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Abstract. The Linear Switched Reluctance Motor (LSRM) enjoys all the advantages of
rotary switched reluctance machines including a simple and rugged structure, absence of
magnetic material and windings on translator, high reliability, and appropriate performance
over a wide range of speeds. Like the rotary switched reluctance motor with a
segmental rotor, the Segmental Translator Linear Switched Reluctance Motor (STLSRM)
has the capability to produce higher output power/weight than the conventional linear
Due to high advantages of the STLSRM drive, various
control algorithms including current control, model predictive control, direct force control,

switched reluctance motors.

universal control, and force distribution function are investigated for the first time to control
the instantaneous thrust of this motor. By applying these algorithms to a typical three-
phase STLSRM, simulation results are presented and they are compared from the force
ripple reduction point of view.

(© 2020 Sharif University of Technology. All rights reserved.

1. Introduction

Due to its exclusive characteristics such as robust and
simple mechanical structure, low maintenance, and
high reliability and ability to work in harsh envi-
ronments, Switched Reluctance Motor (SRM) can be
considered as an excellent choice for various industrial
applications [1-4]. Non-use of winding and permanent
magnet in the rotor/translator structure has made it
possible to achieve a high speed while the total weight
of the motor is also reduced. However, there are
some challenges that have prevented their commercial
application. One of the main drawbacks of the SRM
is high torque/force ripple and significant research
has been completed over the last three decades to
reduce it using both machine design methods [5,6] and
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control algorithms [7,8]. Similar to the rotary SRM,
the Linear Switched Reluctance Motor (LSRM) has
many benefits and the application of this motor could
be limited because of its significant force ripple. In
addition, using high-precision position control of the
LSRM in most of motion-control industries is quite
important. In the present paper, control of a special
type of LSRM called Segmental Translator Linear
Switched Reluctance Motor (STLSRM) using different
control methods with the aim of reducing force ripple
is considered.

The force control of the LSRM was proposed in [9]
for the first time in which the force ripple of this motor
was reduced using the multiphase excitation strat-
egy. In [10], a simple and easy-to-implement position
control method was described for high-performance
motion of the LSRM in manufacturing automation.
The proposed actuator has a simple structure and
can be manufactured easily. In order to overcome
system perturbations such as system plant parame-
ter variations and the change of operating point, an
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adaptive control strategy was proposed in [11] for the
LSRM. A self-tuning regulator was also developed to
combat uncertain control behavior of this motor. By
introducing a full-order nonlinear controlled model, the
robust passivity-based control was proposed in [12]
for the position tracking system of the LSRM. To
reduce propulsion force pulsations in the LSRM which
is essential for elevators, the controlled multiphase
excitation using Force Distribution Functions (FDF's)
was considered in [13]. To ensure an accurate position
tracking, a self-tuning regulator based on the pole-
placement algorithm was developed for the LSRM in
[14]. Based on the nonlinear inductance modeling,
an improved force distribution function was developed
in [15] for the LSRMs to minimize the force ripple.
With emphasis on the functionality and practicality of
the model, this study shows that the dynamic model
of this motor can be derived from online estimation.
Considering disturbances in the motion system, online
parameter estimation using adaptive control strategy
was conducted in [16] for the double-sided LSRM to
determine system parameter variations and regulate
control parameters in real time. Based on instanta-
neous control of position, speed, current, and force, a
control method was introduced in [17] to reduce force
ripple of the LSRM. To distribute properly the total
force among the phases, a different force distribution
function was also proposed in this study.

In spite of the above-mentioned researches on
control of the LSRM, no work has been reported solely
on control of the STLSRM, while this motor is able to
produce a larger force/volume ratio [18,19]. Therefore,
the main objective of the present paper is to im-
prove the STLSRM performance using different control
methods including the force control through Current
Control (CC), Model Predictive Control (MPC), Direct
Force Control (DFC), Universal Control (UC), and
FDF method. In the following, the electromagnetic
model used to predict performance of the STLSRM is
described briefly in Section 2. The control algorithms
proposed for the STLSRM are then explained in Sec-
tion 3. By applying the proposed control methods
to a typical 3-phase STLSRM, simulation results are
presented in Section 4. Finally, the paper is concluded
in Section 5.

2. Electromagnetic modeling

One of the serious challenges in the SRMs is the
electromagnetic modeling for predicting the dynamic
behavior of a motor in different operation conditions.
When there is an overlap between stator/rotor poles,
the saturation occurs and the characteristics of the flux-
linkage will be non-linear. Due to frequent changes
from linear to saturation mode, it is complicated to
develop an analytical model for the SRM as already

done for induction or synchronous motors. In order to
investigate and implement different control methods,
an exact model of the motor behavior is required.
Various modeling techniques have been introduced for
the SRM in the literature and they are generally cate-
gorized into: 1) linear modeling methods, 2) nonlinear
modeling methods, and 3) Finite Element Method
(FEM) [20,21].

2.1. The linear methods

In the linear modeling methods, behavior of the mo-
tor is expressed regardless of the impact of current
on characteristics of flux- linkage and torque/force.
Therefore, the effect of current on the motor’s flux
and inductance will be ignored in the analyses carried
out by this method. In this case, the inductance is
assumed to be independent of the current and it will be
determined by the rotor/translator position. The main
advantage of this technique is simplicity. However, the
local saturation occurs in high current and therefore,
the phase inductance depends on both phase current
and rotor/translator position. As a result, the use of
this method for modeling the dynamic characteristics of
the SRM is not sufficiently accurate and the difference
between simulation and experimental results is often
significant.

2.2. The nonlinear methods

In the mnonlinear modeling methods, both ro-
tor/translator position and phase current are consid-
ered when obtaining the static characteristics of flux
linkage with a phase. For direct torque control of
the SRM, a cascade-forward back propagation neural
network was used in [22] to model the nonlinear
characteristic of the phase flux linkage. To implement
a force distribution function method for the LSRM in
[15], the nonlinear profiles of the phase inductance were
expressed in terms of several mathematical equations
to precisely predict behavior of the motor in different
translator positions. Considering the effect of magnetic
saturation, normal and propulsion forces of a planar
SRM were determined in [23]. Although nonlinear
modeling methods often require long and complicated
calculations, they could be considered as a good alter-
native to linear modeling methods due to their higher
accuracy.

2.3. The FEM

With advancement in computer systems, the FEM
could be utilized appropriately these days for modeling
and design optimization of electromagnetic devices
[24,25]. In comparison to the linear and non-linear
modeling methods, the FEM is more accurate because
many design aspects could be considered in the model-
ing. However, computation time related to the FEM is
longer. Various Finite Element (FE) packages such as
MAXWELL, ANSYS, FLUX, and OPERA have been
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Figure 1. The Finite Element (FE) model related to a
three-phase Segmental Translator Linear Switched

Reluctance Motor (STLSRM) [18].

also developed for this purpose. These FE packages
are built up in such a manner that different stages of
modeling (creation of the geometric structure, assign
attribution to various areas, meshing, determination of
loads and boundary conditions, solving equations and
extracting the required simulation results, etc.) can be
done very easily.

Based on the FEM using ANSYS FE package, an
electromagnetic simulation model has been developed
here for the STLSRM, which was described elaborately
in [18]. By using this simulation model, all impor-
tant electromagnetic characteristics of the STLSRM
including static characteristic of flux-linkage with a
phase, phase current waveform, and instantaneous
force could be predicted precisely. In this modeling, the
geometrical model of the motor, which is illustrated for
a three-phase STLSRM in Figure 1, has been created
totally in ANSYS parametric design language and some
critical geometrical parameters of the motor have been
selected as geometrical parameters. When using the
simulation model for a typical STLSRM design, one
only needs to identify these geometrical parameters
along with the control parameters including turn-on
angle, turn-off angle, phase voltage, and speed.

3. Control methods

Different control methods considered here for the STL-
SRM are described in this section.

3.1. Current Control (CC)

In order to have a torque/force waveform with the
least amount of ripple for the SRM, the produced force
should be controlled by either direct control method
or indirect control of intermediate quantities such as
current and flux. In the AC motors, the reference
frames are assisted to eliminate the dependence of the
motor’s quantities on the rotor position. Therefore,
this dependency can be eliminated using transmission
of motor variables to one of the reference frames.
Unfortunately, there is no reference frame in the SRM
to eliminate dependencies between motor variables
and rotor/translator position [26]. In addition, the
SRM usually operates in the saturation region because

of double salient structures of the motor and conse-
quently, the phase inductance is a function of both
rotor/translator position and phase current. Therefore,
studying the Current Control (CC) methods for this
motor is so complicated.  Since high-performance
phase current tracking control is the first step in
dynamic control of the LSRM drive, various strategies
for CC have been introduced for the SRM. One of
them is use of predetermined profiles as the reference
current [27]. In this method, reference currents for
generating a certain amount of force are determined
by using experiment results or relying on the data
obtained from FE analysis. The pulses required for
the hysteresis controller are then sent to the converter
for generating a special reference current. Using the
predetermined profiles and hysteresis controllers with
variable switching frequency is often followed by errors
at high speeds, leading to oscillation and ripples in
the produced torque/force waveform. In addition,
the look-up tables required for these control methods
must be calculated separately for each motor design.
Therefore, Proportional Integral (PI) controllers with
a fixed switching frequency are usually used to control
the motor current.

Using the special current reference, the reference
voltages were created and the motor was controlled by
the Pulse Width Modulation (PWM) method in [28].
However, a linear model of the motor is required for
calculation of the controller gains in this method. Due
to the nonlinear flux and force characteristics, it is
not easy in the SRM to calculate the controller gains.
To overcome this issue in [29], the controller gains
for different rotor positions between the unaligned
and aligned positions are determined and stored in
some look-up tables. By changing the current and
rotor position using a predetermined curve in [30], the
proportional integral gains simultaneously vary so that
the current will follow their reference values for all
situations. In [31], neural network has been used to find
the gains of controller for different situations. By in-
troducing appropriate equations in different situations
n [32], the controller gains are calculated using the
Bode diagram and the frequency response method. The
block diagram used here to control thrust force of the
STLSRM based on CC method is shown in Figure 2.

3.1.1. Model Predictive Control (MPC)

CC method based on hysteresis method has variable
switching frequencies that lead to exacerbation of
acoustic noises and vibration. Although PI controllers
have a fixed switching frequency, these controllers in-
crease the complexity of system and reduce the output
speed response. It should be noted that a large DC
bus voltage is needed to overcome the internal voltage
induced at high speeds. In addition, the phase induc-
tance should be sufficiently low to restrict large current
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Figure 2. Block diagram for force control through current control.

variations in a short period of time. Therefore, it is a
challenge to have a large DC voltage in combination
with low phase inductance occurring in large-power
high-speed SRM drives. The performance of high
current switches will be also limited in high frequency
and the hysteresis controller cannot operate effectively.
On the other hand, the system cannot utilize the
full control bandwidth available from converter due
to poor dynamic performance and stability issues of
the PI controllers. To overcome the above-mentioned
challenges, the MPC method with a fixed switching
frequency is suggested here. By using this method, the
motor can be controlled at high speeds and large power
with low-cost switches. By introducing a new method
for learning and estimating the surface inductance in
[33], the stochastic MPC method is used for CC of the
SRM. Based on the Euler equation [34], next movement
position, current, and flux linkage are calculated and
the reference voltages will be obtained using the next
motor parameters:

de  x(k+1) —x(k)

ar _ 1
- T ; (1)

where z is translator position and T is time period.
The following equation can be obtained by combining
Eq. (1) with the phase voltage equation:

(Iest.k+17 Z'ref.k‘+1)— @(ka Zk) iTef.lc«l»l _ilg

V=Ri+ L4
Test.k+1— Lk Ts

+§0(Zest.k+1a iref.lc«l»l)f QD(ZE]C’ Zk) iref.k—l—l - Z.k
)

iref.k+1 _Z'Ic Ts (2)

where V is phase voltage, R phase resistance, ¢ flux,
and 4ref 41 the reference current at the k + 1 instant
which is determined using the predefined current look-
up table derived from the FE analysis. The main
disadvantage of this method is its high dependence on
the model of plant. Since the phase flux linkage of the
SRM is both current and position dependent, it leads
to set the nonlinear time varying state equations. The
block diagram related to the suggested MPC method
is shown in Figure 3.

3.2. Direct Force Control (DFC)
In the DFC method, force is directly controlled without
any CC loop or FDFs. Different methods have been

Switching
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Figure 3. Block diagram for current control through the Model Predictive Control (MPC) method.
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proposed for direct control of the output force in
the SRM. In [35], the output force in a conventional
LSRM was estimated by measuring the quantities such
as the current and translator position. In order to
generate the pulses required for each switch, it is
compared with the reference force and it is then sent
to the hysteresis controllers. Using the reference axes
and voltage spatial vectors in [26,36], the torque and
flux linkage are kept simultaneously in the hysteresis
band. The direct torque/force control methods are very
simple and torque/force ripples can be reduced without
using long and complex calculations. However, the
performance of DFC is limited at high speeds because
the demagnetization should be performed more quickly
to avoid the generator operation. Furthermore, the
force sharing between different phases may not be done
appropriately because there is no special emphasis on
torque/force distribution among different phases. For
example, one phase might have a very large current
and its produced force is low while utilizing other
phases can produce higher force at lower current [37].
Therefore, the switching and copper losses are in-
creased and motor efficiency will be reduced. However,
DFC at a nominal speed can significantly reduce the
torque/force ripple. The structure of DFC proposed
for the STLSRM is shown in Figure 4.

3.2.1. Universal Control (UC)

The requirements to introduce an attractive drive
for the SRM are low torque/force ripple, operation
capability over a wide speed range, maximum efficiency,
balance between the switching stresses, and high-speed
operation by avoiding negative torque/force produc-
tion. Various control strategies have been presented
for the SRM; however, each method considers some
of these aspects. For example, direct control methods
including hysteresis controllers are presented at a low
speed. The indirect control methods such as force
control through CC with PI controllers [28] and the
methods based on MPC [33,34] are proposed for motor

operation at a fixed switching frequency or for balanc-
ing the distribution force between each phase to achieve
high-speed performance. However, current regulators
cannot follow their references at high speed due to fast
demagnetization. To overcome all the above-mentioned
challenges, a UC method was proposed in [36] for the
rotary SRM in which the DFC and CC were combined.
The force produced by a phase is shown in Figure 5
in which four different regions are defined. Under the
UC operation mode, DFC operation in one phase is
combined with CC operation to ensure torque/force
ripple minimization. In Region I, motor starts to
produce the force. By starting the phase torque/force
production at an earlier position, the phase advancing
occurs for operation at high speeds in this region.
The torque/force is produced solely by excitation of
one phase in Region II. Two adjacent phases produce
simultaneously the output force in Region III. In this
region, the incoming phase that is operating in Region I
or IT produces force using DFC, while another phase
that is operating in Region IIT produces force by CC
method. The total force is the sum of DFC and the CC
in the outgoing phases. Therefore, DTC is used when
the phases operate in Regions I and II, while CC is used
in Region III. To avoid any negative force production
in Region IV, current or flux demagnetization will be
taken by turning off both phase switches. By operating
the incoming phase in DFC and the outgoing phase in

Direct force
control region

Current control Demagnetization
region
— >

region

«—

Force

Position

Figure 5. Regions of operation in universal control
method.
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Figure 4. Block diagram for direct force control method.
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CC, the problem of the DTC having complex switching
is negated and if a phase cannot follow the reference
force in this situation, another phase will compensate
the previous phase error. The USC method block
diagram is shown in Figure 6. The force required in
this figure is extracted from F' — ¢ — x look-up table
derived from the FE analysis.

3.3. Force Distribution Function (FDF)

FDFs are known as the most effective methods for
control and reduction of the torque/force ripple in
the SRMs. In these functions, the reference force is
distributed intelligently between two adjacent phases
using simple mathematical functions to ensure that the
sum of the motor output torque/force at any moment
is equal to the reference force. The main objective
of this method is to reduce the inherent torque/force
ripple in the motor. Since the torque/force in each
rotor/translator position is controlled by a special
function in this method, each phase has the same
contribution for the motor output force. As a result,
the switching losses will be reduced due to poor
distribution of force. In the distribution functions,
the reference force profile is built up according to
the positions of the corresponding switches phase and
reference force. In this method, the reference force in
each phase can be sent directly to hysteresis controllers
or the reference current of each phase can be extracted
using the force-current-position characteristics [13]. In
the current hysteresis controller, the switching fre-
quency is variable. When the value of the switching
frequency is significant, the reference voltage can be
extracted by using PI controllers and it is then utilized
in the PWM method with a fixed switching frequency
[38]. The choice of distribution function is not limited
to a particular function and the force ripple can be
reduced using different functions. The block diagram
considered here to control the thrust of the STLSRM
based on the force distribution functions is similar to
that depicted in Figure 2 when I}, is derived from

T

Fref, Ton, and z,5 using the FDF.

To ensure that the motor will operate at the
highest current-force ratio, the functions provided for
controlling the motor must be evaluated using specific
criteria such as the rate of changes of flux linkage or
copper losses [7,39]. The distribution functions are
usually divided into linear and nonlinear functions. In
the linear distribution functions, the force profile of
each phase will be changed linearly with the position
of rotor/translator [40], while the profile will have sinu-
soidal [41], exponential [9], or cubic [42] variations for
the nonlinear distribution functions. Due to the double
salient structures of the SRM, the saturation phe-
nomenon usually happens and therefore, torque/force
ripple related to the linear functions will be greater
than that for nonlinear functions [7]. Therefore, an
exponential non-linear function is used in the present
paper to model the operation of these functions [9]:

0 0<2z< 2o
Frise(-r) Ton S T S Ton +$ov
FDF(x)= Frey Tont Tov LT < Loy
Fdown(fp) xofj’ S x S Ioff + Toyp (3)
0 xoﬁ"_xovgmgxp

2
1 —exp ((:vx Ton) )

FdO’LUTL(x> = Fref exp (_(x_IOff)> . (5>

Frise(fp) = Fref ) (4)

:L.O’U

4. Simulation results

The different control methods described in Section 3
are applied to a 1 kW, 100 V, 4 m/s, 10 A 3-phase
STLSRM depicted in Figure 1 with specifications given
in Table 1 and the simulation results are presented here.
In order to reduce the force ripple of the LSRMs, turn-
on and turn-off positions play an important role. Based
on the algorithm proposed in [43], these positions are
determined for the discussed STLSRM. In addition,
the speed of the translator for all the given simulation

Table 1. Motor specifications [18].

Stator pole width (mm) 46
Stator slot width (mm) 46
Stator pole height (mm) 67
Stator core depth (mm) 46
Air-gap length (mm) 1

Segment width (mm) 115

Translator slot width (mm) 23

Segment height (mm) 46
Core stack thickness (mm) 125
Turns per phase 160
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Figure 7. The phase current and thrust produced by

each phase and total thrust in the current control method.

results is 4 m/s. The main purpose of the given
simulation results is to evaluate the performance of all
the control methods described above for the discussed
3-phase STLSRM.

Based on the CC method described in Section 3.1,
the discussed STLSRM is controlled at a speed of 4
m/s and the related simulation results are presented in
Figure 7. In this case, the motor is controlled without
any force control loop and the main purpose is to
control the motor current at a reference value of 15 A.
When the force control loop is considered for the CC
method, the phase current waveform, the instantaneous
thrust produced by each phase and the motor output
thrust are predicted and shown in Figure 8. In the CC
method considering the force control loop (Figure 8),
the maximum rate of thrust ripple is derived from Eq.
(6) and it is 2.22%:

Finst(ma'x) - FinSt(min)

oo (6)

Force ripple =

Using the MPC algorithm described in Sec-
tion 3.1.1, the discussed STLSRM is controlled for the
considered operating point and the related simulation
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Figure 8. The simulation results related to the current
control method considering the force control loop.
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thrust produced by each phase and total thrust in the
Model Predictive Control (MPC) method.

results including the reference current, actual current,
the thrust produced by each phase, and instantaneous
output thrust are shown in Figure 9. In this method,
the predefined profiles should be used as reference
current and the output thrust ripple is increased when
these profiles cannot be extracted properly. For the
proposed MPC method, the maximum rate of force
ripple derived from Eq. (6) is about 5%.

The above-mentioned waveforms are also deter-
mined when the discussed STLSRM is controlled using
the DFC method described in Section 3.2 and they
are illustrated in Figure 10. Based on Eq. (6), the
maximum rate of thrust ripple is derived from the
output thrust waveform predicted for the DFC method
and the obtained value is 3.33%.

The phase current, output force produced by one
phase, and the different operation regions related to
the UC method are shown in Figure 11. For the first
and second regions defined in Figure 5, the motor is
controlled using the pulses created by DFC method
and the current controller indirectly controls the output
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Figure 10. The phase current and thrust produced by

each phase and total thrust in the direct force control
method.
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universal control method.

force in the third region. To prevent the production of
negative force (generator mode), both phase switches
are turned off simultaneously in the fourth region. By
applying this control method to the discussed three-
phase STLSRM, the phase current waveforms and the
produced thrust are predicted and they are shown in
Figure 12. Based on the predicted instantaneous thrust
waveform, the maximum rate of force ripple derived
from Eq. (6) is 3.8%.

Based on the force distribution function method
described in Section 3.3, the discussed STLSRM is
controlled for the considered operating point and the
related simulation results including the phase current
waveforms, instantaneous thrust produced by every
phase, and the output thrust waveform are predicted
and shown in Figure 13. Using the predicted instanta-
neous output thrust, the maximum rate of force ripple
is 4.2% for this control method.

For the different control methods discussed above,
the force ripple percentage is calculated at different
speeds and the results are shown in Figure 14. Due
to the indirect control of the thrust in the CC method,
the force ripple is increased at higher speeds because
the hysteresis controllers cannot perform properly the
magnetization. Regarding the force distribution func-
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Figure 13. The phase current and thrust produced by

each phase and total thrust in the force distribution
function method.
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Figure 14. Force ripple in different methods at different
speeds.

tion method, better conditions occur. However, the
percentage of force ripple at low speeds is almost the
same for the three methods. At low speeds, the DFC
is usually used because the force ripple can be easily
reduced in this method using the simple hysteresis
controller. In addition, the CC method with PI
controllers and new control methods such as MPC can
be utilized properly at medium speeds. For higher
speeds, the force distribution function method and the
UC method are also appropriate choices to control the
motor.

5. Conclusion

In order to investigate the different control methods
for minimization of force ripples in the segmental
translator linear switched reluctance motor, an elec-
tromagnetic simulation model based on finite element
method was introduced by which all important charac-
teristics could be predicted precisely. To control the
thrust force of this motor, various control methods
including current control, model predictive control,
direct force control, and control using distribution
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functions were described for the first time. Following
the application of these proposed control algorithms to
a typical 3-phase segmental translator linear switched
reluctance motor, simulation results were presented

and

compared. Based on the simulation results given

for different speeds, it was observed that the force
ripple reduction was the same at low speeds for almost
all of the suggested control methods. Due to the simple
structure of the direct force control method, it seems
that this method is more effective in terms of expenses.
At the rated speed, output force ripple can be reduced
effectively using the current control method and the
control through the force distribution functions can
significantly decrease the force ripple at higher speeds.
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