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Abstract—This paper presents three configurations of double-
sided long-stator type permanent magnet linear machines
(PMLMs) as possible candidates for the ropeless elevator
propulsion system. First, the design criteria and considerations
are discussed in detail. Then the proposed PMLM configurations
are calculated and compared by using finite element method
(FEM). By comparing three different configurations of the
PMLM, the characteristics of the translator mass, propulsion
forces, detent forces, and no-load EMFs are contrasted and
analyzed. Finally, quantitative comparison results are concluded,
which verifies the validity of the machine designs and potential
application for the lift.
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I. INTRODUCTION

Ropeless elevators have attracted more and more attention
in recent years. There are two main drawbacks of the
conventional elevators with steel cable, especially when they
are used in mid-rise and high-rise buildings. One is that in
250-m-high buildings, the conventional elevators occupy 30%
of the total floor space [1-3]. Another problem is that as the
height of buildings increases, the cable mass and vertical
vibration will increase as well, resulting in the difficulty of
controlling the elevator in the skyscrapers. As the key part of
ropeless elevator system, linear machine is very suitable for
transportation due to its little limitation on building height and
space requirement [4-5].

The linear switched reluctance machines (LSRMs) are
presented and compared in [6-9], which offer the advantages
of low cost and simple construction. However, due to the
disadvantages of low torque density and large force ripple,
permanent magnet linear machines become more and more
attractive [10-12]. The permanent magnet linear synchronous
motors (PMLSMs) have been proposed in [13]. It only focuses
on the optimal structure design for minimizing the detent force
of PMLSM. Furthermore, due to the harder installation and
higher cost, the transverse flux LSRMs are not adopted in this
study [14-17].

The purpose of this paper is to present three configurations
of double-sided long-stator type permanent magnet linear
machines (PMLMs) as possible candidates for the ropeless
elevator propulsion system. The double-sided stator is adopted
to reduce the detent force between the translator and stator of
the PMLM, so that the motor can be more compact. In order to
reduce the weight of mover, the long-stator type is chose. This
paper is organized as follows. All three PMLM topologies

proposed in this paper are presented, and the design criteria
and dimension parameters are detailed in Section II. The
designed PMLMs are calculated and compared by using finite
element method (FEM) in Section III. The no-load EMFs,
translator mass, propulsion forces, and detent forces are
contrasted. Section IV has comparison results of all three
machine configurations and the conclusions drawn from the
research are presented.

II. MACHINE TOPOLOGIES

Fig. 1 shows the schematic diagram of the ropeless elevator
system. From the front view on the left, it can be seen that the
long stator is fixed in the elevator shaft while the translator is
fastened to the elevator vehicle. It is the moving part of
PMLM, which can move with the vehicle. Furthermore, from
the top view on the right, it can be seen that there are two sets
of PMLMs on both sides of the elevator to increase the
propulsion force.
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Fig. 1. Ropeless Elevator system

All three machine topologies are shown in Fig. 2, and each
configuration is designed to fit in the 1.96-m-tall elevator. In
order to compare the machine performances, the stator
dimensions of all three PMLMs are designed to be the same.
The stator is composed of two groups of iron cores which are
placed on two sides. These iron cores are fixed to the hoist
way, which are faced to each other with concentrated
windings. And a 12-slot/10-pole structure is adopted to reduce
the detent force and suppress the back EMF harmonics.
Furthermore, the translator structures can be divided into three
different cases. Fig. 2(a) shows the topology of mounted



permanent magnet (PM) configuration. As can be seen, the
translator consists of the mover iron yoke and permanent
magnets mounted on its both sides. Fig. 2(b) shows the
topology of inserted PM configuration. Instead of mounted on
the back iron of the translator, the permanent magnets are
placed between the mover iron yokes, which are magnetized
in the normal orientation. Fig. 2(c) shows the topology of
Halbach array PM configuration, which has no back iron in
the translator. It is a compact configuration with no yoke in
the design.
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Fig. 2. Three PMLM topologies. (a) Mounted PM type. (b)
Inserted PM type. (c) Halbach array PM type.

In order to compare the machine performances for the three
PMLM topologies, there are some design criteria to be applied
to all three PMLMs. First, the stator dimensions of the
machine configurations are held constant, and so are the total
lengths of machine translators. Second, three topologies are
designed with the same winding excitation current 12 A using
the control variate method to compare their propulsion forces
[18-19]. Third, though the lengths or heights of the permanent
magnets are different, the volumes of total permanent magnets
are kept the same in the three PMLMs. Furthermore, the 12-
slot/10-pole  structure is adopted in each machine
configuration. Finally, there are two PMLMs in the designed
ropeless elevator so that the output force is twice the
propulsion force value of the designed PMLM.

As discussed in the design criteria, the stator length is
designed to be 1960 mm with 48 slots, and the translator
length is designed as 480mm with 10 poles in each of the three
machine configurations. And the velocities of all three
translators are set as 5 m/s, aiming to enable the passengers to
have access to the elevator vehicle within 30 seconds in the
multi elevator system [20]. Furthermore, due to the height
limitation of the elevator vehicle, the length of the needs to be
lower than the vehicle height. The key design data of the three
presented PMLMs are shown in Table I.

TABLE I

KEY DATA OF PROPOSED MACHINES
Item Case 1 Case 2 Case 3
Rated current 12 A 12 A 12A
Elevator velocity 5 m/s 5 m/s 5m/s
Elevator length 1960 mm 1960 mm 1960 mm
Air gap length 1.5 mm 1.5 mm 1.5 mm
Translator length 480 mm 480 mm 480 mm
Winding turns per phase 164 turns 164 turns 164 turns
Translator PM width 39 mm 36.89 mm 24 mm
Translator PM height 6 mm 6.34 mm 4.875 mm
Translator PM number 20 20 40

III. PERFORMANCE ANALYSIS

By using the FEM, the machine performances of the
proposed three PMLMs are calculated and compared. The
propulsion forces, detent forces, no-load EMFs and translator
mass of the PMLMs are analyzed and compared.
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Fig. 3. EMF waveforms of three PMLMs. (a) Mounted PM
type. (b) Inserted PM type. (c¢) Halbach array PM type.

First, the basic machine characteristics of the three PMLMs
are shown in Fig. 3 and Fig. 4. Fig. 3 shows the amplitude of
the no-load EMF in the mounted PM configuration is nearly
the same as that in the Halbach array PM configuration, which
is 133.82 V and 130.40 V, respectively. From Fig. 3(c), it can
be seen that the waveform of no-load EMF is more like
trapezoidal than sinusoidal, which means that the Halbach
array machine can be operated in the brushless DC (BLDC)
mode [21-22]. In the Halbach array configuration, only 2
segments per pole are employed to save the cost of fabrication,
resulting in the trapezoidal waveform. Because the excited
current is sinusoidal during the comparison, the sinusoidal
wave of case 1 is better than the trapezoidal wave of case 3.
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Fig. 4. Airgap flux density of three PMLMs. (a) Mounted PM
type. (b) Inserted PM type. (c¢) Halbach array PM type.

In order to compare the machine performances of three
PMLMs, the control variate method is adopted by keeping the
winding excitation currents both the same rated value and the
same sinusoidal waveform shape. In Fig. 4, the airgap flux
density waveforms of all three machines are shown. And the
machine performances are given in Fig. 5 and Fig. 6. Fig. 5
shows the propulsion forces of three different PMLMs. As can
be seen in Fig. 5(c), the propulsion force of Halbach array PM
configuration is larger than the other two configurations.
Therefore, the Halbach array PM configuration is the
preferable choice in terms of the machine propulsion force.
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Fig. 5. Propulsion force of three PMLMs. (a) Mounted PM
type. (b) Inserted PM type. (c) Halbach array PM type.

Furthermore, the detent forces of three configurations are
calculated, and the results are illustrated in Fig. 6. As can be
seen, the amplitude of the detent force is 24.83 N, 30.76 N,
and 23.65 N, which is 5.46%, 7.13%, and 4.41% the amplitude
of the propulsion force 454.99 N, 431.16 N and 536.62 N in
Fig. 6(a), Fig. 6(b), and Fig. 6(c), respectively. The ratio of the
detent force to the propulsion force is the smallest in the case
3. As a result, the Halbach array PM configuration is proven to
be desirable for the ropeless elevator system in terms of

minimizing the detent force.
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Fig. 6. The detent force of three PMLMs. (a) Mounted PM
type. (b) Inserted PM type. (c¢) Halbach array PM type.

Finally, the payload capability is influenced by both the
propulsion force, and the total mass of the machine. The
propulsion force versus the translator position is shown in
Fig.7. As the stator dimensions and the windings are all the
same in the three different machine configurations, the mass
of different PMLMs needs to be calculated and compared.
Therefore, the mass of the translators are listed in Table II.
Due to the ironless configuration of the Halbach array PMLM,
the mass of case 3 is the lowest. In conclusion, the Halbach
array configuration is the preferable choice in terms of weight.
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Fig. 7. The propulsion force versus the translator position.

(a) Mounted PM type. (b) Inserted PM type. (c) Halbach array
PM type.
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TABLE II
PERFORMANCES OF COMPARED MACHINES

Item Case 1 Case 2 Case 3 Best
Propulsion force 45499 N  431.16 N 536.62N Case 3
Force ripple 35.20% 23.73% 20.75% Case 3
Detent force 5.46% 7.13% 4.41% Case 3
percentage

Voltage amplitude 133.82V 10694V 13140V Case 1
Translator mass 25.11 kg 9.22 kg 7.02 kg Case 3

IV. CONCLUSION

Three configurations of PMLMs are presented and
analyzed, including the mounted PM configuration, normal
inserted PM configuration, and Halbach array PM
configuration. The performances are calculated and compared
by the FEM. The comparison results of three PMLMs are
summarized in Table II. It tells that the Halbach array PMLM
configuration is the preferable choice in most categories.
Specifically, the detent force percentage of the Halbach array
topology is the smallest. Furthermore, the total mass of the
Halbach array PMLM is the lowest. The validity of three
machine designs is proved by the characteristics and
performances. Therefore, it indicates that the proposed
machines can be applied in the multi elevator technology, thus
increasing the transport capacities and efficiency in the
skyscrapers.
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