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Hybrid excitation primary permanentmagnet linearmotor has the dual advantages of
high thrust density of primary permanent magnet linear motor and the flexibility on
adjusting the air gapmagnetic field of hybrid excitation motor. In this paper, two new
36/4 hybrid excitation primary permanent magnet linear motors with different
secondary structures are proposed. Based on the detailed introduction of the
motor topology and operation mechanism, the structural parameters are
optimized, and the pole arc coefficient of the primary pole shoe and the
secondary are finally determined to be 0.4. The secondary is magnetoresistive,
and the final thrust adjustment range is about 16.8% under the conditions of
optimal armature current and current lead angle. The temperature field of the
motor in the magnetizing state is analyzed. The results show that the
temperature of the motor decreases gradually from the center to both sides after
7200 s of operation of the new hybrid excitation structure, while the permanent
magnet will not be demagnetized permanently. It shows an acceptable reliability.
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1 Introduction

With the expansion and development of the central area of the city, under the requirements
of a fast and comfortable riding environment, wheel rail trains such as subway vehicles using
traditional rotating motors are always subject to physical adhesion restrictions, and have
gradually failed to meet the new needs of urban rail transit (Lv, 2020). Primary permanent
magnet linear motor (PPMLM) is a device that realizes electromechanical energy conversion
based on the principle of magnetic field modulation (i.e., magnetic gear effect), and it benefits
from the characteristics of high magnetic energy product and low energy loss of rare earth
permanent magnets, which leads to the advantages of high power density and high efficiency
(Zhou et al., 2021). Because of its simple structure, high efficiency and energy saving, fast
dynamic response, it gains low speed and high thrust, and is particularly suitable for the field of
urban rail transit (Shen and Lu, 2021). However, the air gap magnetic field of PPMLM is
determined by the magnetic characteristics of the permanent magnet and magnetic circuit
structure. There is only a single permanent magnet excitation source inside. As long as the
structure is determined, the air gap magnetic field cannot be flexibly adjusted. Therefore, it is a
common concern in the electrical field to explore a new high-performance motor system with
high thrust density and wide thrust adjustment range. According to this situation, the primary
hybrid excitation permanent magnet straight linear motor has attracted extensive attention of
scholars at home and abroad in recent years because of its internal combination of permanent
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magnet and electric excitation of two excitation sources, which makes
the air gap magnetic field be easy to adjust and gets a wider adjustment
range of thrust.

The primary permanent magnet linear motor was modularized by
professor Zhao Wenxiang of Jiangsu University, et al. With this
structure, the back EMF of the motor is very sinusoidal and
symmetrical, and the thrust fluctuation is quite small (Du et al.,
2020). Besides, fault-tolerant teeth are also applied to the structure
of the permanent magnet motor, which enhances the independence of
each phase and improves the fault tolerance performance of the motor
(Zhao et al., 2020). At the same time, the fault-tolerant control strategy
when the motor fails are studied (Cheng et al., 2019).

Professor Lu Qinfen of Zhejiang University, et al., added the DC
biased sinusoidal current to the armature current of the concentrated
winding of the hybrid excitation double salient permanent magnet
linear motor, which not only saved the space for adding the isolated
DC excitation winding, but also revealed the thrust generation
mechanism from the perspective of the magnetic field modulation
theory, in which the air gap harmonics were analyzed and calculated.
The proposed hybrid excitation permanent magnet linear motor is
comprehensively studied (Shen et al., 2021). For polyphase structure,
fault-tolerant teeth are introduced into the structure, a nine phase
modular hybrid excitation linear motor is proposed, and its
electromagnetic performance is analyzed (Zeng et al., 2017).

Qu Ronghai, professor of Huazhong University of Science and
Technology, et al. proposed a new type of hybrid excitation flux
reverse motor by introducing a DC excitation winding into the
alternating pole flux reverse motor in order to adjust the excitation
field more flexibly without reducing the torque (Gao et al., 2016). In
addition, they proposed a hybrid-excited magnetic gear with eccentric
magnet structure. This structure can not only improve the magnetic
flux density waveform of the inner air gap but also reduce the
harmonic distortion rate, which provides a method to improve the
transmission stability torque density of magnetic gears (Jing et al.,
2020).

The structure of linear motor and rotary motor are inseparable
and mutually reinforcing. The arrangement of permanent magnet
arrays and the topology of motor stator and rotor are diverse. The
arrangement position of the excitation winding needs to be reasonably
arranged according to the topology of the motor, so the arrangement
position of the excitation winding is also diverse (Okada et al., 2019;
Wu et al., 2021; Zhao et al., 2021). In the reference (Ullah et al., 2021),
the author proposed a unyoked bilateral hybrid excitation permanent
magnet linear motor, which reduces the volume of the motor and gets
higher thrust. In the reference (Qasim et al., 2021), the rotor flux
leakage is eliminated by placing a permanent magnet with a
magnetization direction opposite to the leakage flux direction,
which not only reduces the volume but also reduces the thrust
fluctuation.

Based on the motor topology and magnetic circuit, this paper
proposes two hybrid excitation primary permanent magnet linear
motors with different secondaries. Assuming the same primary
structure, the no-load back EMF, magnetic density and other
characteristics are compared, and the thrust characteristics are
compared through structure optimization. The advantages of the
proposed hybrid excitation permanent magnet linear motor in
performance and the range of thrust adjustment are obtained.
Finally, the transient temperature of 7200 s is obtained by
analyzing the temperature field.

2 Topology of the motor

Figure 1 shows the topological structure of a new primary fault-
tolerant hybrid excitation permanent magnet vernier line with
18 primary poles and 20 secondary poles. The primary consists of
primary core, armature winding, excitation winding and permanent
magnet. The primary consists of 6 DC excitation coils and 6 armature
coils. Each armature coil is wound with one fault-tolerant tooth
interval. Each armature slot contains only one phase coil edge. The
6 coils can be divided into three groups, and each 2 coils form a phase
in series. A fault-tolerant tooth is added between each phase winding
to provide a path for the magnetic flux generated by the DC excitation
winding, to reduce the asymmetry of three-phase flux linkage during
DC excitation effectively, and to separate each electromagnetic coil to
play the role of electromagnetic isolation and increase the fault
tolerance. The permanent magnets adopt alternate pole
arrangement, that is, the adjacent permanent magnets have the
same polarity. In this way, the consumption of permanent magnet
is reduced by half and the magnetic leakage between poles of
permanent magnet is reduced. The secondary is an ordinary salient
with simple structure.

Because the primary iron core of the primary permanent magnet
linear motor is disconnected, the motor has edge effect, which is also
the main reason for the motor thrust fluctuation. In order to reduce
the thrust fluctuation by changing the structure, auxiliary teeth with
two teeth structure are added at both ends of the primary. This is one
of the predominant means to reduce the thrust fluctuation of
permanent magnet linear motor.

Figure 2 shows the working state of the DC excitation winding of
the motor. It can be seen that when the excitation winding plays the
role of increasing flux, the permanent magnetic field has the same
direction as the electric excitation field, and the magnetic field of the
mixed excitation field is greatly enhanced compared with the pure
permanent magnet field. This will inevitably increase the satiety of the
primary iron core. However, due to the existence of fault-tolerant
teeth, the magnetic flux will pass through the secondary to form a path
along the fault-tolerant teeth, which will avoid passing through
adjacent pole shoes. When the excitation winding is on the action
of flux weakening, the direction of permanent magnetic field is
opposite to that of electric excitation magnetic field. The two
magnetic fields are in parallel, so they belong to parallel hybrid
excitation. Compared with series excitation, the electric excitation
magnetic path does not pass through the permanent magnet, so the
magnetic resistance is small, and the risk of irreversible
demagnetization of the permanent magnet is greatly reduced. This
is also one of the advantages of alternating pole arrangement of
permanent magnets.

In order to arrange the magnetic field distribution, improve the
magnetic flux path, and further improve the no-load back EMF
waveform, the secondary is added with a double-layer magnetic
barrier. Because the addition of the magnetic barrier will not affect
the armature winding current and other parameters of the motor,
when optimizing the secondary structure, ordinary secondary can be
used instead, only adding the magnetic barrier in the final result. The
topology is shown in Figure 3.

Figure 4 shows the distribution of no-load magnetic field lines and
magnetic density clouds of two structures of the motor in three typical
states of weakened field, no electric excitation and increased field. It
can be clearly seen that the saturation degree of the primary iron core
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FIGURE 1
Topology of the motor.

FIGURE 2
Flux-enhancing and flux-weakening condition.

FIGURE 3
Topology of magnetic barrier motor.
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in the two states of increasing and weakening magnetism is very
different from that in the case of no electric excitation. This is a
necessary and sufficient condition for thrust regulation and also meets
the basic requirement of hybrid excitation motor. The auxiliary tooth
can effectively retain part of the magnetic flux, rather than leaking
through the end. Thus, the thrust fluctuation caused by the end effect
is reduced.

3 Operating principle and
electromagnetic analysis of the motor

3.1 Operating mechanism

The operating principle of hybrid excitation primary permanent
magnet linear motor is similar to that of traditional primary
permanent magnet linear motor, which also needs to meet the
following requirements:

NS � PPM + P (1)
where Ns is the number of secondary modulating teeth; PPM is the
number of poles of permanent magnet; P is the number of poles of the
armature winding.

The running speed of the motor and the frequency of the
sinusoidal current in the AC armature winding meet:

vt � Laf

Nt
(2)

where La is the primary length of the motor and Nt is the number of
secondary teeth.

Using the mathematical model of primary permanent magnet
linear motor for reference, regardless of the saturation of motor core,
end effect and higher harmonics, it can be considered that the current
flowing into the armature winding is three-phase sinusoidal
alternating current. With the constant phase amplitude coordinate
transformation, the flux linkage equation in dq coordinate system can
be expressed as:

ψd � Ldid +Mfif + ψm (3)
ψq � Lqiq (4)

ψf � Lfif +Mfid + ψfm (5)

where ψd, ψq and ψf are flux linkage on axis d, flux linkage on axis q
and flux linkage of excitation winding, respectively. Ld, Lq, Lf are
respectively armature self inductance on axis d, armature self
inductance on axis q and excitation winding self inductance. id, iq,
if are d axis armature current, q axis armature current and excitation
current respectively. ψm, ψfm are respectively the flux linkage
generated by the permanent magnet on the d-axis of the armature
and the flux linkage generated by the permanent magnet on the
excitation winding.

According to the flux linkage equation, the electromagnetic force
equation can be obtained as follows:

F � 3π
τ

Ld − Lq( )idiq + Mfif + ψm( )iq[ ] (6)

The electromagnetic thrust of hybrid excitation permanent
magnet linear motor contains two components. The first
component is the magnetic resistance caused by the saliency effect

FIGURE 4
Open-circuit flux line distributions under different excitation levels.

FIGURE 5
Comparison of back EMF.
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of the magnetic pole. However, the difference with the primary
permanent magnet linear motor lies in the second component. The
second component is composed of permanent magnet and DC
excitation force, so it is verified from the equation that for the
hybrid excitation primary permanent magnet linear motor, the
amplitude of electromagnetic thrust can be easily monitored by
adjusting the DC excitation current.

3.2 Analysis of the motor’s electromagnetic
performance

With themovement of the secondary, the variable reluctance effect
of salient iron core makes the magnetic linkage of the turn chain in
each coil of the armature winding change alternately. The advantage of
the magnetic barrier secondary is to optimize the magnetic flux path
along the regular path, thereby optimizing the back EMF, thrust, etc.,
which makes them more smooth. Figure 5 shows the comparison of
no-load back EMF of ordinary secondary and magnetic barrier
secondary. The back EMF of both structures is generally positive
linear. The reason why the back EMF is irregular is that the structure is
not optimized.

Figure 6 shows the FFT factoring of the air gap flux density when
the permanent magnet and the excitation winding act separately. It
can be seen from the figure that the number of poles of the main
magnetic field generated by the permanent magnet acting alone is 18,
and its main working harmonic is the fundamental harmonic. The
number of pole pairs of the main magnetic field produced by the
excitation winding acting alone is 6, its third harmonic is 18, and the
main working harmonic is the third harmonic. After the modulation
of 20 teeth of the secondary, the two main magnetic fields produce two
pairs of pole magnetic density. The frequency of back EMF induced by
permanent magnet and excitation winding in armature winding is the
same and there is no phase difference. Therefore, the final total back
EMF generated in the armature winding is the scalar sum or scalar
difference of the back EMF induced in the armature winding by the
permanent magnet and the excitation winding acting separately.

4 Structural optimization and loading
analysis

4.1 Optimization of motor structure

According to the magnetic field modulation principle which
mainly refers to magnetic gear effect (Cheng et al., 2021), the
secondary, salient pole, of the primary permanent magnet linear
motor acts as a modulator, and by using the alternating change of
magnetic conductance, the salient reluctance modulates the
distribution of any source magnetomotive force applied to the air
gap. The pole arc coefficient of the secondary has a great influence on
the thrust of the motor. Therefore, optimizing the pole arc coefficient
of the secondary is an important means to optimize the motor
performance. Figure 7 shows the thrust change of the motor when

FIGURE 6
FFT factoring of the air gap flux density.

FIGURE 7
Effect of secondary pole arc coefficient on thrust.

FIGURE 8
Primary ferromagnetic pole shoes.
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the pole arc coefficient is in the range of 0.2–0.7. With the increase of
the pole arc coefficient, the thrust will first increase and then decrease,
which is related to the degree of saturation of the secondary, thus
affecting the strength of the magnetic field modulation, thereby
affecting the level of the back EMF.

Figure 8 is the diagram of the ferromagnetic pole shoe. The
ferromagnetic pole shoes and the permanent magnets on both
sides form the alternating pole structure, and they are the
important part of the alternating pole structure. Pole shoe also
provides a path for the magnetic flux generated by the excitation
winding. The width of the pole shoe affects the electromagnetic
performance of the motor, so it is necessary to optimize the pole
arc coefficient of the primary teeth. The primary pole arc coefficient kp
is defined as:

kp � wfp

wp
(7)

Figure 9 shows the thrust change and thrust adjustment amplitude
of the motor when the primary pole arc coefficient is within the range
of 0.2–0.6. The thrust increases first and then decreases. When the pole
arc coefficient is 0.4, the thrust reaches the maximum. It is because the
saturation degree of the pole shoe decreases gradually, while the
magnetomotive force of permanent magnet increases gradually,
both of which are factors affecting the magnitude of main
magnetic flux and thrust. The thrust adjustment amplitude also
reaches the maximum with the coefficient of 0.4. After
comprehensive consideration, the primary pole arc coefficient is
determined as 0.4.

4.2 Loading analysis

Considering the structure optimization above, the effective value
of sinusoidal current and current lead angle in armature winding may
be unreasonable. A reasonable value is to be found. First, it is necessary
to determine the current advance angle of the armature current,
because after the structure is determined, the lead angle of the

armature current has been unchangeable. The method is to roughly
parameterize the scanning advance angle range and then positioning
precisely. The current advance angle of both structures is—8deg.
Figure 10 shows the relationship between the average thrust of the
ordinary secondary and the armature current advance angle.

The intensity of armature current directly affects the linear thrust
of primary permanent magnet. Therefore, it is necessary to select the
appropriate armature current as the rated current. The relationship
between armature current and thrust of ordinary secondary is shown
in Figure 11. With the increase of armature current, the thrust
increases linearly. When the current exceeds 10A, the thrust
increases slowly, indicating that the primary core is gradually
saturated. Therefore, the rated current of this structure is
determined to be 10A. It can be seen from this figure that when
the current is the same, the thrust of the ordinary secondary structure

FIGURE 9
Influence of primary pole arc coefficient on thrust and regulating
amplitude.

FIGURE 10
Influence of armature current advance angle on thrust.

FIGURE 11
Influence of armature current on thrust.
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is higher than that of the magnetic barrier structure. Therefore, the
final secondary structure selected is the ordinary secondary.

Comparison before and after motor optimization are shown in
Table 1.

Since rated current and current lead angle are determined, it is
necessary to verify the thrust adjustment amplitude of the hybrid
excitation primary permanent magnet linear motor. The current
density of DC excitation winding should not be too large, and the
common wire diameter is 3* 1.5. Therefore, the maximum value of DC
excitation current density is 4 A/mm2. Figure 12 shows the average
thrust and thrust fluctuation of the structure after optimization of the
excitation winding in the three states of increasing magnetization, no
electric excitation and demagnetization.

Main parameters of motor are shown in Table 2.

5 Temperature field analysis

Temperature rise is a very important indicator of the motor. The
motor is generally in a relatively closed space when working, so the
heat generated will cause the temperature of each part to rise, not only
showing a decline in electromagnetic performance, but also affecting
its own operating reliability and service life. If the temperature rise
exceeds the allowable working temperature, it may even cause motor
winding burning, permanent magnet demagnetization and other
consequences, resulting in irreversible losses. Compared with the
traditional permanent magnet linear motor, the hybrid excitation
permanent magnet linear motor has a set of DC excitation
windings, additionally, so it is necessary to analyze the temperature
field of the proposed hybrid excitation primary permanent magnet
linear motor.

5.1 Basic principles of heat transfer

The heat transfer of main motor is mainly divided into three
forms: heat conduction, heat convection and heat radiation. The
heat conduction is based on the temperature difference. In addition
to the temperature difference, the heat convection conditions
include the fluidity of the object and the heating mode that can
promote the material flow. The influence of thermal radiation is
usually ignored when analyzing the thermal field of motor (Wang
et al., 2021).

In the three-dimensional coordinate system, the heat transfer
rate is:

q � −λ zT

zx
�i + zT

zy
�j + zT

zz
�k( ) (8)

where q is the heat flow density; λ is the thermal conductivity; �i, �j, �k are
the unit vectors on the x, y, z-axes respectively.

The relation in the thermal convection is as follows:

Q � hA Ts| −Tf

∣∣∣∣ (9)

5.2 Transient temperature field simulation of
motor

In the state of increasing magnetization, the magnetic flux in the
core of the motor hybrid excitation primary permanent magnet linear
motor increases, resulting in the temperature of the core is higher than
that in other states. Therefore, in the calculation of temperature field, it
is only necessary to consider the temperature in the worst case,
assuming that the ambient temperature of the motor is 22°C and
the ambient temperature remains unchanged when the motor is
running. The transient temperature of the motor in the state of
magnetizing is simulated by using the finite element simulation
software. The transient temperature at 7200 s is obtained. The
sectional drawing of the motor is shown in Figure 13.

The heat generation rate of the winding is much higher than that
of the permanent magnet and core. The heat transferred to the

TABLE 1 Comparison before and after motor optimization.

Parameter Before optimization After optimization

Thrust/N 669.3 880.7

Thrust fluctuation/N 54.5 37.8

Detent force/kN 3.3 2.8

FIGURE 12
Average thrust and thrust fluctuation of the three states.

TABLE 2 The parameters of the motor.

Parameter Symbol Unit Value

Frequency f Hz 250/9

Phase number m — 3

Rated speed n m/s 0.5

Number of secondary teeth Nt — 20

Number of primary slots Q — 6

Number of turns of coil Nt — 80

Length of air gap δ mm 1

Length of primary La mm 360
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surrounding air by heat convection is not much. Most of the heat is
accumulated in the winding and transferred to the surrounding
primary core by heat conduction. Therefore, the middle
temperature of the motor is higher than the temperature of both sides.

Due to the irreversible demagnetization phenomenon caused by
the high temperature of the permanent magnet material (Zhang et al.,

2021), attention should be paid to the temperature of the permanent
magnet. The heat generation characteristics of the motor cause that the
temperature of the permanent magnet on the middle primary teeth in
this structure will be higher than that on both sides. Figure 14 shows
the temperature distribution cloud diagram of the permanent magnet
on the horizontal section. It can be seen that the maximum

FIGURE 13
The temperature of sectional drawing of the motor.

FIGURE 14
The temperature of the permanent magnet on the horizontal section.
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temperature of the permanent magnet is not higher than 80°C, and the
permanent magnet material used in this motor is Nd Fe35. It can be
seen from its demagnetization curve that the permanent magnet in
this structure will not undergo irreversible demagnetization.

6 Conclusion

In this paper, two hybrid excitation primary permanent magnet
linear motors with different secondary structures are proposed.
Through two-dimensional finite element analysis, the influence of
no-load back EMF, primary pole arc coefficient, effective value of
armature current and current lead angle on motor thrust of the two
structures are compared. The temperature field of the finally
determined ordinary secondary hybrid excitation primary
permanent magnet linear motor on the state of magnetization is
analyzed. The research results show that:

(1) Although the secondary back EMF waveform of the magnetic
barrier secondary is better than that of the common reluctance
secondary with the same pole arc coefficient, the magnetic barrier
secondary is easier to saturate. After the optimization of various
parameters of the motor, the pole arc coefficients of the primary
and secondary are both 0.4, and the thrust of the common
reluctance secondary is greater.

(2) When the motor is in the magnetizing state, the maximum
transient temperature is lower than 80°C at 7200 s. Although
the temperature is high, it is lower than the demagnetization
temperature of the permanent magnet, ensuring the reliability of
the motor operation.

(3) When adjusting the intensity and direction of the current of the
electric excitation winding, Through the flexible control of
increasing and weakening the magnetic field of the motor. It
can meet the requirements of motor for constant power speed
regulation and driving load with low speed and large thrust.
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