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Abstract—For permanent magnet linear synchronous motor 

(PMLSM) working at trapezoidal speed for long time, high thrust 
brings high temperature rise, while low thrust limits dynamic 
performance. Thus, it is crucial to find a balance between 
temperature rise and dynamic performance. In this paper, a 
velocity planning model of the PMLSM at trapezoidal speed based 
on electromagnetic-fluid-thermal (EFT) field is proposed to 
obtain the optimal dynamic performance under temperature 
limitation. In this model, the winding loss is calculated considering 
the acceleration and deceleration time. The loss model is indirectly 
verified by the temperature rise experiment of an annular 
winding sample. The actual working conditions of the PMLSM 
are simulated by dynamic grid technology to research the 
influence of acceleration and deceleration on fluid flow in the air 
gap, and the variation rule of the thermal boundary condition is 
analyzed. Combined with the above conditions, the temperature 
rise of a coreless PMLSM (CPMLSM) under the rated working 
condition is calculated and analyzed in detail. Through this 
method and several iterations, the optimal dynamic performance 
under the temperature limitation is achieved. The result is verified 
by a comparison between simulation and prototype tests, which 
can help improve the dynamic performance. 

 
Index Terms—Permanent magnet linear synchronous motor, 

temperature rise, velocity planning, electromagnetic-fluid- 
thermal field, dynamic performance. 
 

I. INTRODUCTION 

N the application of processing, manufacturing and logistics 
transportation, permanent magnet linear synchronous motor 

(PMLSM) often works at the trapezoidal speed curve as shown 
in Fig. 1 and makes periodic reciprocating motion [1]-[5]. In 
order to finish the work within the specified time (such as 
material transportation, etc.), the maximum speed and 
acceleration limits are usually given. The acceleration, 
deceleration and uniform motion time of the mover are planned  
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Fig. 1.  Trapezoidal speed of PMLSM. 

by motion controller. In this case, for the sake of the thermal 
safety of the PMLSM, leaving a large margin is usually adopted 
to limit the motor temperature rise. In this way, the excessive 
margin is often selected, resulting in the mismatch between the 
work beat and production efficiency of the equipment 
equipped.  

When the operating state of PMLSM switches between 
acceleration, deceleration and uniform motion, the loss during 
the acceleration or deceleration is much higher than that during 
uniform motion, and the temperature rises rapidly [6]. The 
selection of the acceleration and maximum speed is not only 
closely related to the thrust performance but also has a complex 
nonlinear relationship with the electromagnetic loss and 
temperature rise. Furthermore, it determines the dynamic 
performance of the PMLSM. Therefore, in practical application, 
it is significant to consider both the electromagnetic thrust and 
the temperature rise limit.  

Many scholars have carried out theoretical research on the 
temperature rise calculation and velocity planning of PMLSM. 
In terms of temperature rise calculation, there are two main 
methods: thermal circuit and numerical method [7]-[10]. The 
thermal circuit method is computationally efficient, but the 
density of the nodes determines the calculation accuracy [7], 
[9]. The numerical method is suitable to model and analyze the 
temperature distribution in detail but requires a complicated 
modelling process and longer calculation time [11]. The 
advantages of thermal circuit and numerical method are 
integrated in [12]. The combined model of thermal circuit and 
temperature field of a tubular PMLSM is established to 
calculate the transient temperature rise. The fluid field model of 
PMLSM is simplified and separated from the coupling 
calculation, which greatly reduces the calculation time and 
improves the practicability [13]. To explore the relationship 
between the electromagnetism and thermal behavior of 
PMLSM, a two-dimensional (2D) finite element model (FEM) 
of the electromagnetism-thermal coupling based on a double 
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closed-loop algorithm is proposed, which comprehensively 
considers all materials and doubles the motor thrust with small 
water flow rate [14]. In addition, the fluid model of the PMLSM 
air gap is established by using the FEM, and the law of the 
airflow on each surface is obtained, which provides a basis for 
thermal analysis [15]. 

In the aspect of velocity planning, most researches are 
carried out from drive control. For example, the general 
algorithm of S-curve motion trajectory design is put forward in 
[16], which has high efficiency and application ability. The 
motion curve of PMLSM is designed to a sinusoidal curve, 
which reduces the machine tool vibration at the same execution 
time [17]. A double loop control structure is developed to 
maximize the convergence speed and achieve high steady-state 
accuracy [18]. 

There exist some questions that the above calculations on the 
temperature rise of PMLSM have not considered the 
differences of the loss, heat exchange, temperature when the 
motor works in the different speed curve. The existing motion 
planning is usually out of consideration of thermal factors as 
well, resulting in the failure of the dynamic performance of 
PMLSM to reach the optimal state.  

This paper focuses on a velocity planning model of PMLSM 
at trapezoidal speed based on electromagnetic-fluid-thermal 
(EFT) model. The EFT model of a coreless PMLSM 
(CPMLSM) is established, which considers the acceleration 
and deceleration state. The velocity curve is planned and the 
optimal dynamic performance under the temperature limitation 
is obtained. This paper mainly focuses on the change of the 
temperature rise and dynamic performance with the 
acceleration and deceleration state of the motor. The main 
contents include: In Section II, the structure and thrust 
characteristics of the CPMLSM are introduced. In Section III, 
the loss and fluid models considering the value and time of the 
acceleration and deceleration are established and verified. In 
Section IV, the velocity planning model of PMLSM at 
trapezoidal speed based on EFT field is proposed. The 
temperature distribution is calculated and the dynamic 
performance is optimized. The temperature rise and dynamic 
performance of a PMLSM prototype are verified in Section V. 
Finally, the conclusions are drawn in Section VI. 

II. STRUCTURE AND THRUST OF THE CPMLSM 

The structure of the CPMLSM is shown in Fig. 2. The 
primary is used as the mover, which is composed of windings 
and epoxy resin. The windings are mainly filled with epoxy 
resin to fix brackets and insulation. The secondary is used as the 
stator, which is composed of permanent magnets (PMs) and 
back yokes. The PMs adopt surface-mounted parallel 
magnetized magnetic poles. x, y and z of the triangular 
coordinate system represent the transverse, radial and axial 
directions of PMLSM. The main parameters of the prototype 
are shown in Table I. 

Fig. 3 shows the average thrust under different sinusoidal 
load currents and the maximum thrust variation with speed 
under limited power supply. The control method is id = 0. The 
output thrust changes linearly with load current. It can well  

 
Fig. 2. The structure of the CPMLSM. 

TABLE I 
CPMLSM PARAMETERS 

Parameters Value Unit 

Primary length 120 mm 
Coil height 5.1 mm 
Coil width 20 mm 

Turns of coil 120 -- 
PM height 7 mm 
PM width 13 mm 
Pole pitch 15 mm 

Airgap length 1.05 mm 
Rated speed 1.5 m/s 

Rated current 2.53 A 
Rated thrust 80 N 

Stroke 240 mm 

 

 
       (a)                                                       (b) 

Fig. 3.  Thrust changes with (a) current, (b) velocity. 

adapt to the application scenario of large-scale change of load 
thrust. At the same time, when the mover speed is low, the peak 
value of the thrust is large. Considering the thermal limit, it is 
possible for the CPMLSM to operate under short-term high 
overload conditions. 

III. THERMAL MODEL OF THE CPMLSM 

A. Loss Model 

During the operation of the PMLSM, it is inevitable to 
produce copper loss, core loss, eddy current loss in PMs, 
mechanical loss [19]-[21]. Since the CPMLSM doesn’t have an 
iron core structure, there is no core loss in the primary. The 
eddy current loss in PMs can be neglected due to the low-rated 
supply frequency. The mechanical loss can be calculated by 
empirical formula. Thus, copper loss is only considered 
emphatically. 

When the CPMLSM works at trapezoidal speed as shown in 
Fig. 1, the time the mover spent in making a reciprocating 
motion is considered as a period, defined as T. The acceleration 
and deceleration time are the same, defined as T1. The waiting 
intervals between each unidirectional movement are T2 and T3 
respectively, in which the motor loads objects, etc. Then, the 
proportion of acceleration and deceleration time D during a 
period is 
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 14 / ,0 1D T T D     (1) 

The proportion of the waiting intervals is 
 2 3( ) / ,0 1T T T      (2) 

The stroke of the mover is S, which is a constant. Under 
low-frequency speed response conditions, copper loss is 
determined by the current value and resistance. When the 
PMLSM operates in a periodic state, the current changes 
periodically and the copper loss changes accordingly. The 
motion equation and thrust formula of the CPMLSM in a round 
trip are as follows 
 em v fma F B v F    (3) 

 em f qF K i  (4) 

where m, a, v is the mass, acceleration and velocity of the 
mover, respectively. Fem, Bv, Kf and iq is the electromagnetic 
thrust, viscous friction coefficient, thrust coefficient and the 
q-axial current, respectively. Ff is the friction resistance. 

The effective phase current is obtained according to the 
conversion relationship between the three-phase and the 
two-phase rotating coordinate system. The average effective 
current I0 can be calculated by the effective phase current. 

 
3

2 2
0 0

1

3 3i i
i
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  (5) 

where Ii (i = 1,2,3,4,5) are the effective phase currents in 
acceleration, deceleration, uniform speed and two waiting 
intervals, respectively. ti (i = 1,2,3,4,5) are the times when the 
motor starts acceleration, deceleration, uniform speed, and two 
waiting intervals, respectively. R is the coil resistance. t0 is the 
total time required for the motor making a round trip. The 
copper loss of the motor in a round trip can be calculated 
through the average effective current. 

 2 2 2 2
0 1 2 3

3
3 [( ) 2 (1 )]

2CuP I R R I I D I D        (6) 

Because the current is determined by the acceleration 
concluded from (1), (2), the effective phase currents I1 and I2 
during the acceleration and deceleration are much greater than 
the current I3 at uniform speed. The waiting intervals are 
determined by the specific application of the PMLSM. Since 
the goal of this paper is to study the influence of the 
acceleration and deceleration on thermal condition, an 
assumption is made that the proportion of the waiting intervals 
is zero (μ=0). Thus, equation (6) can be expressed as 

 2 2 2 2
0 1 2 3

3
3 [( ) 2 (1 )]

2CuP I R R I I D I D      (7) 

According to the acceleration a in the velocity planning, the 
copper loss under the different proportion of acceleration and  

 
Fig. 4.  Copper loss under different acceleration a, and proportion of 
acceleration and deceleration time D. 

deceleration time D can be calculated. Fig. 4 shows the copper 
loss under different acceleration a and the acceleration and 
deceleration time D. When the proportion of acceleration and 
deceleration time D or acceleration a increases, the copper loss 
increases concomitantly.  

B. Verification for the Loss Model 

The winding loss model under different acceleration and 
proportion of acceleration and deceleration time is indirectly 
verified by testing the temperature rise of a single winding 
sample. The annular winding sample used in the flat PMLSM 
and the test platform are shown in Fig. 5. The annular winding 
sample adopts the self-adhesive wires with a diameter of 0.5 
mm, the insulation level of which is F. The temperature rises on 
the outer surface and inside the annular winding sample are 
obtained by the thermistor and thermal imager. 

 
Fig. 5.  Test platform and annular winding sample. 

When calculating the annular winding sample temperature, 
the equivalent layered conductor model is adopted [22]-[23]. 
Table II shows the thermal parameters of the conductor and the 
insulation layers. The surface of the annular winding is under 
natural convection. 

TABLE II 
MATERIAL THERMAL PARAMETERS 

Part 
Thermal 

conductivity 
W/(m·K) 

Density 
kg/m3 

Specific heat 
capacity 
J/(kg·K) 

Conductor layer 400 8900 390 
Insulation layer 0.35 1230 1560 

The annular winding is powered on with current density of 
10 A/mm2. The period T is 8 s. The percentage of power-on 
time, which refers to the proportion of acceleration and 
deceleration time D, is 25%, 50% and 75%, respectively. The 
families of the calculated and tested temperature rise curves on 
the outer surface of the annular winding sample are shown in 
Fig. 6. They are satisfied well with each other and the 
maximum temperature difference is no more than 4 ℃. When 
the annular winding sample reaches the heat balance, the tested 
values of the outer surface temperature are 47, 71 and 97.90 ℃, 
while the corresponding calculated values are 47.93, 73.60 and 
101.04 ℃, respectively. 

Meanwhile, the working environment of the PMLSM is 
diverse, and short-time high overload is one of the most 
common working conditions. In order to obtain the calculation 
accuracy of the loss model under the condition of short-time 
and high overload, the annular winding sample is powered on 
with current density of 30 A/mm2. The period T is also 8 s. The 
percentage of power-on time is selected as 25%, 50% and 75% 
as well. Considering the insulation limit, the corresponding 
power-on times are 2.4, 1.1 and 0.7 minutes, respectively. The 
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tested and calculated results are shown in Fig. 7. The tested 
values of the maximum winding temperature are 137.30, 
130.20 and 134 ℃, respectively. The corresponding calculated 
values are 135.76, 135.59 and 135.11 ℃. The tested values of 
the outer surface of the annular winding sample are 109.10, 
90.40 and 89.10 ℃, respectively. The corresponding calculated 
values are 109.29, 92.43 and 91.21 ℃. The errors between the 
tested and the calculated values are basically controlled within 
5%. Compared Fig. 7 (a) and (b), under short-time high 
overload working conditions, the winding temperature gradient 
is larger and there is more severe heating inside the windings. 

  
Fig. 6.  Tested and calculated temperature rise with the current density of 10 
A/mm2. 

 
(a) 

 
(b) 

Fig. 7.  Tested and calculated temperature rise with the current density of 30 
A/mm2. (a) Maximum temperature. (b) Outer surface temperature. 

The above results indirectly prove the validity of the loss 
model. 

C. Heat Transfer Coefficient 

Operating under complex working conditions, the 
convective heat transfer coefficient of the PMLSM is a 
complicated function depending on a variety of physical factors, 
such as fluid velocity, density, dynamic viscosity, thermal 
conductivity and specific thermal pressure [24]-[25]. The outer 
surface of the CPMLSM stator is in the natural cooling state. 
The heat transfer coefficient can be selected or calculated 
according to the experience and related theory.  

The air gap surface is in forced convection state. Since the 
CPMLSM is in the state of frequent reciprocating acceleration 
and deceleration and the mover is located between the stator 
interlayer, the airflow in the air gap is complex. The dynamic 

grid method is used to simulate the actual working conditions 
of the PMLSM and research the airflow characteristics in the 
air gap. On this basis, the influence of different working 
conditions on the convective heat transfer coefficient is studied, 
improving the accuracy of temperature rise prediction. 

Referring to [13], [15], ignoring the intervals between the 
PMs and influence of the temperature on the airflow on the 
outer surface, a 2D model of the CPMLSM fluid field model 
based on the dynamic grid method is established. The specific 
boundary conditions are as follows:  

1) Ignoring the influence of buoyancy and gravity, the air is 
an incompressible ideal gas. 

2) According to the Reynolds number, the laminar flow 
model is adopted. 

3) A standard atmospheric pressure is taken as the initial 
value, and the inlet and outlet are set as pressure boundary 
conditions. 

4) The contact surfaces between the motor and the air are set 
as no-slip conditions, and the mover is given the actual motion 
form by profile. 

The velocity distribution of the airflow in the CPMLSM air 
gap under different operating states is shown in Fig. 8. The 
airflow is unstable and some vortexes exist when the mover 
operates in an acceleration and deceleration state. Whereas, the 
velocity of the airflow is generally distributed in layers. Due to 
the existence of viscous force, the air velocity near the stator 
side is approximately zero and that near the mover side is close 
to the velocity of the mover. 

 

(a) 

 

(b) 

 

(c) 
Fig. 8.  Velocity distribution of air flow in the coreless PMLSM air gap. (a) 
Acceleration, v = 0.195 m/s, a = 15 m/s2. (b) Uniform speed, v =1.5 m/s, a = 0 
m/s2. (c) Deceleration, v = 0.195 m/s, a = - 15 m/s2. 

The value of the air velocity in the air gap and the air velocity 
in x-direction under different working conditions are calculated 
respectively for further research, as shown in Fig. 9. The air 
velocity is basically the same in the x-direction. There exists 
only a slight difference in the initial acceleration stage of the 
mover, which indicates that the airflow in the air gap mainly 
flows in the x-direction. In addition, at the beginning of the 
movement, the air flows in the opposite direction of mover 
motion, but the duration is too short. When the mover reaches  
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Fig. 9.  Air velocity in air gap under different working conditions. (a) 
D=11.32%, vmax=0.48m/s. (b) D=50%, vmax=1m/s. (c) D = 76.9%, vmax=1.5m/s. 
(d) D=100%, vmax=2m/s. 

the uniform speed, the airflow also enters the same state after a 
lag. At the time mover begins to decelerate, the air velocity has 
an upward tendency, which lasts shorter. In general, compared 
with the mover velocity variation, the airflow variation lags 
slightly. 

The existing references about fluid field calculation of the 
PMLSM mostly assume that the motor is stationary, and the 
inlet of fluid field model is set as velocity boundary, given an 
equivalent wind speed. The influence of acceleration and 
deceleration on the airflow is ignored. However, as shown in 
Fig. 9, the air velocity in the air gap is closely related to the 
acceleration and deceleration state. It directly affects the 
convective heat transfer coefficient. 

According to the above analysis, the fluid velocity in one 
cycle is averaged to simplify the calculation. The heat transfer 
coefficient of the air gap surface is calculated as [26] 
 h Nu l  (8) 

 0.6990.16Nu Re  (9) 
 Re ul v  (10) 

where h is the convective heat transfer coefficient and Nu is the 
Nusselt number. λ is the thermal conductivity; l is the length of 
the air gap; Re is the Reynolds number. u is the mover velocity, 
and v is the kinematic viscosity of air. 

Fig. 10 shows the air velocity and convective heat transfer 
coefficients. The average value of the air velocity without 
considering the acceleration and deceleration is greater than 
that considering the acceleration and deceleration state. The 
difference between them gradually rises with the proportion of 
acceleration and deceleration time increasing, from 0.02 m/s to 
0.33 m/s, resulting in the maximum error of 19 W/(m2·K) in 
heat transfer coefficient. In addition, although the max velocity 
of the mover increases by 0.5 m/s at D = 1 compared with that 
in D = 0.8, it has little impact on the average value of air 
velocity, only increasing by 0.033 m/s. The increase of the heat 
transfer coefficient is limited consequently. Rising the accelera- 

 
Fig. 10.  Air velocity and heat transfer coefficients. 

tion and deceleration time to increase the mover speed has a 
limited positive impact on the motor heat dissipation. 
Combining other methods to enhance motor heat dissipation 
capacity is necessary. 

IV. TEMPERATURE RISE CALCULATION AND VELOCITY 

PLANNING OF PMLSM BASED ON MULTI-PHYSICAL FIELD 

A. Temperature Calculation Model and Velocity Planning 

For the PMLSM with a certain stroke and operating at 
trapezoidal speed, its speed trajectory is fixed when the 
proportion of acceleration and deceleration time D and the 
acceleration a are determined. Therefore, the temperature rise 
calculation and velocity planning should be carried out at the 
same time. In industrial material transmission, the dynamic 
performance of PMLSM, determined after the velocity 
planning, is often evaluated by the number of round trips per 
second, which is defined as n. 

 
(2 )

0.25
aD D

n
S


  (11) 

n is closely related to the proportion of acceleration and 
deceleration time D and acceleration a, and improved with their 
increase. The model of temperature calculation and velocity 
planning is given in this section to obtain the optimal dynamic 
performance under the insulation limit. The flowchart is shown 
in Fig. 11. 

The acceleration a and the proportion of acceleration and 
deceleration time D are firstly given during PMLSM velocity 
planning. Then, the average thrust, as well as dynamic 
performance, is calculated. Much more, the acceleration a and 
the proportion of acceleration and deceleration time D are the 
input conditions of the electromagnetic field and fluid field, 
where the electromagnetic loss as the heat source and the heat 
transfer coefficient as the boundary condition are gained. 
Combined with the two factors, the PMLSM thermal field is 
simulated and analyzed. The electromagnetic loss is corrected 
according to the temperature of PMLSM to achieve the 
calculation convergence. After the velocity planning and 
temperature rise calculation, the maximum temperature of the 
PMLSM needs to be compared with the insulation limit 
temperature. The minimum requirement is the max temperature  

  

(a) (b) 

  

(c) (d) 
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Fig. 11.  Flowchart of the model of PMLSM at trapezoidal speed. 

is lower than the insulation limit temperature. Otherwise, redo 
the velocity planning and re-input the acceleration a and the 
proportion of acceleration and deceleration time D. Finally, the 
most appropriate working conditions and dynamic performance 
will be selected by comparing the dynamic performance n 
under all reasonable velocity curves. 

B.  Temperature Rise Calculation 

The acceleration a and the proportion of acceleration and 
deceleration time D of the CPMLSM are 15 m/s2 and 76.9 % 
respectively under the rated working condition shown in Fig. 9 
(c). The initial equivalent copper loss in one cycle is 32.10 W, 
whereas the final value is 39.82 W considering the effect of 
temperature. The difference between them is 7.72 W, which 
accounts for 19.39% of the initial equivalent copper loss. So it 
is particularly significant to consider thermal behavior of 
copper for PMLSM whose consumption is dominated by 
copper loss. What’s more, the heat transfer coefficient of the air 
gap surface considering the acceleration and deceleration state 
is 36.40 W/(m2·K) as shown in Fig. 10. The initial ambient 
temperature is 22 ℃. 

Fig. 12 shows the temperature rises of different components 
of the CPMLSM under the rated working condition. The 
temperature rise of the windings is the highest and fastest 
because the windings are the main heat source and have high 
thermal conductivity and low specific heat capacity. The 
temperature of the epoxy resin adjacent to the windings is a 
little lower than that of the windings. Since the secondary 
contacts with the primary indirectly through the air, there is a 
great temperature difference between them. The average 
temperature of the primary is 82.78 ℃ and that of the secondary 
is 37.48 ℃. The temperature of the PMs is nearly the same as 
that of the back yoke. 

The steady-state temperature distribution is shown in Fig. 13. 
The temperature of the primary gradually decreases from the 
center to both sides due to the poor conduction of insulating 
paint and epoxy resin. The maximum temperature of the 
primary reaches to 94.80 ℃ and the minimum temperature is 
60.42 ℃. The overall temperature difference of the secondary 
is small due to the good thermal conductivity of the back yoke 

 
Fig. 12.  Temperature rise curves of each component of CPMLSM under the 
rated working condition. 

 
Fig. 13.  Temperature distribution of CPMLSM in steady state under the rated 
working condition. 

 
Fig. 14.  Max temperature under different acceleration a, and proportion of 
acceleration and deceleration time D. 

and PMs. 
According to the analysis in Section III, the proportion of 

acceleration and deceleration time D and the acceleration a 
significantly influence heat source and boundary conditions of 
the thermal field, which are directly related to the temperature 
rise of PMLSM and its performance. Therefore, the maximum 
temperature of the CPMLSM under different proportion of 
acceleration and deceleration time D and acceleration a is 
calculated, as shown in Fig. 14. 

From Fig. 14, when the proportion of acceleration and 
deceleration time D or acceleration a increases, the maximum 
temperature increases accordingly. The reason is that the 
acceleration a determines the winding currents, and the 
proportion of acceleration and deceleration time D determines 
the average loss. They directly affect the heat source density. In 
addition, for PMLSM with natural cooling, it is difficult to 
lower the temperature by increasing the mover speed through 
rising the proportion of acceleration and deceleration time D, 
which is consistent with the analysis in the previous section. 
Meanwhile, for this CPMLSM, the insulation grade is F and the 
maximum temperature it can withstand is 155 ℃. In this case, 
the selection of the proportion of acceleration and deceleration 
time D and deceleration a is limited in Fig. 14.  
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C. Motion Planning 

For PMLSM with a certain stroke S, the number of round trips 
per second is determined by the acceleration a and the 
proportion of acceleration and deceleration time D concluded 
from (11). However, the dynamic performance n is determined 
by the proportion of acceleration and deceleration time D and 
improves with its increase when the acceleration a is constant. 
In this case, the average thrust remains unchanged. Therefore, 
the optimal dynamic performance at a fixed acceleration is 
determined by the maximum proportion of acceleration and 
deceleration time Dmax. Combined with Fig. 14, the optimal 
dynamic performance of CPMLSM under different working 
conditions is shown in Table III. 

TABLE III 
OPTIMAL DYNAMIC PERFORMANCE  

UNDER DIFFERENT WORKING CONDITIONS 

a 
(m/s2) 

Dmax 
Average thrust 

(N) 
Dynamic 

performance n 
Efficiency 

improvement 

7.5 1 40 1.39 -27.60% 
11.25 1 60 1.71 -10.94% 

15 1 80 1.97 2.60% 
15.94 1 85 2.03 5.73% 
17.25 0.86 92 2.09 8.85% 
18.75 0.75 100 2.13 10.94% 
22.5 0.5 120 2.09 8.85% 

26.25 0.37 140 2.03 5.73% 
Rated working condition 

15 0.769 80 1.92 0 

The maximum proportion of acceleration and deceleration 
time Dmax firstly remains unchanged and then decreases slowly 
with the increase of acceleration a. This is because the thrust of 
the CPMLSM improves with the increase of the acceleration a, 
resulting in current rising. The proportion of acceleration and 
deceleration time D can only be adjusted to achieve a dynamic 
balance between the heat source density and the heat transfer 
coefficients. With the following, the dynamic performance and 
efficiency improvement changes. Fig. 15 shows the trend of the 
dynamic performance more intuitively based on Table III. The 
dynamic performance n at low thrust is superior to that at large 
thrust under some circumstances. There is an optimal value of 
dynamic performance. Moreover, when the acceleration a is 
18.75 m/s2 and the proportion of acceleration and deceleration 
time D is 75 %, the average thrust is 100 N and the dynamic 
performance n is improved from 1.92 to 2.13 times per second. 
The working efficiency is improved by 10.94 %. 

 
Fig. 15.  Dynamic performance varies with average thrust. 

V. EXPERIMENT VALIDATION 

To verify the loss model considering the acceleration a and 
the proportion of acceleration and deceleration time D as well 
as the velocity planning model based on EFT field, an 
8-pole/6-slot CPMLSM is manufactured and tested. Its 
structure parameters are consistent with Table I. Fig. 16 shows 
the test platform, which is mainly composed of the 
8-pole/6-slot double-sided CPMLSM, drive controller, DC 
power supply, multimeter, etc. 

 
Fig. 16.  Temperature measurement experiment platform. 

When the CPMLSM makes periodic reciprocating motion, 
the heat transferring from the winding part to the secondary is 
limited. As a result, the temperature of the secondary is much 
smaller than that of the primary, which is consistent with the 
analysis in Section IV. Consequently, only the temperature rise 
of the windings is measured during the experiment, which is 
obtained by the electric resistance method. 

 i
i

i

R R

R
 




   (12) 

where θi is the initial temperature; Ri is the initial winding 
resistance; R is the resistance when the winding temperature is 
θ; α is the resistance coefficient of the copper. 

The primary windings are powered on with current density of 
17 A/mm2. The period T is 4 seconds. The percentage of 
power-on time account for 40 %, 60 % and 80 %, respectively. 
The initial ambient temperature is 22 ℃. By measuring the 
current and voltage during the temperature rise test, the 
resistance value is obtained. Then, the windings’ temperature 
rise curves under the mover static state are obtained through 
formula (12), as shown in Fig. 17. 

 
Fig. 17.  Tested and calculated temperature rise curves of the windings with the 
current density of 17 A/mm2 when the mover is static. 

For the same current density (acceleration), the higher the 
proportion of power-on time (acceleration and deceleration 
time), the faster the temperature rises. In addition, even if the 
percentages of power-on time are different, the calculated 
temperature rise matches well with the tested one. When the 
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winding is up to about 48 minutes, the CPMLSM temperature 
rise reaches the steady state. Table IV shows the temperature of 
the windings in steady state. The temperature rise difference 
between simulation and test is within 5 ℃. What’s more, with 
the increase of the proportion of power-on time, the 
temperature rise difference gradually decreases.  

TABLE IV 
TESTED AND CALCULATED 

WINDING TEMPERATURES IN STEADY STATE 

D Simulation (℃) Experiment (℃) Difference (℃) 

40% 52.14 56.16 4.02 
60% 72.5 71.37 1.13 
80% 100.3 100 0.3 

Meanwhile, the CPMLSM is controlled by the drive 
controller and the thermal behavior is investigated by the 
dynamic experiment. Fig. 18 shows the measured three-phase 
currents and mover velocity when the proportion of 
acceleration and deceleration time D accounts for 25 %. It is 
necessary to supply current to overcome the friction when the 
mover is at uniform speed. The current difference between the 
acceleration and deceleration is small due to the poor frictional 
force. Moreover, the current during acceleration and 
deceleration is much larger than that at uniform speed as 
analyzed in Section III. The whole current curves change 
periodically. The tested velocity can well follow the target one, 
which means the dynamic performance of the CPMLSM can 
reach the design requirements. 

Fig. 19 compares the tested and calculated temperature rise 
under four working conditions. The stroke S is 0.3 m. When the 
acceleration a is 8 m/s2, the proportion of acceleration and 
deceleration time D is 25%, 50% and 75%, respectively. In 
addition, the working condition of a= 5 m/s2 and D= 75 % is 
taken as a contrast to that of a = 8 m/s2 and D = 75%. The 
winding energization duration under the above working 
conditions is 600, 420, 240 and 240 seconds, respectively. The 
initial ambient temperature is 18 ℃. The maximum 
temperature error between the test and calculation is within 
5.5 ℃, while that not considering acceleration and deceleration 
reaches 10 ℃. This illustrates that the thermal model 
considering the acceleration and deceleration greatly improves 
the calculation accuracy.  

In addition, the winding temperature grows significantly as 
the acceleration a or the proportion of acceleration and 
deceleration time D rises although the dynamic performance 
improves. Hence, either of them needs to be reduced to limit the 
temperature rise. The dynamic performance n is 1.25 times 
under the working condition of a = 8 m/s2 and D = 75%, 
whereas the same is 0.992 times under the working condition of 
a = 5 m/s2 and D = 75%. However, the temperature drops by 
80 ℃, which leaves a large margin for velocity planning and 
dynamic performance optimization, where the balance between 
the acceleration a and the proportion of acceleration and 
deceleration time D is crucial. What’s more, the dynamic 
performance n is 0.865 times under the working condition of a 
= 5 m/s2 and D = 75 % while the same is 0.992 times under the 
working condition of a = 8 m/s2, D = 25 %, which means the 

 
(a) 

 
(b) 

Fig. 18. (a) Measured three-phase currents. (b) Velocity curves. 

 
Fig. 19.  Tested and calculated temperature rise under four working conditions. 

low thrust can be selected and the requirement for power supply 
is reduced. In a word, it demonstrates the correctness of the 
velocity planning model of PMLSM at trapezoidal speed based 
on EFT field. On the other hand, the model presented here is a 
quite efficient tool for the thermal behavior and dynamic 
performance assessment of the PMLSM. 

VI. CONCLUSION 

Aiming at the working condition of frequent acceleration and 
deceleration of PMLSM, a velocity planning model based on 
EFT field, considering the proportion of acceleration and 
deceleration timed D and the acceleration a, is proposed to 
improve the temperature rise calculation accuracy and optimize 
the dynamic performance. Through simulation calculation and 
experimental verification, the following conclusions can be 
obtained: 

1) The winding loss model based on acceleration a and the 
proportion of acceleration and deceleration time D can predict 
the temperature rise accurately. The temperature rise 
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experiment of an annular winding sample shows that the error 
by this loss model is not more than 5 %.   

2) The acceleration and deceleration of the PMLSM 
significantly affect the fluid state and velocity in the air gap, 
which is the key to calculate the convective heat dissipation 
coefficient. Due to the acceleration and deceleration, the air 
velocity in the air gap is significantly lower than that 
considering the only uniform motion.  

3) Through the velocity planning model based on EFT field, 
the optimal dynamic performance of the motor under the 
insulation limit is obtained. Through the simulation calculation 
and experiment of an 8-pole/6-slot coreless PMLSM, the 
dynamic performance n increases from 1.92 to 2.13, by 
10.94%.  

In addition, the temperature rise calculation model and 
velocity planning method in this paper can be used not only for 
trapezoidal speed modes, but also for triangular, sinusoidal and 
other speed or position response conditions. In application, the 
loss calculation and heat transfer coefficient should be revised 
according to the specific situation. 
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