PMSM
is approximately 4.82%. The result demonstrates that the mathe-
matical model of electromagnetic torque is accurate.

6. Conclusions

The electromagnetic characteristics of PMSM with segmented
rotors were comprehensively investigated and compared with a
PMSM with non-segmented rotors through the two-way magneto-
mechanical coupling method and experimental verification. The
simulation results of the electromagnetic torque were compared
under different working conditions to analyze the effect of spline
clearances with different motors on electromagnetic torque.
Finally, a test platform of PMSMwas developed and a series of tests
were performed to verify the accuracy of calculation and
simulation.

The electromagnetic torques of NSR-PMSM and SR-PMSM were
calculated under different conditions and compared with the
measured results. The maximum errors between the simulation
and the measured torques in SR-PMSM are 11.85% and 4.13% using
the one-way coupling method and the two-way coupling method,
respectively. The electromagnetic torque of the PMSM is inversely
proportional to the spline clearance based on the simulation and
experimental results. The experimental results obtained from the
prototype agreewell with the theoretical results using the two-way
coupling method proposed.

The maximum stress-strain of the SR-PMSM is inversely pro-
portional to the spline clearance with the varied position of the
permanent magnets. The decline rate of electromagnetic torque is
proportional to spline clearance, and the presence of spline clear-
ance can lead to performance degradation in PMSMs. And the
decline rate does not enhance significantly with the output speed,
while it decreases with increasing temperature at some particular
rotational speed. Then the mechanical properties of PMSMs in
electric submersible pumping wells are more strongly influenced
by the spline clearance as the ambient temperature is constantly
rising.
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