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Chapter

Linear Switched Reluctance
Motors
Jordi Garcia-Amoros, Pere Andrada and Baldui Blanque

Abstract

This chapter deals with linear switched reluctance machines (LSRMs). Linear
switched reluctance machines are the counterpart of the rotary switched reluctance
machine (SRM), and now they have aroused great interest in the field of electrical
machines and drives. In this chapter, first, a mathematical model is presented, and
then a procedure for the design of this kind of machines is proposed. Next, a linear
switched reluctance force actuator, based on the before designed procedure, is simu-
lated. In addition, experimental proofs of the goodness of the design process and of the
accuracy of the simulation of the linear switched reluctance force actuator are given.

Keywords: linear switched reluctance machines (LSRMs), mathematical model,
finite element analysis (FEA), design procedure, simulation

1. Introduction

Nowadays, there is a great interest in linear electric machines and especially in
linear switched reluctance machines (LSRMs). LSRMs are an attractive alternative to
permanent magnet linear motors (PMLM), despite the fact that the force/volume
ratio is about 60% lower for LSRMs [1]. On the other hand, the absence of permanent
magnet makes them less expensive and easy to assemble and provides a greater
robustness and a good fault tolerance capability. LSRMs have been proposed for a
wide range of applications such as precise motion control [2], propulsion railway
transportation systems [3], vertical translation [4], active vehicle’s suspension system
[5], life-support applications [6], and in direct-drive wave energy conversion [7].

The LSRMs consist of two parts: the active part or primary part and the passive
or secondary. The active part contains the windings and defines two main types of
LSRMs: transverse and longitudinal. It is longitudinal when the plane that contains
the flux lines is parallel to the line of movement and transverse when it is perpen-
dicular. Other classifications are considering the windings totally concentrated in
one coil per phase [2] or partially concentrated in two poles per phase (i.e., single-
sided) or four poles per phase (double-sided) [3, 4]. Figure 1 shows all the possible
configurations belonging to this classification. The simplest structure is the single-
sided flat LSRM shown in Figure 1a, in which the number of stator active poles is 2 �
m, and the number of poles per phase (Npp) is 2. A conventional double-sided flat
LSRM (see Figure 1b) is created by joining two single-sided structures; in this case
Npp = 4 and the number of stator active poles isNp =Npp �m, wherem is the number
of phases. The double-sided structure (Figure 1b and c) balances the normal force
over the mover, and therefore, the linear bearing does not have to support it. This
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configuration has twice air gaps and coils than single-sided, which means a double
translation force. Conventional double-sided (Figure 1b) can operate with one flux
loop or two flux loops due to the magnetic connection between secondary poles.
In the modified double-sided LSRM (Figure 1c), the secondary, the mover, is
comprised of rectangular poles without connecting iron yokes between them but are
mechanically joined by nonmagnetic mounting parts [8]. This arrangement reduces
the mass of the mover, giving a higher translation force/mass ratio than conventional
double-sided flat LSRM, which reduce the mover weight and its inertia although only
allows operating with one flux loop. The tubular structure is shown in Figure 1d.

It is important to note that in an LSRM, thrust or translation force is produced by
the tendency of its secondary or mover to translate to a position where the induc-
tance of the excited phase is maximized, i.e., to reach the alignment of primary and
secondary poles. Therefore, as in its rotary counterpart (SRM), a power converter
with solid-state switches, usually an asymmetric bridge (with two switches and two
diodes per phase), is needed to generate the right sequence of phase commutation.
Thus, it is necessary to know, in every instant, the position of the secondary part or
mover, for which a linear encoder is generally used.

2. Mathematical model of LSRM

The mathematical model of the LSRM consists on the voltage phase equation,
the internal electromechanical force, and the mechanical equation, balance between
internal electromagnetic force and load, friction, and dynamic forces.

Figure 1.
Longitudinal flux LSRM topologies. (a) Single-sided; (b) conventional double-sided; (c) modified
double-sided; and (d) tubular.

2

Modeling and Control of Switched Reluctance Machines



The voltage equation of j-phase is equal to the resistive voltage drop plus the
partial derivative of the j-phase flux-linkage respect time. This equation that can be
written as (1) where in its second member the first term is the resistive voltage
drop, the second term involves the voltage induced by the current variation, and the
third is the induced voltage due to the relative movement of the primary and
secondary parts at the speed ub:

uj ¼ R � ij þ
∂ψ j x, ið Þ

∂i
�
di

dt
þ ub �

∂ψ j x, ið Þ

∂x
(1)

The respective derivatives in x (position) and i (current) of the phase-flux

linkage ψ j

� �

give the j-phase incremental inductance, Lj (2), and the j-phase back

electromotive force, em, j (3).

Lj ¼
∂ψ j x, ið Þ

∂i
(2)

em, j ¼ ub �
∂ψ j x, ið Þ

∂x
(3)

Rewriting (1)

uj ¼ R � ij þ Lj �
dij
dx

þ em, j (4)

Then, the electrical equivalent circuit per phase of the LSRM is shown in
Figure 2.

The total internal electromagnetic force (FX) summing the force contribution of
each phase is given by

FX ¼
X

m

j¼1

∂

∂x

ðI

0
ψ j x, ið Þ � di

� ��

�

�

�

I¼ctn

� �

(5)

The total internal electromagnetic force (5) is balanced by the dynamic force,
product of mass by the acceleration, the friction force, and the applied mechanical
load:

FX ¼ M �
dub
dt

þ Fr þ FL (6)

Rearranging Eqs. (1) and (6), we obtain the state-space equations (7), which
define the dynamical model of an LSRM per phase:

Figure 2.
Single-phase equivalent electric circuit of an LSRM.
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Ij ¼
Ð 1

∂ψ j x, ij
� �

∂ij

� uj � R:ij �
∂ψ j x, ij
� �

∂x
� ub

 !

� dt

ub ¼
Ð 1

M
� FX � FL � Frð Þ � dt

9

>

>

>

>

>

=

>

>

>

>

>

;

(7)

The simulation of the dynamic mathematical model (7) requires the flux-linkage

characteristics ψ j x, ið Þ (see Figure 3a) and its partial derivatives
∂ψ j

∂i (see Figure 3c)

and
∂ψ j

∂x (see Figure 3d), as well as the internal electromagnetic force FX (see

Figure 3b), whose values are obtained from FEM analysis.

3. LSRM design procedure

The design of electric rotating motors usually starts with the output equation.
This equation relates the main dimensions (bore diameter and length), magnetic
loading, and electric loading to the torque output. In this case, it introduced a
similar development for the output equation of LSRM, in which the average trans-
lation force (output equation) depends on geometric parameters, magnetic loading,
and current density [9].

Although the present study is focused in the longitudinal double-sided LSRM and
the longitudinal modified double-sided LSRM (Figure 1b and c), the main dimensions
describing its geometry are the same to that single-sided LSRM shown in Figure 4.

3.1 Design specification

The first step is to define the design specifications. These specifications affect
not only the electromagnetic structure but also the power converter and the control

Figure 3.
FEM results plots for position x∈[�8,8] mm and current I∈[0,69] A. (a) Flux-linkage. (b) Internal
electromagnetic force. (c) Partial derivative of flux-linkage with respect to current. (d) Partial derivative of
flux-linkage with respect to position.
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strategy. They are also different in nature (mechanical, electrical, thermal) and can
be classified into two general areas, requirements and constraints; the most usual
are listed in Table 1.

Figure 5 shows a flowchart with the different steps of the design process [9].
These steps begin with the definition of the specifications. Then, the main dimen-
sions are obtained using the output equation. In the next step, the number of turns
and the wire gauge are determined following an internal iterative process. Then a
first performance FEM-computation is performed. Finite element analysis and
thermal analysis are used in order to check whether the motor parameters meet the
expected specifications. The design steps are repeated in an iterative process until
the design specifications are obtained.

3.2 Output equation

The LSRM design is addressed using two different approaches. In the first
approach, it is performed in the rotary domain which is then transformed back into
the linear domain [10, 11]. In the second approach, the LSRM design is carried out
by using an analytical formulation of the average translation force determined by
means of an idealized energy conversion loop [12, 13]. A design procedure for
longitudinal flux flat LSRMs, based on this second approach, is proposed according
the flowchart of shown in Figure 5, in which the average translation force, is
determined in terms of magnetic loading, current density and geometrical relation-
ships derived from a sensitivity analysis reported in [14]. Once the main dimensions
are obtained, the number of turns per phase is determined by means of an iterative
process.

The number of phases (m) and the pole stroke (PS) can be used to determine Tp,
Ts, Np, and Ns, by means of the following equations:

Figure 4.
Single-sided LSRM main dimensions.

Requirements Constraints

• LSRM type

• Power converter topology

• Control strategy

• Translation force (Fx)

• Velocity (ub)

• Acceleration/deceleration (a)

• Thermal duty cycle

• Number of phases (m)

• Pole Stroke (PS)

• Mover stroke (TS)

• DC bus voltage (Vb)

• Magnetic material

• Temperature rise

• Some critical dimensions (i.e., air-gap length)

Table 1.
Requirements and constrains.
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NP ¼ 2 �m

NS ¼ 2 � m� 1ð Þ

)

(8)

TP ¼
1

2
�NS � PS ¼ bp þ cp

TS ¼
1

2
�NP � PS ¼ bs þ cs

9

>

=

>

;

(9)

The average internal electromagnetic force or translation force (Fx,avg) is calcu-
lated using an idealized nonlinear energy conversion loop in which the unaligned
magnetization curve is assumed to be a straight line and the aligned magnetization
curve is represented by two straight lines [13, 14]. This simplified model accounts
for the saturation effect and is described in Figure 6. Assuming a flat-topped
current waveform (hysteresis control), the area OACFO is the energy conversion
area (W). Excluding iron and friction losses, the average translation force per phase
(FX,avg) is then obtained by

Figure 5.
Flowchart of the overall design procedure.
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FX, avg ¼
W

S � kd
(10)

where kd is the magnetic duty cycle factor defined as kd = xc/S (see Figure 6) and
S is the distance between aligned and unaligned positions given by

S ¼
Ts

2
¼

Np

Ns
�
Tp

2
(11)

From Figure 6 the following expressions can be derived:

W ¼ I2B � Las � KL � kd (12)

where KL is a dimensionless coefficient defined from the inductances depicted in
Figure 6, by

KL ¼ 1�
Lu

Las

� �

� 1�
1

2
�
Las � Lu

Lau � Lu
� kd

� �

(13)

At point B (see Figure 6), the poles are fully aligned and therefore

ψ s ¼ Las � IB ¼ Bp �N1 �Npp � bp � LW (14)

The total ampere-turns per slot (N1 � IB) can be expressed, considering the slot
fill factor (Ks) by means of the current density peak (JB) by

N1 � IB ¼
1

2
� cp � lp � Ks � JB (15)

Figure 6.
Idealized nonlinear energy conversion loop.
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Combining (15) and (16) into (13)

W ¼
1

2
� KL � Ks � kdð Þ � cp � bp � lp � LW �Npp

� �

� Bp � JB
� �

(16)

Therefore, the average translation force per phase is

FX, avg ¼ Npp �
Ns

Np

� �

� KL � Ksð Þ �
cp � bp � lp � LW

TP

� �

� Bp � JB
� �

(17)

In order to obtain dimensionless variables, the stator pole pitch (TP) normalizes
the geometric variables depicted in Figure 4, obtaining

αp ¼ bp=TP (18)

αs ¼ bs=TP (19)

βp ¼ lp=TP (20)

βs ¼ ls=TP (21)

γW ¼ LW=TP (22)

δy ¼ hy=TP (23)

Rewriting (18) by considering (19)–(24)

FX, avg ¼ Npp �
Ns

Np

� �

� KL � Ksð Þ � αp � α2p

� �

� βp � γW

� �

� T3
P � Bp � JB
� �

(24)

The output Eq. (25) is applicable to all the types of LSRMs considered in
Figure 1, just considering Npp = 2 for single-sided flat and tubular LSRMs and
Npp = 4 for conventional double-sided LSRMs and for modified double-sided
LSRMs.

3.3 Selection of magnetic loading, current density and normalized geometric
variables

The magnetic flux density in the stator pole (Bp) depends on the chosen magnetic
lamination material; a good choice is to take a value slightly lower than the value at
which laminations reach magnetic saturation. The current density, JB, strongly
depends on operation conditions and cooling facilities. The current density should be
kept within reasonable margins if the temperature rise should not exceed a specified
value. For high force LSRMs with air natural/forced convection and continuous duty
cycle, JB = 5 A/mm2 is a good value while for the same conditions but following a
short time intermittent duty cycle, JB = 15 A/mm2 could be more advisable.

The KL coefficient depends on the geometrical parameters (see Table 2) and the
current density (JB). For values of current density between 5 and 20 A/mm2, a good
initial choice is KL = 0.3.

The influence of the normalized geometric variables involved in the output
equation as well as the current density has been investigated in [14]. Table 2 shows
the set of values of αp and βp, for different values of current density, recommended
to obtain high values of average force [9].

The average force is proportional to LW. However, an excessive stack length
increases mass and iron losses. The air-gap length (g) should be as small as possible
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to maximize the average force compatible with tolerances and manufacturing facil-
ities; it is advisable to avoid air-gap lengths under 0.3 mm. In the case of double-
sided, LSRM is very important in the assembly process ensure that the upper and
the lower air gaps have the same length.

3.4 Number of turns and wire gauge

The maximum flux linkage at point B (see Figure 6), at a constant velocity, ub,
with a flat-topped current waveform and disregarding resistance, is related to the
DC voltage Vb by means of

ψ0 ¼
Vb

ub
� S (25)

Thus

ψ0 ¼ ψ s � 1� Lu=Lasð Þ (26)

Combining (26) and (27) into (15), the number of turns per pole is given by

N1 ¼
Vb � S

Npp � bp � LW � ub � Bp � 1� Lu=Lasð Þ
(27)

The number of turns per phase is

NF ¼ Npp �N1 (28)

The way to obtain the number of turns is by means of an iterative process. This
iterative process is shown in Figure 7, in which KL = 0.3 and N1 = Vb � S/(Npp � bp �
LW � ub � Bp) are taken as initial conditions. Aligned (Lau) and unaligned (Lu)
inductances can be computed by 2D FEM or by using classical magnetic circuit
analysis based on lumped parameters, in both cases considering leakage pole flux
and end-effects [15].

Initially, the slot fill factor (Ks) is unknown, so Ks,0 = 0.4 is a good starting point.
Once the number of turns per pole and the wire gauge have been obtained, Ks

should be recalculated again by means of

Ks ¼
2 � Sc �N1

cp � lp
(29)

If the slot fill factor (KS) obtained from (30) differs from its initial value plus an
accepted error (see Figure 5), then the number of turns should be recalculated
again taking as initial slot fill factor the last value obtained.

JB (A/mm2) αp βp

5 [0.333, 0.417] ≤3.5

10 [0.375, 0.5] ≤3

15 [0.417, 0.542] ≤2.5

20 [0.458, 0.542] ≤2

Table 2.
Recommended values of αp and βp to obtain high average force.
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3.5 Finite element analysis

The best option to address the finite element analysis (FEA) process is to use
three-dimensional 3D-FEA, but its use is discouraged because of the large comput-
ing time it could take. In order to overcome that handicap, it used a 2D-FEA
adjusted in accordance with the end-effects. The end-effects in 2D FEA are consid-
ered by means of the end-effects coefficient, Kee [16], given by:

ψ3D ¼ Kee � ψ2D (30)

L3D ¼ Kee � L2D (31)

where Ψ2D and L2D are the flux linkage and the inductance obtained by 2D-FEA;
and Ψ3D and L3D are the 3D flux linkage and the inductance approach that account
for the end-effects and are closer to the measured values. The correction factor Kee is
defined as [16, 17]

Figure 7.
Iterative process to obtain the number of turns per coil, N1.
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Kee ¼ 1þ
Lend � Ksi

L2D

� �

� Kf (32)

where Lend is the end-winding inductance, Ksi is a factor that affects Lend due to
the steel imaging effect [17], and Kf is the axial fringing factor. Ksi can usually be
omitted (Ksi = 1) since its effect on Lend is generally less than 2%. End-winding
inductance, Lend, can be analytically deduced from end-winding geometry or can be
computed by means of an axis-symmetrical 2D finite element model.

The co-energy (W0
3D), knowing (Ψ3D), is calculated using the well-known

expression:

W 0
3D xi, Ið Þ ¼

ðI

o
ψ3D x, ið Þ � di

�

�

�

�

xi¼Ctn

(33)

Then, the translation force, including end-effects, is obtained by

Fx, 3D x, Ið Þ ¼
∂W 0

3D x, Ið Þ

∂x

�

�

�

�

I¼Ctn

(34)

In order to offer a practical formulation of (34), it can be rewritten in (35)

Fx, 3D x, IBð Þ≈
ΔW 0

3D

Δx
¼

ΔI

Δx
�
X

IB

0

ψ3D xþ Δx, Ið Þ �
X

IB

0

ψ3D x, IÞð �

"

(35)

3.6 Thermal analysis

The objective of this analysis is to check that, within the specified conditions of
operation, the temperature rise in the different parts of the LSRM does not surpass
the limit value of the chosen insulation class. Thermal analyses of electric rotating
machines have been extensively described in the literature [18–26], but up to now
little attention has been paid to the thermal analysis of LSRMs [22]. Thermal ana-
lyses can be conducted by means of analytical or numerical methods. The analytical
method based on lumped parameters is faster, but its accuracy depends on the level
of refinement of the thermal network and on the knowledge of the heat transfer
coefficients. In this paper a lumped parameter thermal model adapted to the LSRM
is used in which the heat transfer coefficients are estimated taking into account
previous studies in rotating machines [23–25].

3.7 Design verification

In order to verify the described design procedure, a four-phase double-sided
LSRM prototype has been designed, built, and tested. Its main design specifications
and its main dimensions, obtained following the proposed design procedure, are
shown in the Appendix (Table 4).

3.7.1 Finite element verification

The finite element analysis is carried out by means of a 2D-FEM solver. The
magnitudes computed are the 2D linked flux ψ2D x, ið Þ, for a set of evenly distributed
current (0 ÷ IB), and positions between alignment and nonalignment, in Figure 8
the flux density plots for the aligned (see Figure 8a) and nonaligned positions (see
Figure 8b) for the LSRM prototype are shown.
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In order to verify and compare the results, the prototype was analyzed by means
of the finite element method (FEM) described in Section 3.5 adapted to account for
end-effects. The values of static force were also obtained experimentally using a
load cell UTICELL 240. The measured and FEM computed force results are shown
in Figure 9. Finally, the results for the average static force obtained by experimental
means and by FEM are compiled in Table 3.

Figure 8.
Flux density plots from 2D FEA of the four-phase LSRM (a) aligned x = 0. (b) Unaligned x = S.

Figure 9.
Static force Fx(J,x). Comparison of results.

JB = 15 A/mm2 Fx,avg (N)

Measured 23.3

FEM 24.5

Table 3.
Average static force comparison of results.
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3.7.2 Thermal verification

The lumped parameter thermal model mentioned in Section 3.6 and explained in
depth in [26] was applied to our case study. The location of the nodes in the cross
section of the double-sided flat LSRM prototype is shown in Figure 10, and the
completed lumped thermal model is depicted in the circuit of Figure 11. The tem-
perature rise over ambient temperature in each node was obtained solving the ther-
mal network withMATLAB-Simulink. Figure 12 shows the simulated and
experimental results of a heating test consisting on feeding a phase with DC current at
15 A/mm2 for a period of 1800 s and after that a cooling period of 1800 s by natural
convention. The time evolution of temperature in node 4 (critical node) is compared
with a platinum resistance thermometer sensor (PT100) placed in the same point.

Figure 10.
Cross section of double-sided LSRM prototype showing node location.

Figure 11.
Lumped-parameter thermal model for the double-sided LSRM prototype.
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3.8 Discussion of results

Once built and tested, the prototype of double-sided LSRM is appropriate to
proceed with a discussion of the results. It can be observed (Figure 9) that the static
force results obtained by 2D-FEA, adjusted to take into account end-effects, are in
good agreement with those measured experimentally except for those corresponding
to high values of current density (20 A/mm2), values that are outside the scope of
application of the designed LSRM. The average static force values, for a current
density of 15 A/mm2, obtained by measurements are very close with those results of
simulation by FEA (Table 3). The comparison of temperature raises results for node
4, in which a sensor of temperature was placed, between the values obtained using
the proposed thermal model, and the experimental values measured by means of a
sensor PT100 are quite good, but they also show that it would be advisable to
improve the model, increasing the level of refinement of the thermal network. Any-
way, the comparison between computed and experimental results is enough and good
to validate the proposed design procedure.

4. Simulation model and experimental results of an LSRM actuator

The simulation of an LSRM force actuator is presented [27]. This linear actuator
is formed by a longitudinal flux double-sided LSRM of four phases that has been
designed following the design procedure before being described, and of which the
main characteristics are given in the Appendix (Table 4). It is fed by an electronic
power converter, an asymmetric bridge with two power MOSFETs switches and
two diodes per phase, which incorporate drivers, snubbers, and current transducer
for each phase. An optical linear encoder designed for this purpose, composed by
four optical switches (S1, S2, S3, S4) is used in order to know the position at any
time. The actuator is controlled by a digital force controller. The LSRM force
actuator simulation model has been implemented in MATLAB-Simulink.

The simulation block diagram is shown in Figure 13, and it consists of three blocs:
the power converter block, the LSRM motor block, and the digital control block.

The electronic power converter is implemented inMATLAB-Simulink bymeans of
the SimPowerSystems toolbox. This block needs the previous knowledge of the gate
signals which are generated by the switching signals module of the digital control block.

Figure 12.
Comparison of temperature rise results in node 4, for the LSRM prototype.
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The LSRM block has to solve the mathematical model of the SRM, i.e., the space-
state equations (7). To solve the instantaneous phase current (8), it is needed to
know the phase voltages, the partial derivatives of the flux (lookup tables), and the
phase resistance (Figure 14). The optical switch signals are obtained from integrat-
ing the speed of the mechanical equation (8), generating a Boolean set of digital
signals in order to produce the phase activation sequence shown in Figure 15.

The force control block implements a PI controller and a hysteresis loop for
generating the current control signals. The force is estimated using a force-observer
which consists in a lookup table (static force curves of LSRM), previously computed
using the 2D FE procedure described in Section 3.5, and therefore, the knowledge of
phase currents (ia, ib, ic, id) and of the position (x) is required. The phase currents
are directly obtained from the electronic power converter output, and the position
is from the firing position generator module of the digital control block. A hysteresis

Figure 13.
LSRM force actuator simulation block diagram.

Figure 14.
LSRM, load and opto-switches Simulink model.
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control adjusts the translation force to a given reference force (FL). The program
adjusts the frequency of the gate control signals of the MOSFET in order to match to
the required force. The force control is implemented by means of a DSPACE ACE
kit 1006 (Figure 16).

The simulation results are presented in Figure 17. The conducting interval is
equal to the pole stroke, which is 4 mm in all the cases. In Figure 17, it can also be
shown the influence of the firing position (x1) over the current waveform. When
firing at x1 = 0 mm, the electromagnetic force Fx, 3D x, ið Þ is zero at the beginning of
the conduction interval (see Figure 17a), and a current peak appears near this
position. Firing at x1 = 1 mm and x1 = 2 mm, the resulting conduction intervals are
from 1 to 5 mm and from 2 to 6 mm, respectively. In these intervals is where the
force reaches the maximum values, which produces a current waveform almost flat.
When the firing position is at x1 = 3 mm, the conduction interval is from 3 to 7 mm,
and a current peak appears at the end of the period because the electromagnetic
force at x = 7 mm is quite low (is 0 at x = 8 mm), and therefore, a high increasing in
current is required to maintain the force constant. In conclusion, firing near aligned
(x = 0 mm) and unaligned (x = 8 mm) positions at low speed produces high current
peaks, which is not advisable.

Figure 15.
Encoder: phase activation sequence.

Figure 16.
LSRM force actuator hardware implementation.
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Figure 17.
Simulation results for different turn on (x

1
) positions. (a) x1 = 0 mm; (b) x1 = 1 mm; (c) x1 = 2 mm; and

(d) x1 = 3 mm.

Figure 18.
Measured position and measured phase currents at turn on x1 = 1 mm.

Figure 19.
Measured phase-a results during acceleration at turn on x1 = 1 mm.
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Figures 18 and 19 show the experimental results obtained from the four-phase
LSRM which are shown in Figure 16. The experimental results display a good
agreement with simulation results. The mover stroke is 80 mm, and this distance is
covered in 0.2 s, which gives an average speed of 0.4 m/s.

5. Conclusion

In this chapter, after the presentation of a mathematical model of the LSRM, a
design methodology for LSRM is proposed. This methodology is based on an ana-
lytical formulation of the average translation force determined using a nonlinear
energy conversion loop. The main dimensions of the LSRM were determined from
machine specifications, the aforementioned average translation force formula, and
geometric relationships. 2D finite element analysis, corrected to take into account
end-effects, and lumped parameter thermal analysis were used to refine and/or to
validate the proposed design. An LSRM prototype was built following the described
design approach that was validated by experimental results. Then, modeling and
simulation of an LSRM force actuator are presented. This linear actuator is formed
by the LSRM prototype, by an electronic power converter with two power MOSFET
switches and two diodes per phase, incorporating drivers, snubbers, and current
transducers for each phase and by an original, simple, and low-cost optical linear
encoder designed for this purpose, composed of four optical switches. The actuator
is controlled by a digital force controller that is implemented by means of a PI
controller and a hysteresis loop for generating the current control signals. The force
is estimated using a force-observer which consists in a lookup table previously
computed using the 2D finite element analysis. The LSRM force actuator simulation
model was implemented in MATLAB-Simulink. Experimental results were in good
agreement with simulations and confirmed that the proposed LSRM actuator as an
alternative to pneumatic actuators or of the assembly of AC servomotors coupled to
a timing belt or a ball screw for injection molding machines.
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Nomenclature

a acceleration (m/s2)
bp primary pole width (m)
Bp magnetic flux density in the active pole (T)
bs secondary pole width (m)
cp primary slot width (m)
cs secondary slot width (m)
em,j back electromotive force (V)
Fx translation force, internal electromagnetic force (N)
Fr friction force (N)
FL load force (N)
g air-gap length (m)
hyp primary yoke height (m)
hys secondary yoke height (m)
IB flat-topped current peak (A)
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ij current phase j (A)
JB current density peak (A/m2)
kd magnetic duty cycle factor
Ks slot fill factor
Lau unsaturated aligned inductance (H)
Las saturated aligned inductance (H)
L

0

as saturated aligned incremental inductance (H)
Lend end-winding inductance (H)
lp primary pole length (m)
ls secondary pole length (m)
Lj incremental inductance (H)
Lu unaligned inductance (H)
LW stack length (m)
m number of phases
M mass of the mover (mt) plus the payload (ml)
n number of switching devices per phase
N1 number of coils per pole
Np number of active poles per side (primary)
Npp number of active poles per phase
Ns number of passive poles per side (secondary)
PS stroke (m)
R phase resistance (Ω)
S distance between aligned and unaligned positions (m)
Sc cross section of the wire (m2)
Tp primary pole pitch (m)
Ts secondary pole pitch (m)
TS mover stroke (m)
ub velocity (m/s)
uj voltage phase j (V)
Vb DC bus voltage (V)
W energy conversion loop (J)
x mover position (m)
xc turn-off current position (m)
ψ flux linkage (Wb)

Appendix

Specifications

Rated force FX 25 N

Number of phases m 4

Lamination steel M-19 (Bsat = 1.8 T)

DC Bus voltage Vb 12 V

Temperature rise (class F) ΔT 100°C

Dimensions

Pole stroke PS 4 mm

Primary pole width bp 6 mm

Primary slot width cp 6 mm

Primary pole pitch Tp 12 mm
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Number of active poles per side Np 8

Primary pole length lp 30 mm

Secondary pole width bs 7 mm

Secondary slot width cs 9 mm

Secondary pole pitch Ts 16 mm

Number of passive poles per side Ns 6

Secondary pole length ls 7 mm

Yoke length hy 8 mm

Stack length LW 30 mm

Number of turns per pole N1 11

Wire diameter dc 2.1 mm

Air-gap length g 0.5 mm

Table 4.
LSRM prototype main dimensions.
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