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ABSTRACT Linear switched reluctance motor with segmented secondary (LSRMSS) is a new type of linear
switched reluctance motor (LSRM) and has become an alternative for direct linear driving systems due to
its high power and thrust density compared to the conventional LSRM. Performance estimation of LSRMSS
is a tough task because of its critical local saturation effect on iron. To precisely estimate and investigate
the dynamic performance of LSRMSS, a highly efficient and accurate nonlinear inductance function (NIF)
considering iron saturation effects is developed in this paper. The inductance model of LSRMSS is derived
based on an established magnetic equivalent circuit (MEC), facilitating machine performance estimation.
The accuracy of the model is verified by comparing the results with finite element simulations (FEA). The
end effect and mutual inductance effect are considered to improve the accuracy of the proposed NIF model,
and key dimensions affecting machine performance are considered. Finally, the prototype of LSRMSS is
manufactured, and the experimental testing platform is built. The measured results are in good agreement
with the simulation results, validating the feasibility of the proposed nonlinear model.

INDEX TERMS Linear switched reluctance motor with segmented secondary (LSRMSS), nonlinear
inductance function, the saturation effect, mutual inductance, end effects.

I. INTRODUCTION
Conventional transportation systems, especially long-
distance transportation, are driven by rotary machines. It has
many distinct shortcomings, such as a complex structure,
low transportation efficiency, and a large friction force [1],
[2]. In recent years, linear motor transportation systems have
gradually become the main choice. Linear motor transporta-
tion systems are an excellent alternative to conventional
rotary machine transportation systems. The driving of a linear
motor transportation system only depends on the electromag-
netic force between the primary mover and secondary stator.
With the rapid development of servo control technology and
power electronic devices, linear motor transportation systems
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have been widely applied in many industrial fields, such as
urban rail transit, naval vessels, aircraft, the ejection device
of unmanned aerial vehicles, high-rise construction elevators,
and mine hoist systems [3], [4], [5], [6], [7].

Linear switched reluctance motor (LSRM) transportation
system is an excellent alternative to conventional rotary
machine transportation systems. It not only saves space but
also reduces the total quality of the driving system. Thus,
the thrust density and the payload ratio are improved [8], [9],
[10], [11], [12]. The special structure characteristics of LSRM
can be divided into several aspects, as follows:

1) The operating range of LSRM is wide, so it has good
application potential in long-distance propulsion systems.
Besides, the advantages of LSRM are obvious, such as its
high reliability, low cost, and strong ability for frequent
and continuous starting. LSRM can be controlled to operate
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within the optimal working range through various flexible
control strategies.

2) LSRM has strong fault-tolerant ability. When
single-phase winding or a power converter breaks down, the
movement direction of the LSRM is constant. It has important
practical significance for the driving systems of elevators
and vertical elevators that require high running safety and
reliability.

In recent years, LSRM has been widely used in long-
distance transportation. It is becoming more and more
important to estimate and research the dynamic performance
of LSRM. The conventional LSRM has a low thrust density,
and the secondary side cannot be modularized. Thus, with the
development of the transportation field, the performance of
conventional LSRM cannot meet the requirements of trans-
portation systems.

In conventional LSRM, the adjacent teeth of the secondary
stator connect with each other and are not segmented, which
brings many difficulties to the installation of the secondary
stator in long rail transit. Besides, in order to obtain sufficient
thrust and a small force ripple, two phases or multiphases
are required to work simultaneously in actual operation.
A strange phenomenon occurs: the magnetic flux density of
some parts is very high, and most of the other yokes have
no magnetic flux. Therefore, the conventional LSRM has a
lower utilization ratio of ferromagnetic material, resulting in
a lower power and force density.

LSRMSS is a new type of LSRM, and its stator is
composed of segmented secondary LSRMSS has some
advantages in terms of simple structure, low manufacturing
cost, higher power density, and higher thrust density com-
pared with conventional LSRM [13], [14], [15]. LSRMSS has
been an excellent alternative to conventional long-distance
transportation systems. Performance estimation of LSRMSS
is a tough task due to its critical local saturation effect of
iron. Precise position control and a smooth force profile are
always required in LSRM because of the requirements of
low cruising velocity and variable load. In an actual linear
actuator, the discrepancy between the generated force and the
command force can be large due to the slow rise rate of the
phase current. Our previous work presents a new control strat-
egy based on the force distribution function for the LSRMSS
[16]. In order to realize the control effect, it is necessary to
estimate the inductance value of the motor in real time. This
paper focuses on the construction of an efficient and accurate
nonlinear inductance model that can be applied to the control
of LSRMSS. Then the end effect and mutual inductance are
considered to improve the nonlinear inductance model and
make it more accurate.

The accurate estimation of inductance is an important issue
in switched reluctance motors. Many papers have researched
this question and put forward somemethods such as 2-D table
lookup, mathematical fitting, and neural network fitting [17],
[18], [19], [20]. Finite element analysis (FEA) is a common
method to calculate the values of inductance. However, this

FIGURE 1. Three phase configuration of the LSRMSS. (a) 3D view of the
LSRMSS. (b) Three phase configuration of the LSRMSS.

TABLE 1. Specific dimensions of LSRMSS.

FIGURE 2. Specific dimensions of LSRMSS.

method requires a lot of numerical calculations and can be
very time- consuming. Thus, the modular equivalent mag-
netic circuit (EMC) using mesh generations of LSRMSS is
presented to estimate the inductance for special mover posi-
tions such as aligned positions and unaligned positions [21].
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The NIF model is constructed and the dynamic perfor-
mance of LSRMSS can be estimated by using the method of
NIF [20].

The specific structure of this paper is organized as fol-
lows: Section II illustrates the specific structure of LSRMSS.
In Section III, the LSRMSS using a nonlinear inductance
model based on an equivalent magnetic circuit model is intro-
duced. Besides, some key factors, including end effects and
mutual inductance effects, are discussed. The experimental
platform is set up, and then the experimental results are
compared with the NIF results to verify the feasibility of NIF
in Section IV. Relevant conclusions are drawn in Section V.

II. MACHINE STRUCTURE
The topology of LSRMSS presented in this paper is shown
in Fig. 1. LSRMSS features a segmental stator and toroidal
wound mover. The so-called segmental stator is composed
of individual ferromagnetic segments, thus providing good
potential to be used in long-distance propulsion systems.
Besides, when the single-phase winding is energized, the flux
of conventional LSRM only crosses through some parts of
the stator yoke and leaves the other parts of the stator yoke
free of flux. Therefore, the conventional LSRM has a lower
utilization ratio of ferromagneticmaterial, resulting in a lower
power and force density. For the presented LSRMSS, the
flux goes through via the two adjacent mover teeth and stator
segments. Thus, compared with conventional LSRM, it fea-
tures a short magnetic circuit. In this case, the utilization ratio
of ferromagnetic material has been significantly enhanced.
In addition, there is only single-phase winding placed in each
mover slot, which increases the slot-filling ratio of LSRMSS.
Some measures of phase isolation that have been used in
conventional LSRM are not required.

The specific dimensions of LSRMSS are listed in Table 1.
The illustration of the geometric dimensions of LSRMSS is
shown in Fig. 2.

III. MODELING OF LSRMSS USING ANALYTICAL
APPROACH
A. NONLINEAR INDUCTANCE FUNCTION
This section aims to investigate the dynamic performance of
LSRMSS using a nonlinear inductance model. Based on the
EMC of LSRMSS at several special working positions, such
as aligned positions and unaligned positions, the NIF model
can be obtained [22], [23], [24], [25].
The equivalent magnetic circuit is established in Fig. 3.

In this section, six EMCs at different positions are calculated.
Among them, the schematic diagrams of magnetic flux paths
and the EMC of the three main positions have been given in
Fig. 3.

The specific EMC of LSRMSS with different positions is
shown in Fig. 3. It can be seen that the flux paths can be
divided into three parts: air gap, iron core, and slot, which
can be calculated by different methods. This paper adopts a
new method to reduce the calculation error. It can be seen
from Fig. 4 that the first-layer cell is divided into four smaller

FIGURE 3. The magnetic circuit model of LSRM. (a) aligned position.
(b) middle position. (c) unaligned position.

FIGURE 4. Mesh approach of air-gap.

cells. Thus, the changing process of flux magnetic reluctance
is smoother.

The nonlinear region can be divided into four elements, i.e.,
stator yoke, stator tooth, mover yoke, and mover tooth. The
magneticmotive force is located in the part of themover yoke.

The iron core permeance changes along with the iron
core permeability. In this paper, the iron core permeability
is calculated by iterative approaches and the iron core per-
meability of each part is taken as an iterative variable. The
flow chart of nonlinear analysis about iron core permeability
is given in Fig. 5 and the calculation formulas are expressed
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FIGURE 5. Flow chart of nonlinear analysis.

FIGURE 6. Comparison of EMC and FEA under different currents.

in equation (1) and equation (2). It can be seen from Fig. 5
that the result after n iterations will be used as the new initial
value for the n+1th iteration step in this iterative process.
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where k is the number of iterations, λ
(k)
i is the damping coef-

ficient, and µ(k)
i is the iron core permeability of the magnetic

circuit after k iterations.
In order to verify the accuracy of the results calculated

by the method of EMCs, the simulation model of LSRMSS
has been established in the software of FEA. The inductance
values at different locations calculated with MEC and FEA
can be obtained as shown in Fig. 6.

The comparison results between the fitting curve and data
points of inductance at currents of 1A and 5A are shown in
Fig. 6. Besides, the error curves of inductance at currents of
1A and 5A are also shown in Fig. 6. It can be seen that the
results of inductance at 1A using the method of EMC are
more precise than at 5A. Meanwhile, the inductance error
results of the aligned position are smaller than those of the
unaligned position.

In order to obtain the inductance functions operating at
different currents quickly and efficiently, a simple method is
used in equation (3).

fn(x) = (f (x) − L1min)(
Lnmax − L1min

L1max − L1min
) + L1min (3)

FIGURE 7. Fitting curves under different currents and different positions.

where fn(x) is the curve function at current of n A, f (x) is the
fitting function described at equation (4), Lnmax is the maxi-
mum inductance at current of nA. L1min and L1max represent
the minimum and maximum inductance at 1A, respectively.

In addition, the NIF in simulation model of LSRMSS f(x)
can be expressed as equation (4):

f (x) = 0.0435 + 0.02679 cos(195.6x)

− 0.003726 cos(391.2x) (4)

The inductance values using the method of NIF under
different currents and different positions can be obtained as
shown in Fig. 7. Obviously, with the increasing of current, the
peak of inductance waveform is declined and the minimum
value always remains at the same level.

B. ESTABLISHING DYNAMIC MODEL
Most of the traditional research methods have low accuracy,
which ignore the effect of magnetic saturation and use the lin-
ear model. This situation can be avoided by the NIF method
using EMC-based inductance fitting curves.

The specific mathematical model of the LSRMSS based
on NIF can be obtained and it has been expressed as
equation (5). 

Up = Rpip +
dψp
dt

ψA = Lpip

Fp =
1
2
i2p
dLp
vdt

(5)

whereUp is the voltage of phase winding, Rp is the resistance,
v is the speed of the motor, ψp is the flux linkage, Lp is the
inductance.

The diagram of the LSRMSS system is shown in Fig. 8.
The LSRMSS system can be divided into two parts: a drive
circuit module and a correlation function calculation module.
In the view of the correlation function calculation module,
in order to obtain accurate calculation results, it is very impor-
tant to establish a suitable inductance model.

The results consideringmagnetic saturation about currents,
self-inductance, thrust, and back-EMF using different meth-
ods are shown in Fig. 9. The iron core will be saturated by
increasing the armature current. The results based on the
saturation of the iron core have been given above. In order
to verify the feasibility and accuracy of the model building
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FIGURE 8. Diagram of the LSRMSS system.

FIGURE 9. Comparison results between FEA and NIF at 0.5m/s
considering iron core saturation. (a) Current. (b) Self-inductance.
(c) Back-EMF. (d) Thrust.

based on NIF, the specific results, including self-inductance,
static thrust, dynamic current, and dynamic thrust, compared

FIGURE 10. Comparison static results between considering core
saturation and without considering core saturation at 5A and 0.5m/s.
(a) Self-inductance. (b) Thrust.

FIGURE 11. Comparison dynamic results between considering core
saturation and without considering core saturation at 12V and 0.5m/s.
(a) Self-inductance. (b) Current. (c) Thrust.

between considering core saturation and ignoring core satu-
ration are shown in Figs. 10 and 11.
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FIGURE 12. Distribution diagram of the ending effects about LSRMSS.

FIGURE 13. Flux linkage comparison results, (a) Flux linkage results
Under 1A. (b) Flux linkage results Under 5A. (c) Flux linkage results Under
different currents.

It can be seen from Fig. 9 that the results of NIF, including
current, self-inductance, thrust, and back EMF, are all con-
sistent with the waveforms of FEA. Thus, it is feasible for
the system to use the method of NIF. In addition, the results
using NIF have a subtle difference compared with the method
of FEA due to the inductance results error between EMC and
FEA.

C. END EFFECTS
End effects have always been a vital influencing factor in
researching the performance of LSRMSS. The 2D FEA

FIGURE 14. Comparison results at 60 or 100mm depth of stack length by
NIF. (a) Self-inductance. (b) Thrust. (c) Average thrust.

simulation model can always be used to estimate and verify
the rough dynamic performance characteristics. However,
compared to the practical 3D FEA model, the errors of the
2D simulation model are obvious. Some of these errors are
due to the end effects of armature windings, which can be
clearly seen in Fig. 12.

It can be seen from Fig. 13 that the flux linkage values
are different when considering end effects and without. Thus,
it is significant to estimate the differences caused by end
effects, which can improve the accuracy of the NIF method.
Compared with conventional LSRM, special toroidal wind-
ings of LSRMSS determine that the end effects are low and
invariable, which greatly cuts down the workload in NIF. The
comparison results of flux linkage under different positions
and currents are shown in Fig. 13. It can be seen from
Fig. 13 (a) and (b) that the end effects on the aligned position
are weaker than those on the unaligned position. In addition,
it can be seen from Fig. 13 (c) that the energy of the magnetic
field under end effects decreases obviously (S1<S2). There-
fore, the horizontal thrust should theoretically be reduced due
to end effects. The specific influence of end effects on self-
inductance, thrust, and average thrust is shown in Fig. 14.

It can be seen from Fig. 14 that, due to the end effects
of phase windings, the maximum value of self-inductance
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FIGURE 15. Schematic diagram of magnetic flux path and the waveform
of mutual inductance. (a) The position with maximum mutual inductance.
(b) The position with minimum mutual inductance. (c) The mutual
inductance.

changes from 67.5 mH to 74.4 mH and the value of average
thrust declines from 55.3 N to 51.1 N. The method of increas-
ing the thickness of stacked silicon steel sheets is used to
weaken the end effects or decrease the bad influence. There-
fore, this paper also studies the laminated silicon steel sheet
motor with a thickness of 100mm. The specific waveforms
of self-inductance, thrust, and average thrust under 100mm
stack length are also shown in Fig. 14.
It can be seen from Fig. 14 that with the increase

in stack length, the values of current are invariable, and
the self-inductance and thrust are changed proportionately.
In order to obviously illustrate the effects of end windings,
the expression of end effect percentage is defined, and the
specific function is shown in equation (6).

Ee =
Fatw − Fati

Fatw
× 100% (6)

where Fatw is the average thrust when the motor is working
without end effects, Fati is the average thrust when it is
working under influence of end effects. The specific com-
parison results are shown in Fig. 14 (c), which illustrate the
end effects. Obviously, increasing stack length of LSRMSS
can weaken the end effects. The value of Ee defined by
equation (5) declines from 7.6% to 4.2% when the stack
length is changed from 60mm to 100 mm.

FIGURE 16. Effects of mutual inductance on dynamic performance of
LRSMSS working at different excitation. (a) Phase currents. (b) Thrust.
(c) Average thrust and thrust ripple.

D. MUTUAL INDUCTANCE
The influence of mutual inductance on dynamic perfor-
mance is different when the motor is working in different
states. When LSRMSS is working in a single-phase exci-
tation state, the effects of mutual inductance are minimal.
When LSRMSS is working in a double-phase excitation
state, mutual inductance is a vital factor for LSRMSS to
estimate dynamic performance. In this paper, the situation
of double-phase excitation will appear when the operating
period per phase is greater than 10.7mm. For LSRMSS,
working in a double-phase excitation state can improvemotor
stability and weaken the force ripple. Thus, it is highly imper-
ative to conduct research on mutual inductance.

To illustrate the influence of mutual inductance, the mutual
inductance curves based on different excitation currents are
researched. In addition, the maximum position is always
invariable, and the special working position of the maximum
point is shown in Fig. 15 (a). The position ofminimummutual
inductance is shown in Fig. 15 (b).
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FIGURE 17. Prototype and experimental setup. (a) Lamination sheet and
wound mover core. (b) Test platform. (c) Load cell and stator segment.

It can be seen from Fig. 15(a) that in the case of A-phase
working solely, not only the magnetic flux goes through two
adjacent mover teeth, but also a few of the magnetic flux
is closed by B-phase winding. A schematic diagram of the
minimum mutual inductance position is shown in Fig. 15(b).
At this time, the interval between segmented secondary is
aligned with the interval between mover. Meanwhile, the
magnetic reluctance of the magnetic flux path about mutual
inductance is the largest. This special characteristic of mutual
inductance provides the basis for the research and optimiza-
tion of LSRMSS.

In Fig. 16, ‘‘CMI’’ represents the results by consider-
ing mutual inductance effects, and ‘‘WCMI’’ represents the
results without considering mutual inductance effects. It can
be seen from Fig. 16 that the motor is working in different
excitation states. In the case of l = 9.7 mm, the excitation
period of each phase is less than 10.7 mm, and there is only
one phase working at the same time.

Compared with the single-phase excitation state, the
advantages of double-phase excitation (l = 13mm and
l = 14mm) are obvious such as improvement of operating
stability, decline of force ripple and increase of average thrust.
Besides, the effects of mutual inductance cannot be ignored
when LSRMSS is working at double-phase excitation state.
It can be clearly seen from Fig. 16 (a) and (b) that the
values of current and dynamic thrust are all decreasing due
to the effects of mutual inductance. In conclusion, the effects
of mutual inductance cannot be ignored when LSRMSS is
working at double-phase excitation state.

IV. PROTOTYPE AND EXPERIMENT
The prototype is built according to the specific dimensions
shown in Table 1. The prototype and experimental setup is
shown in Fig. 17. A servo motor is used to drive the mover
to be the required constant speed. The phase windings are
controlled by the converter according to the real-time position
feedback from the linear magnetic encoder. The phase current
and thrust with different mover positions are measured by the
current prove and force sensor, respectively.

FIGURE 18. Measured phase current and force at different conditions.
(a) Switch-on position is 13.8mm and switch-off position is 26mm at 7V,
0.1m/s. (b) Switch-on position is 13.8mm and switch-off position is
27mm at 16V, 0.4m/s. (c) Switch-on position is 13.8mm and switch-off
position is 26mm at 24V, 0.5m/s. (d) Switch-on position is 13.8mm and
switch-off position is 27mm at 24V, 0.5m/s.

FIGURE 19. Comparison results between FEA, NIF simulation and
measured at 24V and 0.5m/s. (a) Current. (b) Thrust.

The measured currents and thrust with different voltage
supply, velocity and switched-on/off positions are shown in
Fig. 18. The switch-on and switch-off positions refer to the
positions at which the central line of mover slot align with
the central line of stator segment. The results from FEA, NIF
and practical measured results are compared.
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FIGURE 20. Comparison between NIF, improved NIF and measured
results. (a) Current. (b) Thrust.

Fig. 19 shows the comparison results between FEA, NIF
andmeasured results of phase current and thrust. Themotor is
supplied by the rated voltage 24V. The velocity of the motor
is kept at the rated value 0.5m/s, and the phase winding is
excited when the switch-on/off positions are 13.8mm/27 mm.
The comparison of phase current is shown in Fig. 19 (a).
It can be seen that the values of phase current obtained by
the NIF model agree well with the FEA calculated results but
has some errors compared to the measured results. Fig.19 (b)
The measured thrust are compared by the NIF and FEA
calculated results. Since the frictional force is not considered
in the simulation, the measured thrust of the motor is smaller
compared to the FEA and NIF calculated results.

Fig. 20 shows the comparison results between NIF,
improved NIF and measured results of phase current and
thrust. In Fig. 20, ‘‘CEE’’ represents the results by consid-
ering end effects. Through the above analysis, we should
consider the influence of core saturation, end effects and
mutual inductance on the results. As shown in Fig. 20 (a), the
current obtained from NIF(CMI) drops faster than that from
NIF at the initial stage after commutation, which is consis-
tent with the change trend of measured result. As shown in
Fig. 20 (b), the thrust considering end effects of phase wind-
ings is lower than that obtained fromNIFwithout considering
end effects. The thrust considering the mutual inductance
is a little smaller than that without considering the mutual
inductance.

In conclusion, the accuracy of the theoretical analysis,
equivalent magnetic circuit model, and NIF model in this
paper is verifies through the prototype fabrication, prototype
test platform construction, and various prototype dynamic

performance comparison test of LSRMSS, and the accuracy
of the proposed NIF model in predicting the performance of
the motor and the feasibility of the proposed NIF model in
the control strategy are further verified.

V. CONCLUSION
An analytical nonlinear model of a linear switched reluctance
motor with segmented secondary (LSRMSS) is developed to
predict the dynamic performance of the machine. The nonlin-
ear inductance function (NIF) is established considering the
iron saturation effect, which is seen as the main feature of the
linear reluctance machine, thus giving a high precision of per-
formance prediction. The inductance values of LSRMSSwith
different positions through the reluctance equivalent network
are obtained. Then the inductance functions under different
currents and positions are fitted by the formula and compared
with the FEA. Some key factors, such as the saturation of
the iron core, the end effects and the mutual inductance, are
considered. Compared to the FEA simulation, the presented
nonlinear model is highly efficient for predicting machine
performance. Finally, the prototype is fabricated, and the
experiments are done. The feasibility of the model above
is validated by comparing the analytically calculated results
with the experimental results.
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