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Abstract:    A novel elevator door driven by tubular permanent magnet linear synchronous motor (TPMLSM) is presented. This 
TPMLSM applies axial magnet array topology of the secondary rod, air-cored armature windings and slotless structure of the 
forcer to improve the stability of the thrust. The influence of two major dimensions, the pitch and radius of the permanent magnet 
(PM), on magnetic field was studied and the best values were given by the finite element analysis (FEA). The magnetic field, back 
EMF and thrust of the motor were analyzed and the PM size was optimized to reduce the harmonic components of the magnetic 
field and improve the performance of the motor. Predicted results are validated by the experiment. It is shown that the performance 
of the motor and the novel elevator door system is satisfying. 
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INTRODUCTION 
 

Traditionally, the elevator door is driven by a 
rotary motor and some complex mechanisms, such as 
gears, cranks, and chains, which transform the rotary 
motion into linear motion. This kind of drive mode is 
indirect. The efficiency of the whole system is low, 
and the dynamic performance is not satisfying. A new 
elevator door driven directly by a linear induction 
motor (LIM) is proposed to take the place of 
traditional rotary motor (Zhou et al., 2006). The 
transmission mechanism is taken off, and thus the 
cost of manufacturing is reduced. However, there are 
also some problems with the LIM-driven elevator 
door system. The air gap of the LIM is usually 
designed large to avoid friction between the primary 
and secondary, so the efficiency is not highly 
improved, and the acoustic noise caused by LIM is 

another major weakness (Zhou et al., 2006). So the 
LIM-driven elevator door is not widely applied. 

In this paper, a novel elevator door driven by a 
tubular permanent magnet linear synchronous motor 
(TPMLSM) is presented. This novel TPMLSM- 
driven elevator door system has the advantages of the 
LIM-driven system. The elevator door is driven 
directly by TPMLSM and the mechanism of the door 
is largely simplified, the manufacturing cost is 
reduced, and the efficiency is greatly improved, the 
response speed is high and the acoustic noise is low. 
The excellent performance of the TPMLSM-driven 
elevator door system may greatly change the 
door-driving motor manufacturing. 
 
 
TOPOLOGY OF MOTOR 
 

The topology of TPMLSM is sketched in Fig.1, 
where only three windings are given. In practice, the 
number of windings should be determined by the 
actual requirement. 
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The motor consists of the forcer and the secon-

dary rod. The forcer is mainly made up of armature 
windings and the winding frame. The frame is made 
with non-magnetic material by injection molding. 
The three-phase air windings are directly wounded in 
the slots of the winding frame.  

The secondary rod has an axial magnet array 
topology (Wang et al., 2001; 2004; Bianchi et al., 
2001; 2003; Lu et al., 2005; 2006). The permanent 
magnets (PMs), which are made of NdFeB N42SH, 
are magnetized axially, and two opposite polar PMs 
are spaced by the pole-pieces made of ferromagnetic 
material. All the PM and pole-pieces are surrounded 
by a stainless steel tube, the main functions of which 
are to support and protect the PM and pole-pieces. 

Although TPMLSM with Halbach magnet array 
may get a more sinusoidal magnetic field (Zhu et al., 
2000; Jang et al., 2003), it is not easy to magnetize the 
PM to optional direction as designed and the cost is 
much higher than that in axial magnet array. Motor 
with axial magnet array also has a good performance 
and could be manufactured easily with much lower 
cost. So the axial magnet structure is chosen. 

There is a bearing in each end cover of the forcer. 
The bearings are made of special alloy material which 
are durable and wear-resistant. The inside diameter of 
the bearing is a little bit smaller than the winding 
frame to avoid the friction between the frame and the 
secondary rod and reduce the friction force, when the 
concentricity of the forcer and the rod cannot be 
guaranteed in mounting. 

As the forcer is air-cored, the cogging force 
could be totally eliminated. So the thrust force would 
be more stable than that of the iron-cored motor, and 
the stability of the elevator door in uniform-velocity 

motion would be improved. At the meantime, the 
mass and inertia of the forcer are reduced (Lu et al., 
2005; 2006), which makes the motor have better 
performance in the accelerated and decelerated mo-
tion. The air-cored structure also reduces the power 
loss and the acoustic noise (Zhao et al., 2006). 
 
 
FINITE ELEMENT ANALYSIS OF MOTOR 
 
Magnetic field distribution 

Considering the axial symmetry of the 
TPMLSM, the motor could be simplified to a 2D axial 
symmetry model in cylindrical coordinate. The fol-
lowing assumptions are made during the analysis: (1) 
The current density distributes uniformly in the con-
ductor; (2) The hysteresis effect and eddy effect are 
ignored. The distribution of the magnetic line is 
shown in Fig.2. 
 
 
 
 
 
 
 
 

 
 
For the TPMLSM with axial magnet array, there 

are three key dimensions for the secondary rod: pole 
pitchτ, PM pole pitch τm and PM outside radius Rm  
(Marignetti and Scarano, 1999; 2002; Bianchi, 2000; 
Bianchi et al., 2001; Wang et al., 1999; 2001; 2003). 
The influence of these three key dimensions on the 
magnetic field distribution could be analyzed by FEA.  

Firstly, keep the dimension of τ and Rm, just 
change the ratio of τm/τ. Taking the ratio τm/τ =0.3 for 
example, the distributions of the radial magnetic flux 
density component Br at different radial positions are 
shown in Fig.3. Obviously, at the position closer to 
the secondary rod, the magnitude of the magnetic flux 
density is larger, but the distribution waveform is 
more non-sinusoidal. The average value of the radial 
magnetic flux density Br avg is calculated and plotted 
with a sinusoidal waveform in Fig.4. Comparing the 
two waveforms in Fig.4, the distribution of the aver-
age magnetic flux density is not a sinusoidal curve, 

2 
1 

3 4 

5 

Rm

τm 
τ 

Fig.1  Topology of the tubular permanent magnet linear
synchronous motor (TPMLSM). Rm: PM outside radius,
τm: PM pole pitch, τ: pole pitch 
1: Winding frame; 2: Windings; 3: Stainless steel tube; 4: Permanent 
magnets; 5: Pole-pieces 

Fig.2  Distribution of the magnetic line 
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and the harmonic components account for a great 
proportion. By Fourier analysis on the average mag-
netic flux density distribution curve, the harmonic 
components of the magnetic field could be obtained. 
The magnitudes of the fundamental and harmonic 
components Br n are plotted in Fig.5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

As shown in Fig.5, the third-order harmonic 
component is high, about 13.78% of the fundamental 
component. Ninth- and above ninth-order harmonic 
components are too small to be considered.  

Similarly, distributions of the magnetic flux 
density with different ratios of τm/τ are analyzed. 
Magnitude of the fundamental component and pro-
portion of the high-order harmonic components are 
listed in Table 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Obviously, magnitude of the fundamental 
component increases as the ratio of τm/τ increases, 
and the distribution of the magnetic flux density is 
more sinusoidal when the ratio is within 0.45~0.60. 

Then, keeping τm and τ, and changing the ratio of 
Rm/τ, the influence of Rm on the magnetic flux density 
distribution could be analyzed. Table 2 shows the 
FEA results with different ratios of Rm/τ. 
 
 
 
 
 
 
 
 
 
 
 
 
 

The ratio of Rm/τ mainly influences the funda-
mental component, and the harmonic components 
change little when the ratio of Rm/τ changes. Con-
sidering the cost of the PM, the ratio should not be too 
large. Generally, it is appropriate to choose the ratio 
within the range of 0.4~0.7. 
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Fig.3  Distributions of the radial magnetic flux density 
components at different radial positions when  τm/τ =0.3
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Fig.4  Distribution of the average radial magnetic flux
density when τm/τ =0.3 
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Fig.5  Magnitude of the fundamental and harmonic
components when τm/τ =0.3 

Harmonic components proportion (%) 
τm/τ

Funda- 
mental 

(T) 3rd order 5th order 7th order 9th order

0.30 0.1218 13.78 0.48 1.51 0.95 
0.40 0.1437 8.26 2.55 1.47 0.57 
0.45 0.1535 5.20 3.27 1.15 0.33 
0.50 0.1620 2.12 3.52 0.67 0.25 
0.55 0.1696 0.97 3.46 0.29 0.33 
0.60 0.1775 4.55 2.89 0.13 0.39 
0.65 0.1822 6.80 2.27 0.25 0.44 
0.70 0.1874 9.55 1.24 0.24 0.55 
0.80 0.1949 13.96 1.08 0.38 0.59 

 

Table 1  Magnitude of the fundamental component and
proportion of the high-order harmonic components with
different ratios of τm/τ 

Harmonic components proportion (%) 
Rm/τ

Funda- 
mental 

(T) 3rd order 5th order 7th order 9th order

0.30 0.1219 1.56 3.43 0.28 0.31 
0.45 0.1696 0.97 3.46 0.29 0.33 
0.50 0.1770 0.83 3.53 0.28 0.30 
0.55 0.1833 0.69 3.60 0.24 0.23 
0.80 0.2411 0.56 3.45 0.29 0.28 
1.00 0.2662 0.42 3.49 0.35 0.33 

Table 2  Magnitude of the fundamental component and
proportion of the high-order harmonic components
with different ratios of Rm/τ 
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Based on FEA of the magnetic field, the three 
key optimized dimensions could be determined, as 
listed in Table 3. The following analyses are all based 
on the model with these dimensions. 
 
 
 
 
 
 
 
 
 
Back EMF and thrust force 

The no-load back EMF of the motor could be 
easily obtained as the distribution of magnetic flux 
density is analyzed. Fig.6 shows the no-load back 
EMF (E) waveform with only one pole pair windings 
model at the velocity of 51 mm/s. The magnitude is 
about 0.26 V. 
 
 
 
 
 
 
 
 
 
 
 
 
 

The thrust force per pole is calculated by FEA, 
and the calculated results with different currents are 
shown in Table 4. As there is no ferromagnetic ma-
terial in the forcer, the magnetic field would not be 
saturated. So the ratio of thrust force to current is 
constant, and the motor has a good variable speed 
characteristic. 

 
 
 
 
 
 
 

EXPERIMENTAL RESULTS 
 

Prototype of the motor and the elevator door 
device on which the experimental test is carried out is 
shown in Fig.7. Table 5 shows the motor specification. 
FEA and experimental results of the no-load back 
EMF waveforms are shown in Fig.8. Comparing 
these two waveforms, the experimental back EMF is 
6.54% larger than the FEA value. Fig.9 shows the 
FEA and experimental results of the thrust force F 
with different currents, and the experimental results 
are also larger than the FEA results. The largest rela-
tive error is about 6.22%. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Parameter Value 
PM pole pitch τm (mm) 14.03  
Pole pitch τ (mm) 25.50 
PM outside radius Rm (mm) 13.00 

τm/τ   0.55 
Rm/τ   0.51 

Table 3  Key design dimensions of the motor 
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Fig.6  No-load back EMF per pole at the velocity of 
51 mm/s 

Current 
(Apk) 

Thrust force 
(N) 

Current 
(Apk) 

Thrust force 
(N) 

0.5 3.875 2.0 15.500 
1.0 7.744 2.5 19.355 
1.5 11.615 3.0 23.231 

Table 4  Thrust force calculated by FEA with different
currents 

Fig.7  Prototype of the motor and the elevator door 

Parameter Value 
Number of pole pairs 8 
Number of phases 3 
Forcer size (mm×mm×mm) 67×67×510
Forcer inner diameter (mm) 29 
Secondary rod length (mm) 1000 
Secondary rod outer diameter (mm) 28 
Back EMF constant (Vpk/m/s) 43.47 
Thrust force constant (N/Apk) 65.20 
Maximum acceleration (m/s2)   61.125 

Table 5  Specification of the TPMLSM applied in the
elevator door 
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Fig.8  No-load back EMF at the velocity of 51 mm/s

FEA Experiment 
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CONCLUSION 
 

Comparing the FEA results with the experi-
mental results, the error is small and the FEA results 
are credible. The experimental results also prove that 
the performance of TPMLSM designed for driving 
the elevator door is very good. This novel elevator 
door system has the advantages of simple structure, 
low cost, high efficiency, rapid response and low 
acoustic noise, and thus is very suitable for manu-
facturing. 
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