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ABSTRACT The design, optimization and control methods of a transverse flux Linear Switched Reluctance
Motor (LSRM) for the rail transit application are introduced. Two structures of LSRMs, EI type and EE type,
are compared and analyzed. The structure of EE type machine is optimized from the perspective of average
electromagnetic thrust per unit mass through finite element calculations. The initial sizes of the motor are
calculated according to the design theory of the rotary SRM. After obtaining the initial sizes, the sensitivities
of the LSRM sizes are analyzed by the three-dimensional finite element calculation, and then the sizes such
as the slot depth, the slot width and the tooth width of the motor are optimized. The hardware test platform
is built, the electromagnetic characteristics of the prototype are tested, and the motor characteristics of the
LSRM with different secondary materials are compared. The control method of the LSRM with position
sensors is proposed, and then the sensorless control of the motor is also realized based on the pulse injection
strategy. The experimental results verify the effectiveness of the design and control strategies.

INDEX TERMS Switched reluctance, transverse flux, linear motor, sensorless control.

I. INTRODUCTION
The wheel rail train driven by the linear motor is an impor-
tant developing direction of the urban traffic in the future.
At present, the linear induction motor and the linear syn-
chronous motor are mainly used in the rail transit. Among
them, the linear induction motor has the problems of edge
effects and low power factor [1], and the cost of synchronous
motor is relatively high [2]. The high cost of permanent
magnet materials limits the application of permanent magnet
linear motors in the field of long stroke rail transit [3]. Linear
Switched Reluctance Motor (LSRM), as shown in Figure 1,
can adopt transverse flux and block secondary structure, the
secondary of which doesn’t have to be processed into cogging
structure. The cogging effect can be naturally formed by
using intermittent solid steel plates as the secondary. There-
fore, the LSRM has the merits of low cost and high reliability,
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FIGURE 1. Structural diagram of LSRM prototype for rail transit.

and it has been one of the optional motors for rail transit
traction system [4], [5].

The main advantages of LSRMs are simple and rugged
structure and low manufacturing cost. The motors contain
no permanent magnet and only concentrated winding on the
primary cores, which makes them suitable for strong vibra-
tion and high temperature conditions. The excitation currents
are unipolar, the power converter has no danger of direct
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short circuit, and there is no need for the dead-time control.
Many scholars have conducted detailed research on the size
calculation [6], optimization [7], [8], modeling [9], charac-
teristic analysis [10], [11], and control strategy [12], [13] of
LSRMs/SRMs. The main applications of the motor include
wave power generation [14], [15], vertical elevator [16],
[17], electromagnetic ejection [18] and rail transit [19]–[21].
In [19], a segmental-type LSRM with a toroidally wound
mover was proposed for the first time, which can be applied
to the field of rail transit. Novel LSRM structures which can
be applied to rail transit are also proposed in [20] and [21].

The study on the LSRMs is still in the laboratory research
stage. The structural design of the LSRMs mainly refers to
the design methods of the rotary SRMs, and the parameters
of LSRMs are obtained through the size conversion of cor-
responding SRMs. The secondary of the LSRM laboratory
prototype mostly adopts silicon steel sheet structure. The
secondary made of silicon steel sheet lamination has high
manufacturing cost, and the laying cost increases with the
track travel. If the solid steels with high permeability are used
as the secondary of the LSRM, the electromagnetic thrust is
almost the same as that of the LSRM with silicon steel sheet
structure, and the laying cost can be greatly reduced.

SRM/LSRM control systems usually need position sen-
sors to provide real-time relative position information of
the motor. The position sensors mainly include encoder,
Hall element, photoelectric sensor and eddy current sensor.
On the one hand, the position sensors increase the volume and
manufacturing and maintenance cost of the system. On the
other hand, the position sensors are vulnerable to external
electromagnetic interference and will reduce the reliability
of the drive system. The realization of sensorless control
of the LSRM for rail transit will effectively improve the
reliability of the system and reduce the maintenance cost of
the rail transit system. The sensorless control strategies of
the LSRMs usually refer to the control methods of SRMs.
Therefore, similar to the SRMs, the LSRMs indirect position
detection schemes can be divided into self-induction detec-
tion methods (e.g. pulse injection method, signal modulation
method, current flux linkage method, current waveformmon-
itoring method, current gradient method), mutual inductance
detection methods, additional element methods (e.g. plate
capacitance detection method, inverse series coil method)
and artificial intelligence methods. The LSRM sensorless
technologies in the medium and low speed field also mostly
adopt the high-frequency pulse injection methods [22]–[24].
In [24], the sensorless control of a three-phase LSRM is
realized by using the high-frequency pulse injection method,
and its position estimation error is analyzed in detail. For
the sensorless control system of bilateral silicon steel sheet
structure LSRM, position identification methods based on
coupling voltage [22] and eddy current effect [23] are pro-
posed by our research group.

This paper attempts to apply a LSRM with high reliability,
simple and solid structure and low cost to the traction field
of medium and low-speed rail transit. Firstly, the optimal

FIGURE 2. Winding setting and flux path distribution diagram of LSRM
with (a) EI type, (b) EE type.

structures of the LSRMs in this application are compared and
analyzed, and the calculation steps of the initial sizes of the
prototype are given according to the selected motor struc-
ture. Based on the initial sizes, the three-dimensional finite
element model is built by using the finite element software,
the sensitivities of the initial sizes of the designed LSRM are
analyzed, and the motor size parameters are optimized. Then
the effects of different core materials on motor characteristics
are compared and analyzed. Finally, the prototype is built, and
the experiments of electromagnetic characteristic detection,
position sensor control and position sensorless control are
completed.

II. STRUCTURE SELECTION
The designed LSRM is applied to the field of long-distance
rail transit. In order to reduce the laying cost of the secondary,
the motor is preferably transverse magnetic flux, and the
secondary is a block structure, as shown in Figure 1. The sec-
ondary of the linear motor with this structure doesn’t need to
be processed into cogging, intermittent block ferromagnetic
materials can naturally form cogging effect, and the cost of
processing, laying and maintenance is low.

The principle of the SRM/LSRM structure design is that
the reluctance in the magnetic circuit should change as much
as possible during the movement of the motor. According
to the comparison results of transverse flux motor structures
described in [25], the LSRM with E-type primary core has
higher unit mass electromagnetic thrust than the LSRM with
U-type primary structure. Therefore, two LSRM structures,
EI type and EE type, are analyzed comparatively. Without
considering the flux leakage, the coil winding direction and
the flux closing path of twomotors are shown in Figure 2. The
comparisons between the two motors are carried out under
the condition that the basic parameters such as motor voltage,
current and coil turns are consistent.

When a constant excitation current of 10 A is applied to the
primary coil of one phase, the flux density vector diagram
of the primary and secondary of two LSRMs in the fully
aligned position are shown in Figure 3 (a). The flux paths
of the two LSRMs are the same, both of which are double
circuits. A coil is wound around the middle teeth of the
E-type primary. When the current is injected into the coil, the
magnetic flux generated will go along the secondary teeth,
secondary yoke and air gap to the left and right teeth of
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FIGURE 3. Comparison of EI type and EE type LSRMs (a) flux distribution,
(b) flux density distribution.

FIGURE 4. Electromagnetic thrust curves of two LSRMs.

TABLE 1. Comparison of electromagnetic thrusts of two LSRMs.

the E-type primary, and finally returns to the primary yoke
to form a closed magnetic flux circuit. The primary and
secondary magnetic densities of EI type and EE type are also
similar, as shown in Figure 3 (b).

The static electromagnetic thrust comparison results of the
two LSRMs are obtained through finite element simulation
calculations. The results are shown in Figure 4. The peak
value of electromagnetic thrusts of EE type LSRM is rela-
tively larger. Considering the mass of the two LSRMs, the
average electromagnetic thrusts per unit mass of the two
motors are compared, and the results are shown in Table 1.
It can be seen from the table that the average electromag-
netic thrust per unit mass of EE type LSRM is increased by
about 0.7 N/kg compared with the EI type LSRM. Therefore,
EE type LSRM will be selected for further analysis in this
paper.

FIGURE 5. Flow chart of LSRM initial size calculation.

FIGURE 6. The dimensions of the designed LSRM.

III. INITIAL DIMENSIONS CALCULATION
Based on the motor selection results, the initial sizes of the
selected LSRM are theoretically calculated, and the flow
chart [5] of the calculation process is shown in Figure 5 below.
The dimensions of the motor are shown in Figure 6.

The design objectives of the motor are: under rated oper-
ation, the maximum electromagnetic thrust of the motor
Fmax = 64 N, the maximum speed vm = 2.4 m/s, the
acceleration time t = 1.5 s, themaximummass of the primary
motorM = 20 kg, and the motor overload rate λ = 2.
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The maximum power capacity of the designed machine
Pmax = Fmax · vm ≈ 154 W. The mechanical output power
of the designed machine is

P = u · i · η · Kd (1)

where u and i are winding voltage and current, η is the
efficiency, and the load factor Kd is deduced as

Kd =
(xoff − xon) · q

τ
(2)

where xon is the conduction position of phase winding, xoff is
turn-off position of phase winding, q is the number of phases,
τ is the pole pitch of secondary side, and xoff − xon = τ/2.
The ampere turns formula is N · i = 2gBg/µ0, therefore

the current can be expressed as

i =
2 · g · Bg
N · µ0

(3)

where g, Bg, and N are the air gap thickness, the average flux
density in the air gap, and the number of turns in one winding,
respectively.

The electrical dynamic of each phase can be written as

u = r · i+
1ψ

1t
(4)

where r represents the resistance of each winding, ψ denotes
flux linkage of each winding, and time interval is calculated
as 1t = τ/2vm. Because the resistance value is small, the
voltage drop on the resistor can be ignored.

Under the linear model of the LSRM, the flux linkage
variation from the aligned position to the unaligned position
for a flat-topped (or square wave) phase current i is expressed
by

1ψ = (Las − Lu) · i (5)

where Las is the aligned saturated inductance per phase, Lu
is the unaligned inductance per phase. Define the following
variables: δ = Las/La, γ = La/Lu, where La is the aligned but
unsaturated inductance.

Then the sector-winding voltage can be expressed as

u =
1ψ

1t
= Las ·

(
1−

1
δ · γ

)
· i ·

2 · vm
τ

(6)

The flux linkage at the aligned position is

ψ = Las · i = Lpt ·Wp · Bg · N (7)

where Wp and Lpt are the primary stack thickness and the
width of the primary intermediate teeth, respectively.

Therefore, the mechanical output power can be deduced as

P = 2 · Kd · η · K1 · K2 · Ag · vm · Bg · A (8)

where K1 = Ns/q, Ns represents the number of
secondary-side poles covered by the primary-side system and
q is the number of phases, K2 = 1 − 1/δγ , the pole area of
the primary side is Ag = Lpt ·Wp, and A is the specific electric
loading.

The primary size should meet the following rules: Ws ≥

Wp, τ ≥ Ws+Wp, q ·Wp ≥ τ , therefore,Wp can be designed
as τ/2 ≥Wp ≥ τ/q.Ws is the secondary stack thickness, and
it meets the followings condition: τ · (q− 1)/q ≥ Ws ≥ Wp.

The pole pitch of the primary side is

Wpp =
Lpp −Wp

Np − 1
(9)

and the pole pitch of the secondary side is

τ =
Np

Ns
·
Lpp −Wp

Np − 1
(10)

where Lpp is the primary length and Ns is the number of poles
in the primary side.

The primary slot width is Lpsw = (Wpp− Wp)/2, and the
primary tooth width Lptw is expressed as Lptw = Lpt/2.

The slot depth of primary side with a slot filling-factor x
nearer 30% should be

Lpsd =
N · Ac

x ·
(
Wpp −Wp

) (11)

where Ac is the cross-section area of the coil wire.
For the designed linear motor, it is assumed that the pole

distance on the primary sideWpp is 80 mm, the primary stack
thickness Wp and secondary stack thickness Ws are equal to
40 mm, in addition, q = Np = 3, and Ns = 2. It can be
calculated the secondary pole pitch τ = 120 mm and the
primary slot width Lpsw = 20 mm.

Affected by the installation process, the air gap of LSRM is
generally larger than the rotary SRM, so the air gap thickness
g = 1 mm is selected, and other constants are set as follows:
η = 0.65, K1 = 2/3, K2 = 0.75, Kd = 1.5, Bg = 1.4 T, A =
29400 A/m. The pole area of primary side is obtained by

Ag =
P

2 · Kd · η · K1 · K2 · vm · Bg · A
≈ 1600mm2 (12)

The width of the primary intermediate teeth can be calcu-
lated as Lpt = Ag/Wp = 40 mm, then Lptw = 20 mm.
The number of turns in the sector-winding is

N =
ψ

φg
=
u · (xoff − xon)

vmφg
= 225 (13)

where u = 20 V, φg = Bg · Ag = 2.24 · 10−3 T · m2, and
xoff − xon = τ/2 = 60 mm.

The peak current is

i =
2 · g · Bg
N · µ0

= 10A (14)

Jm is the maximum allowable current density in the wind-
ing, the cross-section area of the coil wire is calculated as

Ac =
i

Jm ·
√
q
≈ 2mm2 (15)

According to equation (11), the slot depth of primary side
Lpsd = 38 mm. The initial dimensions of the motor are shown
in Table 2.
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TABLE 2. Calculation results of initial dimensions of motor.

IV. SENSITIVITY ANALYSIS AND OPTIMIZATION OF
MOTOR SIZE PARAMETERS
After calculating the initial sizes of the LSRM, the primary
and secondary size parameters of the LSRM are optimized
by finite element calculations. The primary optimization
parameters mainly include primary tooth width, primary slot
depth, primary slot width and primary stack thickness. The
secondary optimization parameters mainly include secondary
tooth width, secondary slot depth, secondary slot width and
secondary stack thickness. The optimizations are carried out
in the order from primary to secondary, and from motor teeth
to motor slots.

Before optimizing the above parameters, the optimization
range shall be set according to the basic design principles
of LSRMs. The electromagnetic thrusts of the motor under
different sizes are calculated in turn. In this paper, the optimal
size of each parameter is determined based on the average
value of electromagnetic thrust of the motor. The optimiza-
tion of motor parameters is completed on the premise that
the total length and width of primary and secondary remain
unchanged.

The optimizations of the size parameters of the designed
motor are completed by static magnetic in Flux-3D software.
Firstly, set the input constant current value of one-phase
winding of the LSRM to 10 A. The travel interval of motor
mover is set as half secondary cycle, i.e. 0 mm ∼ 60 mm.
The calculation step of the finite element model of the motor
is set to 2 mm. Then, the average electromagnetic thrust per
unit mass of the motor under each size is calculated, and the
calculation results are shown in Figure 7.

The optimized motor sizes are shown in Table 3. As shown
in Figure 8, by comparing the electromagnetic thrusts of
the LSRM before and after the optimizations, the maximum
electromagnetic thrust per unit mass of the optimized motor
is increased by 1.47 N/kg, and the average electromagnetic
thrust per unit mass is increased by 0.38 N/kg.

V. LSRM PERFORMANCE COMPARISON OF DIFFERENT
SECONDARY MATERIALS
In order to study the influence of different secondary materi-
als on motor performance, according to the optimized motor
sizes, the electromagnetic thrusts are calculated when the

FIGURE 7. Average electromagnetic thrust per unit mass of the LSRM
under different parameters of (a) Primary tooth width (Lptw), (b) Primary
slot depth (Lpsd), (c) Primary slot width (Lpsw), (d) Secondary tooth width
(Lstw), (e) Secondary slot depth (Lssd), (f) Secondary slot width (Lssw),
(g) Primary stack thickness (Wp), (h) Secondary stack thickness (Ws).

TABLE 3. Optimized initial dimensions of the LSRM.

secondary materials are silicon steel sheet 50W470, No. 10
steel block, electrical pure iron DT2 and Q235 steel block
respectively. The magnetization curves of four materials are
shown in Figure 9.
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FIGURE 8. Comparison of electromagnetic thrust results before and after
motor size optimization.

FIGURE 9. B-H curves of four secondary materials.

TABLE 4. Comparison of electromagnetic thrust of four LSRMs.

The electromagnetic field distributions of four secondary
materials under different secondary positions and differ-
ent current excitation are simulated and compared, and the
electromagnetic thrust characteristic curves are obtained.
When 5 A, 10 A and 15 A currents are respectively injected
into the LSRM winding coil, the electromagnetic thrusts
of the LSRMs with four secondary materials are shown in
Figure 10. Table 4 lists the average electromagnetic thrust of
the LSRMs with different materials under different excitation
currents.

According to the Figure 10 and Table 4, when 5 A exci-
tation current is applied to the motor, the motor core is in
unsaturated state, and the electromagnetic thrust of the LSRM
with electrical pure iron material is the largest, followed

FIGURE 10. Calculation curves of electromagnetic thrusts under the
excitation current of (a) 5 A, (b) 10 A, (c) 15 A.

by Q235 steel, silicon steel sheet and No. 10 steel. When
the excitation current reaches 10 A and the motor works
in the rated state, the electromagnetic thrust of the LSRM
with electrical pure iron material is still the highest. The
sequence of electromagnetic thrust of four LSRMs is the
same as that of 5 A excitation current. When the excitation
current reaches 15 A and the motor is in deep saturation
state, the electromagnetic thrust of LSRM with the Q235
steel is the largest, followed by silicon steel sheet, electrical
pure iron and No. 10 steel. The variation of electromagnetic
thrust is mainly determined by the magnetization curve of the
materials. In practical application, the selection of materials
also needs to be comprehensively considered in combination
with factors such as material price and corrosion resistance.

VI. MOTOR CONTROL
A. CONTROL WITH POSITION SENSORS
The operation of traditional LSRMs requires the position
sensors to detect the relative positions of the mover in real
time. In the position sensor control system of the designed
LSRM in this paper, the eddy current sensor is selected to
directly detect the relative positions of the mover, and each
phase of motor is turned on and off according to the feedback
signals of position sensors. Four eddy current sensors are used
in the control system. The installation position of each sensor
is 20 mm apart. The installation positions of the sensors are
shown in Figure 11.

The three-phase inductance change curves of the LSRM
prototype at different relative positions and the position
square wave signals output by the position sensor are shown
in Figure 12, where 0 mm position is the maximum induc-
tance position of the phase C. According to the position
sensor signals in one cycle (the secondary cycle is 120 mm),
the selection method of LSRM conduction phases in this
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FIGURE 11. Installation diagram of position sensors.

FIGURE 12. Position signals and phase inductance curves of the LSRM.

TABLE 5. Control logic of the LSRM with position sensors.

scheme is given in Table 5. Taking area I as an example, when
the mover moves to this area, the output signals of position
sensors PA, PB, PC and PD are 1, 1, 0 and 0 respectively.
At this time, phase B is in the inductance rising area, and
phase A and C are in the inductance falling area. According to
the basic control principle of LSRMs, the conducting phase
is determined as phase B.

B. CONTROL WITHOUT POSITION SENSORS
The realization of the sensorless control of the LSRM will
effectively improve the reliability of the system and reduce
the maintenance cost of rail transit system. At present,
LSRMs are still in the laboratory research stage, and the sen-
sorless control strategies usually refer to the control methods
of rotary SRMs. The LSRM designed in this paper is mainly
used in the field of medium and low speed rail transit, so the

FIGURE 13. Three phase pulse response current curve.

TABLE 6. Control logic of the LSRM with no position sensor.

sensorless technology is realized based on the pulse injection
method.

When pulse voltages are injected into the three phase
windings of the LSRM prototype at the same time, the
peak values of response currents are shown in Figure 13,
where 0 mm position is the maximum inductance position
of phase C. The peak values of the pulse response currents
are directly proportional to the air gap reluctances of each
phase magnetic circuit [26], [27], therefore, the change trend
of response currents with relative positions are opposite to
that of motor inductance curves. The minimum inductance
position is the maximum pulse response current position,
and the maximum inductance or fully aligned position is the
position ofminimumpulse response current. According to the
relationship between three phase inductances or three phase
pulse response currents in one cycle, the selection method of
excitation and injection pulse phases of the LSRM are given
in Table 6. The specific control methods are as follows:

1) Firstly, the high-frequency pulse voltages are injected
into the three phase windings at the same time, and the
pulse response currents IA, IB and IC of the detection
coils are obtained by using the current sampling circuit
and the signal conditioning circuit;

2) According to the amplitude relationship between pulse
response currents IA, IB and IC, the secondary cycle of
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FIGURE 14. Flow chart of the sensorless control of the LSRM.

the motor is divided into six regions, I∼VI. The selec-
tion methods of pulse injection phases and conduction
phases corresponding to each region are described in
Table 6;

3) In area II, in order to avoid excessive opening position
during phase B startup, an opening position current
threshold I1 is set as shown in Figure 13. When IB
is greater than the threshold I1, phase A and phase B
are excited at the same time; When IB is less than the
threshold I1, phase A is selected to be excited sepa-
rately; Similarly, the starting methods in region IV and
region VI are the same as that in region II. The intersec-
tions a, b and c of the threshold I1 and the three-phase
pulse response current curve are the turn-off position
points of phase A, phase B and phase C in the three
regions. By adjusting the threshold I1, the turn-off posi-
tions of each phase during the LSRM startup can be
adjusted.

The sensorless control methods after starting are as
follows:

(1) When the motor is started, the non-reverse starting
of the motor is realized according to the conduction
phase given in Table 6, and the pulse response current
values of the injection phase are detected in real time
according to the injection phase given in the table;

FIGURE 15. LSRM prototype photo (a) Overall picture (b) Primary and
secondary main view.

(2) Taking the injection phase B as an example, when the
pulse response current IB of phase B is higher than
the threshold I2, as shown in point d in Figure 13,
this position corresponds to the minimum inductance
position of phase C of the motor. In this case, phase C
is turned on;

(3) When the pulse response current IB of phase B is higher
than the threshold I3, this position is the position of
point e in Figure 13, that is, the maximum inductance
position of phase A of the motor, phase Awill be closed
at this position;

(4) When the pulse response current IB of phase B is higher
than the threshold I4, as shown in point f in Figure 13,
this position corresponds to the minimum inductance
position of phase A; In order to prevent the influence
of the off phase residual current on the pulse injection
signal, it is necessary to judge whether the residual
current in phase A is lower than the threshold I0 [18]
after point f. when the residual current is less than the
threshold I0, the injection phase is changed to phase A;

(5) The motor control method based on injection phase A
is to repeat steps (2) ∼ (4), and the specific judgment
logic is described in flow chart 14. By changing the
threshold I2, the turn-on position of each phase can be
changed, and by changing the threshold I3, the turn-off
position of each phase can be adjusted. I2 and I3 are
at the position with high rising slope of pulse response
current curve, so they have high position identification
degree.

VII. EXPERIMENTAL RESULTS
The trial produced laboratory prototype is shown in
Figure 15. The hardware platform of the control system is
shown in Figure 16, whichmainly includes controller, driving
circuit, main circuit, isolation circuit, current detection circuit
and auxiliary power module. In order to verify the accuracy
of sensorless control, a linear encoder is installed on one side
of the prototype. TI DSP TMS320F28335 is selected as the
controller, and the optocoupler HCPL-3120 is used as the
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FIGURE 16. Hardware platform of control system.

FIGURE 17. The measured curve and simulation calculation results of the
flux linkages.

FIGURE 18. Measured and calculated electromagnetic thrusts under the
excitation current of (a) 5 A, (b) 10 A, (c) 15 A.

driving chip in the driving circuit. The pulse response current
and excitation current are detected by the current Hall sensor.

Firstly, the flux linkages of the motor from the minimum
inductance position to the maximum inductance position are
measured, in which 0 mm position is the maximum phase

FIGURE 19. Three phase currents of the LSRM control system under
excitation voltage of (a) 10 V, (b) 15 V, (c) 20 V, (d) 25 V.

inductance position. The measured curve and simulation cal-
culation results are shown in Figure 17. Secondly, the static
electromagnetic thrusts of the motor are measured. The mea-
sured values and simulation calculated values are shown in
Figure 18.

The measured static electromagnetic thrust and flux link-
age of the motor basically coincide with the simulation
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FIGURE 20. Phase voltage and current waveform of the LSRM sensorless
control system under different average velocities (a) 0.833 m/s,
(b) 1.18 m/s.

results, but there are errors in the non-coincidence area of
the primary and secondary salient poles of the motor. The
main reasons are as follows: (1) There will be some devia-
tion between the motor material parameters set in the finite
element software and the real parameters of the actual mate-
rials; (2) Prototype processing errors, such as air gap size,
winding deviation and material processing error; (3) There
will be measurement error and deviation caused by signal
conditioning circuit in the measurement and reading process
of pull pressure sensor and digital display instrument.

Figure 19 shows the current waveforms of three phase
windings of the LSRM with position sensors under different
excitation voltages. In this test, the motor operates in the
open-loop state under no-load, the phase current increases
with the excitation voltage, and the average value of phase
current will become smaller with the increase of motor veloc-
ity. When the excitation voltage of the motor is 10 V, the peak
current of each phase can reach 9 A; When the excitation
voltage of the motor is 15 V, the peak current of each phase
can reach 12 A; When the motor excitation voltage is rated
voltage 20 V, the peak current of each phase can reach 16 A;

FIGURE 21. Phase voltage and current waveform during current chopping
operation of the LSRM sensorless control system.

When the motor excitation voltage is 25 V, the peak current
of each phase can reach 20 A. It can be seen that when the
excitation voltage exceeds the rated voltage, the actual current
value will exceed the set starting current limit. With the
increase of motor running velocity, the motor phase current
will gradually decrease.

Figure 20 show the voltage and current waveforms of
phase C winding at different speeds when LSRM operates
without position sensor. It can be seen from the waveform in
Figure 20(a) that there are three stages of LSRM conduction
phase: pulse voltage injection period, excitation conduction
period and freewheeling period. Figure 20(b) shows the volt-
age and current variation curve of LSRM in the whole stroke
(about 1 m). Due to the short motor stroke and the short motor
acceleration process, the motor running state presents an
acceleration-deceleration process. During deceleration, the
phase winding current amplitude increases with the increase
of phase winding excitation time.

In the process of motor starting, because the motor velocity
is low and the starting current is large, the current chopper
control needs to be added during the LSRM starting period
to control the maximum amplitude of motor phase current.
Figure 21 shows the phase voltage and current waveforms
of the LSRM sensorless control system during current chop-
ping operation. After the pulse injection is completed, the
corresponding phase winding starts to be excited for current
chopping control, and the current chopping threshold is set
about 6 A in the test.

VIII. CONCLUSION
This paper attempts to study the application of LSRM in
the field of long-distance rail transit. Firstly, the design and
optimization method of the LSRM are introduced. Two struc-
tures of transverse flux LSRM are compared and analyzed
by three-dimensional finite element software: EI type and
EE type. The simulation results are analyzed and compared
from the perspective of the average value of electromagnetic
thrust per unit mass of the motor, and the structure of EE
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type motor is optimized. The initial sizes of the motor are
calculated by using the basic theory of SRM design. Through
finite element analysis, the sensitivity of the optimized size
parameters such as slot depth, slot width and tooth width
of the motor is analyzed, and finally the size parameters
of the motor are optimized. Then, the influence of different
secondary materials on the basic characteristics of the motor
is analyzed to provide guidance for the practical application
of the motor. The LSRM laboratory prototype is trial manu-
factured, the hardware test platform is built, the flux linkage
and electromagnetic thrust characteristics of the prototype
are measured, and the electromagnetic thrust characteristics
of motors with different secondary materials are compared.
Finally, the sensorless control of LSRM is realized by pulse
injection method. The experimental results verify the correct-
ness of the motor design and control method.
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