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Abstract—S@ Reluctance Motors (SRMs) are classified into two types, rotary and
e

linear, based on

type of movement. The linear switched reluctance motors (LSRMs) have
the same@ghcture as rotary types and therefore they have all the advantages of SRMs. In this
pap?ﬁthe LSRM, two analytical models based on field equations in electromagnetics and
Magnetic Equivalent Circuit (MEC) method are presented. The static characteristic of the flux
linked with a phase is predicted in the fully aligned and fully unaligned as well as intermediate
positions of the mover. Then, based on the phase voltage equation, the dynamic analysis of the
motor is done and the instantaneous phase current and instantaneous thrust force are
determined. By applying the developed analytical models to a three-phase LSRM, the
simulation results are presented and compared with those of the Finite Element Method (FEM)
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for validation. The comparisons clearly show that the presented models have appropriate
calculation speed and accuracy.

Keywords— Linear Switched Reluctance Motor (LSRM), Magnetic Equivalent Circuit
(MEC), Analytical Model, Finite Element Method (FEM)

1.  INTRODUCTION
Switched reluctance motors (SRMs) have many applications in production automation,

because these motors have prominent features such as simplicity of structure, high endurance,
high fault tolerance, application in harsh environments, high reliability and operation in a wide
range of speeds. Therefore, in many industrial applications [1,2], electric vehicles [3,4], rail
transportation [5,6] and home use [7,8] are suitable options. The linear switched reluctance
motor (LSRM) has a structure similar to its rotary counterpart in terms of performance and
principles, with the difference that it has linear motion instead of rotary motion. Therefore,
LSRM has all the advantages of SRM. For linear applications, in the rotary SRM, motion
converters are used to convert the torque into linear force, while the LSRM does not need any
motion converter and the force is directly applied to the moving part. The absence of a motion
converter reduces costs and the space is used optimally, so the LSRM can be used for rail

transportation and home applications [9-11].

Because of the salient pole structure and non-linear behavior, it is difficult to predict the
performance characteristics of SRM. In addition, the phenomenon of local saturation causes
significant changes in the characteristics of this motor, so its static and dynamic parameters
change non-linearly. According to these cases, predicting the exact behavior of SRM by
considering the saturation phenomenon is an important issue, and by developing non-linear
analytical models, the performance characteristics of the motor can be extracted [12-13]. One
of the most effective analytical methods for analyzing the performance of SRMs is the magnetic
equivalent circuit (MEC) model, which can predict the important characteristics of motor with
considerable accuracy and speed. The MEC model has been widely used in the literature to
analyze the SRMs [14-16]. In recent years, various structures have been presented for the
LSRM, which by using the MEC model, different aspects of this motor such as electromagnetic
design and thermal design have been investigated and static and dynamic characteristics have
been predicted [17-19]. To design and analyze the electric motor and predict the parameters of
motor using the FEM, it takes a lot of time if the modeling details are considered. Therefore, it
IS necessary to use faster methods. The analytical method can significantly reduce the

calculation time.



In [20], an analytical and standard design method for the LSRM is presented, and by using
the proposed analytical methods, the important characteristics of this motor are predicted. In
[21], the inductance of LSRM in aligned and unaligned positions are predicted using two-
dimensional field solution and Fourier series expansion. Considering that LSRMs have the
same performance as rotary SRMs, it is possible to use the analytical models presented in the
rotary domain by adopting appropriate transformations to predict the characteristics of linear
motors. In [22], using the magnetic permeance method, an analytical model has been developed
for the rotary SRM, which can only predict the flux-linkage in two positions of fully aligned
and fully unaligned. The weakness of this model is the inability to predict the flux-linkage in
intermediate positions. Also, due to the many assumptions for the flux path, the accuracy of
model decreases for predicting the saturation phenomenon. In [23], an analytical model is
presented that only predicts the flux-linkage in the fully unaligned position and cannot be a
complete model. Therefore, with the aim of improving it in [24], another analytical model is
presented that predicts the flux-linkage only in aligned position. These two models are not
integrated, and with the aim of improving them in [25], an integrated analytical model for linear
switched reluctance motor with segmental translator is presented, which has good accuracy in

predicting motor characteristics.

In order to improve the analytical model in [25], an analytical model based on the magnetic
equivalent circuit approach in [26] has been developed that predicts the performance
characteristics of the motor with good accuracy and speed. In this model, to form the magnetic
equivalent circuit, the air-gap between the stator and the moving part is divided into four
different magnetic reluctances and their values are calculated using ANSYS and MATLAB
software tools. Although the models introduced in [25] and [26] have acceptable accuracy and
speed, some assumptions reduce the accuracy of the results. These models are proposed for the
linear motor with segmented moving part, in which discrete segments are used in the moving
part instead of salient poles. The space between two adjacent segments forms a trapezoidal
geometry, which is considered rectangular for predicting the flux-linkage, which reduces the
accuracy of predicting the dynamic characteristics of the motor. Therefore, to solve this
problem, a more accurate model is developed in this paper. The important innovation of this
paper is the method of predicting the flux-linkage characteristic in unaligned and aligned

positions, which is developed into an integrated model using appropriate transformation.

Among the analytical models presented for LSRM, considering that the saturation

phenomenon occurs in the aligned position, but there is usually no saturation in the unaligned



position, it is difficult to provide an analytical model to predict the performance characteristics
of motor in intermediate positions. Therefore, in this paper, two separate models are presented
to predict flux linked in aligned and unaligned positions. In the unaligned position, assuming
that no saturation occurs in the motor, the motor flux-linkage is calculated using appropriate
equations in electromagnetics, while in the aligned position, assuming that saturation occurs,
using the MEC model, flux-linkage is predicted. Considering the unsaturated inductance, these
two separate models are linked together and an accurate and fast integrated analytical model is
presented for predicting the static and dynamic characteristics of LSRM. Based on this, the
developed analytical models are described in Section 2. Applying the proposed model to a
typical three-phase LSRM, the simulation results are presented in Section 3. Finally, the

conclusion is given in Section 4.

2. DEVELLOPED MODEL

The cross-section of a studied LSRM is shown in Fig. 1. As it is clear from this figure, each
slot of the stator is filled with two phase windings. For the studied motor, the stator and the
mover include ten and six poles, respectively. The positions of aligned and unaligned of the
sample motor for phase B are shown in Fig. 2. Since it is enough to have one phase to analyze
the SRM, so only the winding of one phase is considered, which can be generalized to the three-
phase motor after analysis. In the unaligned position, the reluctance of air-gap is higher than
that of the aligned position. Therefore, as it is clearly seen in Fig. 2, the flux lines are more
irregular in the unaligned position. By using the magnetic potential, which is a vector quantity,
the magnetic field can be obtained. Therefore, if it is possible to find the magnetic potential
vector for a current distribution, with a differential operation, the magnetic flux density is

obtained from the magnetic potential vector.

In the parts of motor where there is air, it is difficult to calculate the performance
characteristics of motor. According to Fig. 2, in the unaligned position, the magnetic flux
inevitably passes through the free space between the two poles of moving part, which can be
used to calculate the static characteristics of motor using the magnetic potential vector. In the
unaligned position, the flux produced by the coil can be divided into two parts: one is the flux
that passes through the free space between the two poles adjacent in the moving part, and the
other is partial fluxes that close their path through the stator slot. Therefore, the motor flux-
linkage in the unaligned position is calculated using prediction of the fields in the air-gap
between the translator poles and stator slot. In the aligned position, a simple and accurate MEC

model is used to predict the motor flux-linkage.



2. 1. Unaligned Position

By applying the current to phase B, in the unaligned position of Fig. 2b, for the generated
flux, the contribution of moving part and stator slot are predicted separately, then by adding
these two values, the total flux in the unaligned position is obtained.

2. 1. 1. Contribution of Moving Part:

Assuming that the current is in the Z-direction, since the magnetic potential vector is
generated in the direction of current, this vector is non-zero only in the Z-direction. Therefore,

Poisson's equation can be written as follows:
VA, =—uJ, oy

Where A is the magnetic potential vector, g, is the magnetic permeability of air and J is

the electric current density. There is no current between the poles of moving part, so J, =0

and Eq. (1) reduces to Laplace's equation:
V?A, =0 )

By solving the two-dimensional equation of Laplace on the free space between the two poles
of moving part in the unaligned position, the field is obtained and as a result the magnetic flux
density is obtained. Then, by choosing a suitable surface and integrating on this surface, the

flux-linkage is calculated. The parameters required for calculations are shown in Fig. 3. The
parameters w,, and Ww,, are equal in the full unaligned position, which changes their value
when the translator is moved.

Using the boundary conditions of the stationary magnetic field, following equation is
obtained:

H2t _Hlt = ‘]s 3)

In the yellow rectangular geometry of Fig. 3, there is no current, that is, J, =0 . As a result,

the tangential field in two adjacent environments are equal (H,, = H,, ), and by having the field

in one of the environments, the field in the other can be obtained. In the unaligned position, the
magnetic permeability coefficient of the sheets is assumed to be almost infinite. Therefore, the
tangential field at the boundary between the poles and free space as well as the lower boundary
are zero and the tangential field at the upper boundary of this area is non-zero. The boundary



conditions are applied in the rectangular geometry of free space between the two poles of the
moving part as shown in Fig. 4.

The y component of magnetic field denoted by H, at x=0 and x=w,_and the x

component of magnetic field denoted by H, are zero at the lower boundary, but the H, field

in the upper boundary is non-zero and unknown. The boundary conditions of the magnetic field
should be converted to appropriate boundary conditions to obtain the magnetic potential vector
according to Fig. 5. Therefore, by solving the Laplace's equation with appropriate boundary
conditions in Fig. 5, using the separation of variables method, the magnetic potential vector is

obtained as follows:

c kz kz (4)
A, (xy)= ;Ark {cosh (W— y).cos[w— XD

tr tr

If H, is the contribution of field in the moving part, it is calculated from the following

equation:

~ L (vxa,) ©)

Ho

H

tr

According to (4) and (5) can be written:

H, (x,y)=Y A, Lo i sinh(k—” y)cos(k—” x}+iy cosh (k—ﬁ yjsin[k—jr xj
k=0 Wi Lo Wi Wi W Wy (6)

In Eqg. (6), by obtaining A, , the moving part field is obtained in the unaligned position. In
Fig. 3, in y=h, , only the x component of H, can be calculated. Therefore, to obtain the
approximate value of H, at y=h, where it overlaps with the stator pole, H, becomes zero

and assuming that the field in x-direction (H, ) is constant, Ampere's law is used to calculate

this constant value. According to these explanations, if N is the turns per phase and | is the

phase current, the following equations are written from Fig. 6:

For 0<x<w,, :



NI (7)

Hx(x’htr)___
Wtrl
For W, <X<Wg, +Wy:
H, (x.h)=0 (8)
FOr W, + Wy < X< Wy + Wi+ W, !
NI 9
Hx(X'htr)=

tr2

To calculate the A,, coefficient in y=h,, only the x-component of Eq. (6) is considered.

Therefore, A, is calculated using the Fourier series as follows:

sin(kﬂq j—sin[k”q ] sin(kﬂw ]
A _ 2vavtr:u0 % Wi ' Wi ? _ Wi i (]_0)
k —
(kﬂ')z Slnh (kﬂ- yJ VvtrZ Vvtrl
tr
where:
Ch = Wiy + W + W (11)
q2 = Vvtrl + Vvts (12)

By obtaining A,,, the magnetic field can be calculated according to Eq. (6) in the moving
section. By multiplying the H, and H, fields by the magnetic permeability coefficient of free
space ( 44, ), the magnetic flux density in the x and y direction is obtained as:

) (kﬂ' J . (kﬂ' j ) (kﬂ' j
sin| —~q, |-sin| —~q, | sin| ~~w,,
”XJX Wtr Vvtr _ Wtr

B,(x,y)= i%xcos{k—

k=1 T Wtr \NtrZ Wtrl (13)
sin[k”qj sin(k”q j sin[kﬁw j
o L[ 2 trl
B (X, y)=z 2Nl xSin —kﬂx X W W — Wi
Y =) Kz W w w 7
=! k7Z' tanh y tr tr2 trl

tr



(14)

where B, (x,y) and B, (x,y) are the magnetic flux density of the free space between the two

poles of moving part in x- and y-directions, respectively. In this area, the direction of flux is in

the direction of both vertical axis and the horizontal axis. Therefore, B, (x,y) and B, (x,y) are

required to obtain the magnetic flux. If n is a normal vector, the magnetic flux in x- and y-

directions can be obtained by choosing the appropriate surface from the following equations:

¢ =[Bnds =
¢, =—IBi,ds= ¢, =—|B,.ds (15)
o, =IBi, ds= ¢, =]B,ds (16)

Considering that the normal vectors are in the opposite direction along the horizontal axis,
their sum is zero. Therefore, only the flux along the vertical axis is considered. If L, is the
axial length of the motor, having the number of turns, the contribution of translator flux-linkage

(A, ) of each phase is obtained as follows:

tr

17)

sin(k”qJ sin[k”qj sin[kﬂw J
o 2 oM (T M2 i
A, Zz_ 2N71 g Ly W, j{lcos[k_ﬂwﬁj}( Wir W W

k=t (k7z)2 tanh (k” y W

tr2 Vv’(rl
tr

2. 1. 2. Contribution of Stator Slot:

In unaligned position due to high air-gap reluctance, part of flux passes through the stator
slot, which is difficult to calculate. In Fig. 7, assuming that the current in the stator slot
conductors has a uniform distribution and the flux path is straight, the magnetic resistance of
core is ignored. A strip with a width of dx, which is located at a distance x from the bottom of
slot, is considered and the magnetic conductivity is calculated for two sections of the stator slot

with height h, and h,, then the contribution of stator slot flux-linkage is calculated through the

magnetic conductivity. According to Fig. 7, the magnetic conductivity is obtained from the

following equation:



W (18)
where:

N, wX (19)

N w,

From Eqg. (18) and Eq. (19), the flux-leakage in the first and second sections are predicted

from the following equations, respectively:

20)
N2l gLy 2 (
le Ho L 3Ws

h (1)

/115 = Nzlzuol-stkWs

The total flux in the stator slot is equal to the sum of flux-leakage calculated for two sections:
Ao = Ao + g (22)

From Eq. (17) and Eq. (22) the flux-linkage in unaligned position is calculated from the

following equation:
ﬂUnaligned = /ls + ﬂtr (23)

2. 2. Aligned Position

For the aligned position with the excitation of phase B according to Fig. 8, part of the flux
generated by winding passes through the translator pole and another part passes through the
free space between the two poles of translator, which are indicated by 4, and A, , respectively.
Therefore, to model the flux-linkage at intermediate positions, the flux path width is divided
into two separate parts. These two parameters are variable so that with the displacement of the
moving part, their values change and an increase in one causes a decrease in the other. At the
beginning of aligned position, all the flux produced by a phase closes its path through the air-

gap between the two poles of translator. Therefore, 4, =0. Also, in the fully aligned position
according to Fig. 2a, the produced flux closes its path through the translator pole, hence A4, =0

. To calculate the flux-linkage in aligned position, an accurate MEC model is presented in this
subsection. The proposed MEC model predicts the magnetic saturation in the aligned position

with high accuracy, then A, and A, can be calculated.



2.2. 1. Prediction of A, :

By exciting the phase B in LSRM, the magnetic flux lines for the fully aligned position are
obtained by the two-dimensional FEM using ANSYS software and can be seen in Fig. 9.
According to the flux path in this figure, the MEC model for the LSRM is suggested according

to Fig. 10. Using Ampere's law, the equation of the magnetic motive force (MMF) according

to the flux 4 is obtained as follows:

NI =(2R,, +Ry +2R, +R,, +2R ) =R (24)

trp try

In Eg. (24), R, and R, are the reluctances related to the pole and yoke of stator, R, and

trp

R, are the reluctances related to pole and yoke of translator and R, is the air-gap reluctance

try
between stator and translator. In this equation, the calculation of reluctances, especially air-gap
magnetic reluctances, are difficult and requires special methods that challenge the simplicity of
the magnetic equivalent circuit model. To solve this problem, since the goal is to calculate the

magnetic flux, all the magnetic reluctances in Fig. 10, can be written in their equivalent form.

By determining the equivalent magnetic reluctance in Eq. (24), the flux can be calculated. It
is difficult to calculate these reluctances with the movement of translator. Therefore, both
saturation and translator position should be entered in Eqg. (24) by choosing the appropriate
method. Assuming that the motor goes into saturation in the aligned position, to consider the
saturation phenomenon, the B-H curve of sheets is interpolated using the following equation
[27]:

IUer
/Uer
B

B= + 1oH

1+

(25)

sat

where, the two parameters B,

sat

and u are determined by interpolating the magnetization curve

of the motor laminations with this equation. In Fig. 8, according to the flux path, the following

equation is obtained:
2H L+2H, L, =NI (26)

In this equation, L is the average length of the flux path in iron, L is the length of the air-
gap, H and H, are the magnetic intensity in iron and air-gap, respectively. For the air-gap,

the following equation can be written:

10



B= /UOHg (27)
From Eq. (24), Eq. (26) and Eq. (27) we can write:

2LB 28
Rp=2H L+— 2%)

Ho

Assuming that the cross-sectional area of flux in the air-gap and the translator pole is equal
to A, By multiplying the flux cross-sectional area and the magnetic flux density, the magnetic
flux passing through that area is calculated. Therefore, following quadratic equation is formed
from Eq. (25) and Eq. (28):

aul Ree Bl
2L L

R BL
0= + Au, A"
R.p BLg 2L L
“loL Tl

1+ Ho
B

sat

Rt,u(DZ _ (p2ng _

B.., +
¢ sat 2L A/L[OL

BouAuRp Buhupl, B AuRp Au R p* AR uLp®
2L Au,L 2L 412 2 Au, L

Bsat AﬂoqﬁLg N A/uo Lg IURtgoz + AluoluLg 2¢2
Au, L 2Au,L? A P

Z(Rtﬂ_ MLy _Aﬂ,uoth " LyuR, _ ,ung J

2L Apl 40 > Apl®
+ Bsat _ Bsat A/aRt + Bsat'uLg _ Bsat AluoRt + Bsat LQ =0 (29)
2L 1L 2L L

This equation has two separate solutions, one of which is correct considering the modeling

goal. In Eq. (29), ¢ =0 cannot provide the desired solution. Therefore, the acceptable answer

is obtained from the following equation:

11



2ALB,, (2L— AR, (p+ )+ 2L, (1+ 11,)) (30)
R A(2L- AR, +4L,)—4u L, (L+L,)

q):

In Eq. (24), it is necessary to determine the equivalent magnetic reluctance to obtain the
magnetic flux in different parts of the motor. For this purpose, equation Eq. (30) is used. From

Eqg. (24) and Eq. (30) a quadratic equation is obtained in terms of R, which has two separate

solutions. This equation and its solutions are obtained as follows:

. AALB,, (L+L, (1+4,))+2AuNI (L+2L,) N 4Lp, L NI —44,9°NI .
' 2LB A% (u+ ity )+ A% NI C O\ 2LBg AP (p+ )+ AP gy uNI

2178, ]z I

2LZB_, + uNI(L+2L \/(
= sat TH ( g) + uN uN 4N (31)
2LB A(,u+,uo)+A,uO,uN| 2LB A(,u+,uo)+A,uO,uN|

sat sat

where

Z=L+L,(1+x,) (32)
W=Z(L+2L,)-2L, (1+4)(L-L,) (33)
S=L*+8L7 (34)

Only one solution to this equation is acceptable. This solution is determined using the current
value. In Eq. (31), for zero current, the value of R, should not become zero. Therefore, only

positive sign is considered. In Fig. 10, to predict the flux, considering both saturation
phenomenon and translator position, it is difficult to calculate the reluctances, but it can be done
with high accuracy using Eq. (31). By obtaining the flux from Eq. (24) and Eq. (31), it is

possible to obtain the flux linked in aligned position by considering the saturation as follows:
A =Ng (39)

m

2. 2. 2. Prediction of A, :

Ampere's law is also valid for the closed path created by the A, . In the middle lengths of

the aligned position where there are both A, and A, , by following the closed path of A, and

applying Ampere's law, the following equation is written:

12



2H, L+2H L, =NI (36)

of —of

Here, the value of L_. , which is the length of flux in space between the two translator poles,

of 1

is different from L, . Therefore, the magnetic field created by 4, and A, are also different. As
a result, the same model that was presented to predict the value of A is used with simple
changes to predict the A, . The cross-sectional area through which the A, passes is a part of the
stator pole that does not overlap with the translator pole in the aligned position. If w,, is stator

pole width and w,, is a variable value and equal to the part of translator pole that overlaps with

p

the stator pole, then the width that 2, passes through is w,, —w,, .

In the proposed model for the unaligned position, it was assumed that motor does not go to
saturation, but in the model presented in the aligned position, assuming that the motor goes to
saturation, a B-H curve was considered for the saturation. Therefore, these two models are
independent of each other. In order to connect the two models together, unsaturated inductance

Is obtained near the beginning of the aligned position where A, has its highest value. This

inductance is calculated using the proposed model for the unaligned position where the aligned

position has not yet started. With the mentioned considerations, the length of path A, in space

between the translator poles has its maximum value at the beginning of aligned position and its
minimum value in the full aligned position. Therefore, this length is obtained from the following

equation:

Wy ] (37)

W,

Ly =L, + Ly (1—
where length L is obtained from the unsaturated inductance calculated from the proposed
model for the unaligned position. If L, is the unsaturated inductance, the following equation is
obtained:

N ? Lstk (Wsp - Wtrp )/JO (38)
L. = -L
gtr L[ ¢}

Therefore, by applying these changes to (31), the following equation is obtained:

13



J[ZLZstat j AW B, o o (59
-+ +S,

2B, LZ, +uNI(L+2L) uN uN
= +uN
2LBy A (4+ py) + Ar piouNI 2LBo A (4+ )+ Ay o NI
where
Z,=L+Ly(1+u) (40)
W, =Z, (L+2Ly )-2Ly (1+ 4, )(L - Ly ) (41)
S, =L"+8L," (42)
Af = Lstk (Wsp _\Ntrp) (43)

From Eq. (24) and Eq. (39), A, is obtained from as follows:
A, =Nop, (44)

By adding Eq. (35) and Eq. (44), the phase flux-linkage in the aligned positions is predicted

from the following equation:

Mg = A+, (45)

aligned =M

3. SIMULATION RESULTS

The simulation results based on the proposed analytical models and 2-D FEM for LSRM are

given here. Motor specifications are given in Table 1 and the sheets of stator core and translator
are M800-50A with a thickness of 0.5 mm. For the sample LSRM, the parameters of B and

L are obtained from the interpolation of the B-H curve of the motor sheets with Eq. (25) 1.8
and 0.00997, respectively, and this interpolation is shown in Fig. 11. Using the analytical
models and the FEM, the static characteristics of the flux-linkage with a phase of LSRM are
predicted, which are shown in Fig. 12. These characteristics have been obtained by applying
currents of 0 to 20 A for phase B and moving from the unaligned position to the aligned position

with a length of 69 mm.

In order to better evaluate the results of analytical model and FEM, the flux-linkage obtained
in the positions of fully aligned and fully unaligned as well as the middle position are compared
in Fig. 13 and Table 2. These comparisons clearly show that the introduced analytical model has

a suitable accuracy in predicting the static characteristic of the flux linked for all translator

14



positions, and due to its calculation speed, it can be properly used in the performance analysis
of the three-phase LSRM.

Having the characteristic of flux-linkage ( A ) for the currents and different positions, other
characteristics including co-energy (W, (x, i)) and static force (F (X, i)) can be obtained using

the following equations:

w, (x,i)=[2(x,i)di (46)
F (X’ I) = %Xx’i)h:const (47)

According to (46), the area between the aligned and unaligned graphs represents the motor
energy. So, more area means more co-energy and thus more static force. The co-energy
characteristics for LSRM is compared only for currents of 6, 12 and 16 A and depicted in Fig.
14. Based on Eq. (47), the force static characteristic in different positions and currents for
LSRM is obtained, which is shown in Fig. 15.

In order to calculate the dynamic characteristics of LSRM, including the instantaneous phase
current (i (X)) and the instantaneous thrust force (F (X) ), having the flux-linkage characteristic,
first the phase instantaneous current is obtained from the phase voltage equation as follows:

da(x0) (48)
dt

V =Ri+

where R is the resistance of the phase winding and V is the phase voltage. Having (i(x))

and the force static characteristic (F (X, i)), the instantaneous thrust force (F (X) ) is calculated.
The control parameters for calculating instantaneous current and thrust force are the turn-on
position (X,,) and the turn-off position (X, ) of phase. For this LSRM, X, and X, are

considered 13.8 mm and 48.3 mm, respectively. Considering these cases, the waveforms of
instantaneous current and instantaneous thrust force for LSRM are predicted and compared
using the proposed analytical model and FEM, which shown in Fig. 16 and Fig. 17, respectively.
The RMS value of instantaneous phase current predicted using analytical model and FEM are
8.83 and 8.97, respectively, while the average instantaneous thrust predicted using analytical

model and FEM are 66.93 and 66.85, respectively. The static and dynamic comparisons of

15



LSRM using the developed analytical model and the FEM show that the presented model
predicts the performance characteristics of motor with high speed and acceptable accuracy.

In order to better evaluate the presented analytical model, for the operating point phase
voltage is 150 V and speed is 3 m/s, the instantaneous thrust force and force ripple are also
calculated. For the proposed analytical model and the finite element method, turn-on position
and turn-off position are considered to be equal to 18 mm and 32 mm, respectively. Considering
this operating point, the instantaneous thrust force curves for two different models are shown
in Fig. 18. The average instantaneous thrust force and force ripple for the proposed analytical
model are obtained as 71.56 N and %61.9, respectively, while for the finite element method
they are calculated as 70.7 N and %57.35, respectively, which shows that the proposed
integrated analytical model has an acceptable accuracy in predicting the dynamic characteristics
of the LSRM.

The finite element method (FEM) has high accuracy to predict the results and it is a
conventional method for validation of the proposed analytical models. In the FEM, in order to
increase the accuracy of the model, meshing details and adding appropriate boundary conditions
must be considered. Therefore, although considering these details increases the accuracy of the
FEM, it also increases the calculation time, while in analytical models, fewer details are
considered, which reduces the accuracy of the results compared to the FEM. The main
advantage of analytical methods is the time required to predict motor characteristics, which is
much less than those of the FEM. To predict the characteristic of flux-linkage, the simulation
time (related to a Core 3. processor speed: 2.27GHz, RAM: 4GB) is 45 seconds for the
developed analytical model and 55 minutes for FEM, while in [25] is 29 seconds for proposed
analytical model and 45 minutes for FEM.

To evaluate the accuracy of the analytical model presented in this paper compared to the
analytical model presented in [25], the dynamic characteristics are compared with the FEM.
The average thrust force and the RMS value of current for the developed model of this paper
are 66.93 N and 8.83 A, respectively, while for the FEM are 66.85 N and 8.97 A, respectively.
The error of the results for the average thrust force and current are %0.12 and %-1, respectively.
Also, the average thrust force and RMS value of current for the proposed model in [25], are 60
N and 6.05 A, respectively, while for the FEM are 63.1 N and 6 A, respectively. The error of
the results for the average thrust force and current are %-4.9 and %0.8, respectively. These
results show that the accuracy of the analytical model presented in this paper for predicting

motor performance characteristics is acceptable.
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4, CONCLUSION

In this paper, two analytical models based on solution of field equations in the unaligned
position and magnetic equivalent circuit model in the aligned position were presented to predict
the performance characteristics of the linear switched reluctance motor in different positions of
translator. Having the characteristic of flux-linkage with a phase, the dynamic characteristics
of motor, including instantaneous phase current and thrust force, were calculated from the phase
voltage equation. Due to the high speed (the simulation time is 45 seconds for the developed
analytical model and 55 minutes for FEM) of developed model, it can be used properly for the
iterative design and optimization process of the motor. The proposed models were applied to a
typical three-phase linear switched reluctance motor and the simulation results were presented
and compared with the results obtained from the finite element method for validation. These
comparisons showed that the analytical models were highly accurate in predicting the
performance characteristics of motor and due to their calculation speed, they can be properly

used in the performance analysis and optimal design of the linear switched reluctance motor.
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Fig. 2. Important positions for phase B: (a) Aligned, (b) Unaligned
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Fig. 3. Ggeometry of stator and air-gap between two poles of moving part in unaligned position
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Fig. 7. Stator slot geometry to calculate stator slot flux-leakage

Fig. 8. Geometry of motor to calculate flux-linkage in aligned position

Fig. 9. Flux path in aligned position
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TABLE 1. SPECIFICATIONS OF THE LSRM

Parameters Value
Stator pole width [mm] 46
Stator slot width [mm)] 46
Stator pole height [mm] 67
Stator yoke height [mm] 46
Air-gap length [mm] 1
Translator pole width [mm] 49
Translator slot width [mm] 89
Translator yoke height [mm] 49
Core stack thickness [mm] 125
Turns per phase 160

TABLE 2. THE FLUX LINKED VALUES (WB.TURNS) FOR SOME TRANSLATOR POSITIONS

Position Simulation Current[A]

2 6 10 14
Modeling 0.016 0.048 0.079 0.111

Unaligned FEM 0017 0050 0083 0.117
position
Error  -5.8% 4%  -48%  -5.1%

Modeling 0.088 0.259 0.423 0.572

Intermediate FEM 0084 0251 0422 0.589

position
Error  -47% 32% 0.24%  -2.9%
Modeling 0191 0564 0915 1.224
Aligned FEM 0186 0572 0969 1.273
position

Error 27% -14% -5.6% -3.8%
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