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Abstract: Due to the special design of the segmental translator linear switched reluctance
motor (STLSRM), it has a higher power density than conventional linear switched reluctance
motor (LSRM). Having enough information about the parameters affecting the motor output
can help to improve its performance. In this paper, a step-by-step and integrated method is
presented for the standard design of STLSRM. After obtaining the design equations, the
important and effective parameters on the STLSRM performance are determined and
discussed. Using sensitivity analysis, design considerations and comprehensive instructions
are provided to determine the STLSRM dimensions. In order to confirm the design process, a
typical STLSRM is designed for the use of electric sliding doors, and with the goal of
increasing the average instantaneous thrust force and reducing the force ripple, based on the
design of experiments (DOE) approach and the response surface method (RSM), the
optimization of STLSRM is done. In order to validate, using the finite element method
(FEM), the performance characteristics of the optimized STLSRM including flux-linkage, co-
energy, static force, instantaneous thrust force waveform and instantaneous current waveform
are compared with those of derived from the initial design.
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1. Introduction

Switched reluctance motors (SRMSs) have features such as simple structure, robustness, use
in harsh environments, low maintenance cost, and the existence of windings on only one-side
[1-3]. In the SRM the windings have independent functions and mutual inductance that occurs
between the two phases is very small and can be ignored, so that if one phase is damaged, it
does not have a destructive effect on the other phases. Therefore, fault tolerance and high
reliability are other features of SRM. Due to these inherent characteristics, the SRMs are used
in many applications [3-6].

SRMs are divided into two categories: rotary and linear. The LSRMs have the same
structure and performance as its rotary type, with the difference that they have linear
displacement instead of rotary motion. Therefore, they have the advantages of rotary SRMs.
LSRMs have two types, one-side and dual-side, which, unlike rotary motors, are used in many
horizontal and vertical applications without the need for any converter to convert motion [7-
10]. Many researchers have investigated different structures of LSRMs and various researches
have been carried out on different aspects of LSRMs and special linear motors have been
designed to improve their performance [11-15]. In [16], a standard design method with good
accuracy for LSRM is presented. This design is first performed in the domain of rotary SRM,
then it is brought to the linear domain by performing appropriate transformations, which
increases the volume of calculations.

One of the special structures is the design of stator/translator in the LSRM without a yoke,
which instead of using prominent poles in the stator/translator, discrete segments are used. In
conventional LSRM, the stator yoke and the translator yoke make up most of the core volume,
which is a path for the flux to pass from one tooth to another tooth. Therefore, yoke does not
increase the carrying flux does not increase the ability to carry the flux, and due to large
volume of yoke, the use of magnetic materials increases, which leads to a decrease in power
density. To solve this defect, in [17-19], double-sided LSRMs with segmental stator have
been designed, analyzed and optimized, which significantly increases the power density due
to the removal of yoke in the stator. In these motors, the windings are usually located on the
moving part, which reduces the reliability and increases the maintenance cost due to the
displacement of winding by the moving part. To solve this problem, a special type of linear
switched reluctance motors (STLSRM) is presented in [20-21], in which the translator does
not have a yoke, and instead of using connected poles, separate segments are used. In this

structure, the volume of magnetic materials is reduced due to the absence of yoke in the



translator, which increases the power density, and due to the fact that the windings are located
on the stationary part and the moving part is isolated from the electric current and permanent
magnet, the maintenance cost is low and the reliability is increased [22-23]. Also, in other
electric motors, such as the flux-switching linear motor, which works in some principles like
the linear switched reluctance motor, the absence of a yoke and the use of discrete segments
have improved the performance of the motor [24].

According to the literature review, although various linear motors have been introduced in
which the yoke is removed and many researches have been carried out on their various
aspects including dimensional design, electromagnetic design and thermal design, for the
STLSRM presented in this paper, the design equations of motor dimensions have not yet been
presented. In addition, the important novelty of this research is the design and optimization of
STLSRM for the use of electric sliding doors, because unlike segmental linear motors where
the coils are on the translator, in the STLSRM, the coils are on the stationary part and the
translator is isolated from the electric current. Therefore, this motor can be used appropriately
in short distances. Choosing the right method for design is important because it allows the
designer to directly observe and analyze the design parameters and increase the design speed
with good accuracy. Therefore, in this paper, an integrated and step-by-step design method is
presented considering the specific design aspects for the STLSRM. This design process is
done directly in the linear motor domain without converting to the rotary motor domain. As a
result, it gives the designer high flexibility to choose key parameters and motor dimensions.
Using sensitivity analysis, the effect of motor geometric parameters on its performance is
discussed, then detailed and comprehensive guidelines are provided for determining the
dimensions of STLSRM using the FEM. After obtaining the design equations and carrying
out sensitivity analysis to determine the dimensions of motor, a STLSRM is designed for the
use of electric sliding doors, and with the goal of reducing the force ripple and increasing the
average instantaneous thrust force, the optimization of STLSRM is done based on the DOE
approach and the RSM.

Based on this, the STLSRM is introduced in section 2, and in section 3, the design of this
motor is carried out in the linear domain and the design equations are given in detail, then in
section 4, sensitivity analysis is performed to investigate the effect of geometric dimensions
on the performance of the motor. In section 5, the design of STLSRM for the use of electric
sliding doors is carried out, and with the goal of increasing the average instantaneous thrust

force and reducing the force ripple, the motor optimization is done in section 6. In order to



validate the research, the simulation results are given in Section 7. Finally, in section 8, a

summary and conclusion for this paper is given.

2. Configuration of STLSRM

The cross-section and three-dimensional geometry of the three-phase STLSRM are shown
in Fig. 1. Each slot of the stator is filled with one phase winding, and the winding of each
phase includes three poles of stator. The translator consists of a set of ferromagnetic segments
that are magnetically and mechanically separated from each other. The ferromagnetic
segments are placed on the non-magnetic part so that no flux path is created between the
segments in the aligned position. Therefore, a structure is created with several independent
parts that are similar in principles and performance. Unlike the conventional LSRM in which
the flux lines pass through the stator yoke and the translator yoke and close their path through
the teeth of stator and translator, in the STLSRM, the generated flux follows an almost
circular path around two adjacent teeth of the stator, which causes the length of magnetic flux
path to be shorter. Therefore, due to the unusual structure of the STLSRM, the design process
of this motor cannot be easily done in the rotary domain and is done directly in the linear
domain.

Flux lines in aligned and unaligned positions for the STLSRM, with excitation of phase B,
are drawn by ANSYS software and shown in Fig. 2. In this motor, the flux produced by
winding of different phases in the position of aligned closes its path through a segment of the
moving part and does not disperse between similar segments. Each flux path can be
considered as a power generation section that is independent from other sections in terms of
magnetic circuit structure and similar to other sections in terms of operation. Therefore, each
power generation section can be considered as a STLSRM, which provides a high degree of
flexibility for motor design. Like rotary SRMs, in conventional LSRMs, most of the core
volume is made up of the stator and translator yokes, which are a path for the flux to pass
from one tooth to another. Therefore, the stator yoke and rotor yoke do not increase the flux
carrying capacity. Because the yoke comprises most of the volume and weight of the core, the
use of magnetic materials increases, which leads to a decrease in power density. To solve this
defect, the power density has been increased in the STLSRM by reducing the active magnetic
materials. Therefore, instead of the poles connected to the yoke, discrete segments have been
used in the moving part. This change has removed the yoke from the moving part, which
significantly increases the power density in this motor. The prominent advantages of the

STLSRM are summarized as follows:



e The moving part does not have a yoke. Therefore, the use of magnetic core material is
significantly reduced.

e The ferromagnetic segments of the moving part are placed on non-magnetic steel, and
the gap between them can be filled with non-magnetic materials. Therefore, due to the
absence of tooth and slot in the secondary, there is no windage loss in the running part.

e Each slot is completely filled with only one phase winding. Therefore, the use of
insulating materials in the stator slot decreases and its space coefficient increases,
which increases the output power.

e Due to the absence of an insulating separator in the stator slot, the surface of slot is
optimally used and facilitates the manufacturing process.

e The winding of each stator slot produces flux independently, which is separate from
the flux produced by the coil of other phases.

e Due to the absence of yoke in the moving part, iron losses are reduced.

e The flux produced by the coil of different phases closes its path through a segment that
is separate from other segments of the moving part and causes the flux produced by the
phases not to be dispersed between similar parts. Therefore, each flux generating
section can be considered as an independent STLSRM, which gives the designer

considerable flexibility.

3. Integrated Design of STLSRM

Because the STLSRM is characterized by a unique magnetic circuit and independent
power generation parts, it has a different design compared to the conventional LSRM.
Therefore, here an integrated design method considering specific aspects for STLSRM is
presented. This design process is carried out directly in the domain of linear motor without
converting to the domain of rotary motor. The special parameters required for design of motor
are shown in Fig. 3.

The presented motor has an axial length of LS and a maximum linear speed of Vm’

tk

which reaches the maximum speed from the stationary state in the period of time ta' If the

maximum mass of the moving part, the maximum acceleration and the instantaneous

acceleration force are expressed by Mtr’ e and Ftr respectively, the maximum

acceleration and the instantaneous acceleration force are calculated from (1) and (2),

respectively [25].
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Ignoring the friction force, the maximum output power of motor ( Po) is equal to:

o =FrVm (3)

The first step in the design of electric motors is to find the output (dimensional) equation
that describes the relationship between the output power, speed, dimensions, and specific
electric and magnetic loads of the motor. The output power of motor can be rewritten
according to the input parameters of machine, i.e., voltage and current of the input terminal. If

Pin and 7 are the input power and efficiency of the motor, respectively, the following

equation can be written:
P, =R, (4)
If the input voltage and current of each phase are denoted by e and i respectively, (4) can

be rewritten as (5):
P =mnei (5)
Ignoring the voltage drop of the coil resistance, the voltage of each phase is obtained from

the following equation:

_d4 (6)
Codt

where A is the flux-linkage of winding. The changes of winding flux-linkage during a period

e

of time At, which includes the movement of moving part from the aligned position to

unaligned position, is calculated by (7).

A =A_—A =eAt ()
a ‘u

In the A—i characteristic, for simplicity, its nonlinear part can be omitted. Therefore, the
changes of flux-linkage are expressed by the following equation:
AL=Ali=(L ~L )i (8)

where La and Lu are the phase inductance in aligned and unaligned positions,
respectively. If Tip is the pole pitch of moving part and 7 is the pole pitch of stator, they are

calculated from the following equations according to Fig. 3:
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If Axtr is the distance between the aligned and unaligned positions, the duration of the

movement of moving part is obtained from the following equations:

Ax =V At (11)
7, (12)

A =W +w ="

tr  "sp so

From (11) and (12), the following equation can be written:

A= T (13)
2V
m
From (7), (8) and (13), the following equation is obtained:
T (14)
(L. -L )i=e-t"
a u N
m
Therefore, the input terminal voltage (e) is calculated from the following equation:
L (15)
_ 2V Li@a--4%)
2V _i(L_-L) m a L
e—_Mm>a u’_ a
“tr “tr
L
If it is assumed that kl = L—U equation of (15) is rewritten as follows:
a
2V_L_.i(l-k,) @a-k,) (16)
e= m a kl =N A kl
T ma ¢
tr tr

In the fully aligned position, assuming that the flux density in the air-gap and the flux

density passing through the stator pole are equal, }“a can be obtained from the following
equation:

A =NA B (17)
a gag

where N is the number of turns per phase, Aga is the cross-sectional area of the flux passing

through the air-gap and Bg is the flux density in the air-gap. The cross-sectional area of flux

passing through the air-gap is calculated from the following equation:



Aga =Worbsk (18)

where WO according to Fig. 3, is the overlapping width of translator and stator pole. From

I
(17) and (18) the following equation is obtained:

za = NWOI Lstk Bg (19)

The width of flux lines passing through the air-gap can be written in terms of the stator

pole pitch as follows:

W +2W (20)
. =W_ +W_ +2W_ =W (1+-—390 05
S sp so os ol W
ol
W_ +2W W
If it is assumed that k, = SOW 0S :WSS , (20) is rewritten as follows:
ol sp
T (21)
VVOI =1 Sk
i)
From (19) and (21) we can write:
T (22)

A =NL.B —S_
a stk 91+k,

If ac is the specific electric load, it is calculated as follows [18]:

VA phi (23)
ac=——
L
s

where Z oh is the number of conductors of each phase and Ls is the length of stator. Because

the winding includes a forward arm and a return arm, the number of conductors of each phase

Is twice the number of turns per phase. that's mean:

VA oh = 2N (24)
From (23) and (24) we can write:
L
S

It should be noted that in (25), the number of phases that are active simultaneously is
considered equal to 1. From (5), (16) and (22), the output power equation (dimensional

equation) is expressed as follows:
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From (26) and (25) we have:

1—k1 T (27)
P =nV acL L B =S
0 m~ s stk 91+k2 7

From (27) the axial length of the motor can be calculated. It should be noted that the ratio
T

—S_ can be written as the ratio of number of moving part segments to the number of stator

Ttr

poles, which is equal to 2/3 in this motor. Also, in this motor, the length of stator is equal to
the length of moving part. Therefore, for a three-phase motor whose stator includes 6 poles,
the stator length is obtained from the following equation:

L =6W__ +6W (28)
S sp ss

To prevent oversaturation as well as uniform field distribution, the following design
restrictions apply to this motor:

e The stator yoke height, the segment height of moving part and the stator pole width
are equal.

e In the fully aligned position, the overlapping length of segment and the stator pole
width are equal.

e The length of distance between the two segments of the moving part is equal to the
slot opening of stator.

According to Ampere's law, the ampere-turn needed to produce the magnetic field

intensity in air-gap is obtained from the following equation:

Ni=2l H 29
a"g (29)
where:
B (30)
H =9
9

where Ig is the length of air-gap, H g is the intensity of magnetic field in the air-gap, and g,

is the air magnetic permeability coefficient. Assuming the maximum phase current for the

motor, the number of turns per phase is calculated from the following equation:
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The cross-section area of conductors (ac) is calculated from the following equation:

q - (32)
¢ sdm
where ¢ is the maximum winding current density and m is the number of phases. The total

cross-sectional area of the winding in one slot of stator is NaC. If kS is the space coefficient

of stator slot, the area of each slot is obtained from the following equation:
NaC (33)

If hSS is the height of stator slot, a, is obtained from the following equation:

a =h W (34)
S SS SS
where:
W _=W__ +2W (35)
SS SO 0S
Therefore, the stator slot height is calculated as follows:
Na (36)
h, =—0
SS kW
S SS

In (36) kS is usually considered a value between 0.2 and 0.7. Having the stator slot height,

the stator tooth height (hsp) is obtained as follows:

g =P+t (37)

where hst according to Fig. 3, is the height of stator pole shoe.

To select a specific electrical load, designers tend to choose it as large as possible, but
there are limitations such as copper losses and temperature rise. Choosing a large value of ac
leads to an increase in temperature and copper losses. Therefore, the cooling system used
must be designed so that the temperature increase does not exceed the maximum temperature
value determined by the insulation class used. The specific electrical load is considered equal
to 25000 A/m. Dimensional equation (27) is obtained for a unit of STLSRM. If the length of
stator is doubled and tripled, two and three units are created, respectively, which have

independent functions.

10



If the number of independent units of the STLSRM is denoted by ne considering that

each unit is capable of producing an independent linear force, the total force of motor can be
expressed as follows:

Ft = nS FS (38)

where Ft is the thrust force of all units and Fs is the thrust force for the one unit of

STLSRM.

4. Sensitivity Analysis to Determine The Important Dimensions of STLSRM

The geometric dimensions of the motor have a significant effect on the inductance of
aligned position, the inductance of unaligned position and thrust force. Therefore, after
forming the dimensional equation and calculating the motor parameters, it is possible to
consider the optimal design for the STLSRM by sensitivity analysis for the motor geometrical

parameters. The stator pole width (Wsp)' the stator slot width (Wss)’ the translator segment

width (Wtrb) which depends on the segment angle (Htr ), the height of stator pole shoe (hst)
and the length of air-gap between the stator and the translator (Ig) are the basic parameters

for sensitivity analysis. It is important to have sufficient knowledge about the effect of these
geometric quantities on machine performance. Therefore, to investigate the effects of key
parameters using two-dimensional analysis and based on the FEM, the STLSRM simulation
and the effect of geometrical parameters on the performance of motor, as well as instructions

for determining the important dimensions of STLSRM are presented.

4.1. Stator slot width (WSS) and stator pole width (Wsp):

The distance between the two adjacent poles of stator (the distance between two adjacent

segments of translator), are effective in the flux distribution. With the increase of k2 , Which is
the ratio of the width of stator slot to the width of stator pole, this distance (WSO) increases.
According to Fig. 4 a and c, in the aligned position, with the decrease Wso’ the overlap area
between the stator teeth and the moving part segments increases, and with the increase Wso’

the overlap area between the stator poles and translator segments decreases. Also, according

11



to Fig. 4 b and d, in the unaligned position, the length of distance between the stator poles and

translator segments decreases with the decrease of Wso' and the length of distance between
the stator poles and translator segments increases with the increase of Wso' Therefore, with
the increase of WSo , the inductance should decrease in the unaligned position, which seems to

increase the power, but, at the same time, the inductance also decreases in the aligned
position. As a result, it causes a decrease in the difference between co-energy in the positions
of aligned and unaligned, which leads to a decrease in the motor's power output.

The curves of unaligned inductance, aligned inductance and their ratio (kl) with changes

of k2 are shown in Fig. 5a. Also, the curve of average thrust force with changes of k

given in Fig. 5b. As it is clearly seen in Fig. 5a, with the increase of k

5 18
9 unaligned
inductance, aligned inductance and average thrust force decrease. According to the

dimensional equation (27), the variables k1 and k2 are effective in the value of output power.

that's mean:

1- 39
P« kl (39)

0
1+ k2

According to (39), both the decrease of k1 and the decrease of k2 lead to an increase in

force. But, as seen in Fig. 5a, the change value of k1 is very small compared to k,. Therefore,

2

the effect of k2 on the output power is much greater. That is, it is possible to obtain a higher

power output by choosing a smaller k2, although a large k1 value is chosen. Considering that

in the range of 0.6-0.8 there is a noticeable decrease in the value of alignment inductance and

average thrust force, the appropriate choice is in the range of 0.8-1.1.

4.2. Bottom width of segment (Wtrb ):

Another important parameter is the bottom width of the segment trapezoidal geometry

(Wtrb) that according to Fig. 6 is dependent on the segment (Htr ), and has an effect on the

output power. The relationship between Wtr and 6,,- can be obtained using Fig. 6 as follows:

b

12



h (40)
tang, =L
tr s

The value of 5m is uncertain and must be calculated through the relationship between the

dimensions of segment and stator. From Fig. 3 and Fig. 6, the following equations are written:

= 41
25 +W, 2\/\/SIO +W_ (41)
2h (42)
tang, = tr
tr 2w +W_ -Ww
sp so trb

It can be clearly seen that with the increase of gtr , the value of Wtrb also increases. As

shown in Fig. 7 a and b, the inductance in aligned position increases due to the large area that

Is created by increasing the value of etr , which causes an increase in Wtrb and the cross-

sectional area of flux. At the same time, the large value of etr leads to the increase of Wtrb

and the creation of a small gap between the two segments in the unaligned position, which
increases the inductance in the unaligned position (Fig. 7 ¢ and d).

Aligned inductance, unaligned inductance, their ratio (kl) and the average thrust force with
changes of etr are obtained from the FEM and using ANSYS software, which can be seen in
Fig. 8. The most appropriate value of Htr to produce the maximum driving force is from 45°

to 75°, which is mainly due to the compromise between the maximum aligned inductance and

the minimum unaligned inductance as shown in Fig. 8a.

4.3. Stator pole shoe height (hSt ):

The height of stator pole shoe (hst) also affects the performance of the STLSRM, which is

considered as a percentage of stator tooth height. that's mean:

hst = kShSp (43)

where k5 is a percentage of the stator tooth height, which is considered for the height of stator

pole shoe. With the increase of k, the space of stator slot is reduced and the volume of stator

3!
teeth is increased. Aligned inductance, unaligned inductance, their ratio (kl) and the average

thrust force with changes of k., are obtained from the FEM, which can be seen in Fig. 9. With

3
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the increase of k3, the inductance of unaligned position, the inductance of aligned position
and the average thrust force increase, which is due to the increase in the difference between

the co-energy of the aligned and unaligned positions. According to Fig. 9a, for large k., the

3t

increasing speed of aligned inductance decreases, which leads to an increase of k1 Therefore,

according to Fig. 9b, the increasing speed of average thrust force also decreases and reaches a

constant value. Considering that the increase of k, leads to the use of more magnetic

3
materials and makes the geometry of stator slot space asymmetric, the design process
becomes more difficult. Also, considering that the average thrust force has a small change rate

after k, =0.15, the appropriate choice for k

3 is between 0.15 and 0.45, and according to Fig.

3

9, k, =0.2 is a good choice.

3

4.4. Air-gap length (Ig ):

One of the most important design parameters is the air-gap between the stator and moving
part, which has a great impact on the STLSRM performance. The curves of unaligned

inductance, aligned inductance and their ratio with changes of Ig are shown in Fig. 10a. Also,
the average thrust force curve with the changes of Ig is brought in Fig. 10b. As it is clearly
seen in Fig. 10, with the increase of Ig , the inductance of unaligned position increases and

the inductance of aligned position and the average thrust force decrease, which is due to the
reduction of the difference between the co-energy of the aligned and unaligned positions.
Therefore, considering the mechanical limitations, the appropriate choice for the length of air-
gap is 0.5-1 mm.

Sensitivity analysis gives the designer a good initial insight into the effect of four

geometrical parameters k., etr’ k3 and Ig on inductance and thrust force. However, it is

difficult to determine the exact value using the mathematical design method, and an
optimization process can be applied to obtain the optimal values. However, the effect of these
four parameters on STLSRM performance and their range of selection are stated in this

section.

14



5. Design of A 3-Phase STLSRM for The Use of Electric Sliding Doors

After obtaining the design equations and sensitivity analysis to determine the approximate
dimensions of the STLSRM, in this section, to confirm the design process, a STLSRM with

the characteristics of maximum linear speed (V____) 0.5 m/s, maximum mass (M ) 62 kg
max max

and the acceleration time from stationary state to maximum speed (ta) 0.5 seconds, is

designed for the use of electric sliding doors. The acceleration of translator (atr) and the

productive force (F,) are calculated as follows:

Vv 44

a —_max _06_,, n/2 (44)

trt 0.5 S

a

F =M a_ =62x1.2=744N (45)

tr max tr

Having productive force, the maximum power is calculated as follows:
P=FV __ =744x0.6~45N (46)
0 tr max

Considering the air-gap length 1 mm, the air-gap flux density 1.1 T, and the peak current
10 A for each phase, the number of turns per phase is obtained from the following equation:

214By  2x1x10°x1.1 (47)

iy,  10x4zx107

N = ~175

The maximum allowable current density of the winding & =6 A/mm? and the number of

phases m=3 are considered. Therefore, the cross-sectional area of conductors (aC) is

calculated as follows:

a - i 10
¢ sdm 63

Having the cross-sectional area of conductors, the diameter of each strand of coil is equal

=0.962mm? (48)

to 1.11 mm, and considering the standard diameter of wires, the cross-sectional area of each
conductor is recalculated as 1.13 mm?. With these new values, the maximum current density
is equal to & =5.12 A/mm? , which is lower than the value of & =6A/mm? and provides the
conditions of problem. Therefore, the total cross-sectional area of winding in stator slot is

NaC =197.75mm?. If the space coefficient of stator slot is equal to ks =0.6, the area of each

stator slot is obtained from the following equation:

15



Na (49)
a =—20C- 077 329mm?
sk
S

The number of turns that are placed horizontally together is considered equal to 11. With
this assumption, the number of vertical conductors is equal to 16 rows. Considering 1 mm on

each side for the stator slot, the width of slot is calculated as follows:

W, =(1.2x1)+2=15.2mm (50)
Therefore, the height of stator slot is calculated as follows:
Na (51)
¢ 32 _ 51 6mm
S kW 15
S SS

The number of vertical conductors in the stator slot is considered equal to 16. Therefore,
the stator slot height is calculated according to the diameter of each conductor

hss =(1.2x16) +2=21.2mm, which confirms the considered assumption. Having the stator

slot height, the stator tooth height (hsp) is obtained as follows:

h =h_ +h. =216+11.6=33.2mm (52)
sp ss st

Considering that the STLSRM is three-phase, the stator has 6 teeth and 6 slots. Therefore,
the length of stator and the length of translator are obtained as follows:

L =6W__ +6W__=182.4mm (53)
S sp ss

In (52) and (53) based on sensitivity analysis and for initial design, hSt :0.35hSp and

k2 =1 are considered. In the initial design of motor, WSO =2VVOS is considered, with this

assumption, WOS =3.8mm and then the slot opening Wso =7.6mm is calculated. Therefore,

the tip width of stator pole (Wtsp) and the upper width of segment (Wtr) are calculated as

follows:

W, =W_+2W_=152+7.6=22.8mm (54)
tspsp 0S

W_=2W_ +W_ =30.4+7.6=38mm (55)
tr sp 0S

To avoid the phenomenon of local saturation, the stator yoke height (hsy) and the

segment height (htr) are considered equal to the stator pole width. Also, according to the

sensitivity analysis, the angle of segment (etr) is considered equal to 65° for the initial
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design. Finally, using the dimensional equation (27), the axial length of motor (Lstk) can be

calculated as follows:

P (56)
Lstk = l—kl - =135mm
nV_acL B S

S
g1+ k2 T

where the constant parameters of the dimensional equation are considered as 7=0.5,

ac =2500A/m and kl=0.33. The initial design dimensions of the STLSRM are given in

Table 1. In the following, with the purpose of reducing the force ripple and increasing the
average instantaneous thrust force, optimization is done for the designed STLSRM in next

section.

6. Optimization of The Designed STLSRM considering Force Ripple and Average
Instantaneous Thrust Force

In this section, in order to reduce the force ripple and increase the average instantaneous
thrust force, optimization of the designed STLSRM for the application of electric sliding
doors is done based on DOE approach and the RSM. Geometric and control parameters are

used as optimization variables. k and etr are considered as geometric variables and the

2’ Ig
turn-on position (Xon) and turn-off position (xOff ) are considered as control parameters. The

DOE approach is one of the widely used methods that can be used to identify the key
parameters that affect the qualitative characteristics of output. In this statistical method, the
input factors can be systematically changed and their effect on the responses can be evaluated.
In this paper, the approach of DOE based on the RSM is used to optimize the motor
dimensions using design expert (DE) software. The range of geometric parameter changes for
better STLSRM performance are estimated using sensitivity analysis, which can be used to
get an overview of the effect of geometric parameters on motor performance.

The required tests and changes of each parameter are defined by the DE software, which
are presented in Table 2. Each of these experiments is simulated based on the FEM and by
electromagnetic transient analysis. Using the characteristics of instantaneous thrust force,
force ripple and average instantaneous thrust force prediction and its results are given in Table
2. For optimization analysis, the transformation of response can be written as a function of

parameters, and the transformation that has the best correlation with the least deviation from
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the real value is suitable. For this purpose, the residual diagram and the diagram of predicted
response values in terms of its actual values are used. When the residual plots are normally
distributed, the test results are around the estimated values. The diagram of residuals for force
ripple and average thrust force is shown in Fig. 11.

For a variable, the difference between the observed value and the predicted value of model
is its residual. The residuals represent the error in the model, which is expected to be normally
and independently distributed, so that their mean is zero. Therefore, in the normal probability
distribution graph for residuals, the curve points are close to the straight line. The accuracy of
the model can also be determined by using the graph of predicted responses values from the
model in terms of their actual values according to Fig. 11. The closer this graph is to the
straight line, the more accurate the model is, and the predicted values are more Conformity
with the actual values.

In order to better evaluation of the optimization, the effect of each parameter and the
interaction of parameters on the response related to the force ripple and the average thrust
force is shown in Fig. 12. In this optimization, the goal is to obtain suitable geometric and
control variables in order to optimize the force ripple and the average instantaneous thrust
force. Therefore, there is a combination of different factors that the optimization process is

done by integrating them.

7. Simulation Results

The design and optimization of a STLSRM for the use of electric sliding doors was done.
Simulation results and comparison of initial and optimized designs are presented here. The
specifications of initial design and the optimized design with the goal of increasing the
average instantaneous thrust force and reducing the force ripple are given in Table 1. The
laminations of stator core and moving part are M800-50A with a thickness of 0.5 mm. For the

initial design according to the sensitivity analysis, the variables k2, Ig and gtr are

considered equal to 1, 1 mm and 65°, respectively, while in the optimal design of motor with
the design experiments approach and based on the surface response method, these values were
calculated 0.96, 0.8 and 52° degrees respectively. For fully aligned and fully unaligned
positions, the flux-linkage with one phase for the initial and optimized design of STLSRM for
the use of electric sliding doors based on the FEM in the current range of 0 A to 16 A are

predicted and the results are shown in Fig. 13.
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In Fig. 13, the comparison between the initial design and the optimized design shows that
in the optimized design, the difference between aligned and unaligned flux-linkage in all
currents is greater than the initial design. Therefore, the co-energy is more in the optimized
motor. Having the flux-linkage characteristic for the various currents and different positions

of translator, co-energy and static force are obtained from the following equations,

respectively [23].
w_(x,1) = [ A(x,i)di (57)
oW_(x,1) (58)

F(x,i) :%—X i = const

Based on (57), co-energy characteristic for different positions and three current values are
obtained, which is depicted in Fig. 14. Based on this figure, the co-energy difference in two
positions of aligned and unaligned for the optimized STLSRM is more than the initial design
of STLSRM, because the difference between the flux-linkage in aligned and unaligned
positions for the optimized design is more than the initial design.

According to (58), the characteristic of static force for different positions and three currents
are obtained, which are shown in Fig. 15, and it can be clearly seen that the optimized motor
produces more static force due to the co-energy difference. To calculate the dynamic
characteristics, including the instantaneous thrust force and the instantaneous current, having
the characteristics of the flux-linkage, first, the instantaneous current is obtained from the
phase voltage equation as follows [25]:
=i 840D 9
where R is the resistance of phase winding and V is the phase voltage. Having the static force
characteristic and instantaneous current derived from (58) and (59), the instantaneous thrust
force and force ripple are calculated. The control parameters for calculating the instantaneous

thrust force and force ripple are turn-on position (xon) and turn-off position (xoff ). For the

initial design of motor, Xon and Xof are considered 3.2 mm and 15.2 mm, respectively,

while for the optimized design of the motor, these variables are calculated as 3.85 mm and

15.85 mm, respectively.
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Considering these cases, the waveforms of instantaneous thrust force and instantaneous
current for designed three-phase motors are shown in Fig. 16 and Fig. 17, respectively. The
average instantaneous thrust force and force ripple for the initial design of STLSRM are
obtained as 39.92 N and %73.4, respectively, while for the optimized motor, they are
calculated as 45.43 N and %67.4, respectively. Therefore, the average instantaneous thrust
force for the optimized STLSRM is more than the initial design of STLSRM, and the force
ripple has decreased while the maximum instantaneous thrust force has increased. These
comparisons show that in the optimized motor, the force ripple has decreased, while the
maximum instantaneous thrust force and the average instantaneous thrust force have
increased. Also, the RMS value of instantaneous current for the initial design and the
optimized design are 4.26 and 4.02, respectively. This comparison shows that in the optimized

motor, even though the RMS current is less, more thrust force is produced.

8. Conclusion

Design methods for linear motors are typically performed in the rotary motor domain, then
brought back to linear domain with appropriate transformations. The STLSRM has an unusual
structure and magnetic circuit, and unlike the conventional LSRM, where the flux passes
through both stator yoke and moving part yoke, the flux produced in STLSRM forms an
almost circular path around the adjacent poles. Therefore, due to the unusual structure of the
STLSRM, the design process of this motor is better to be done in the linear domain. In this
paper, a standard and step-by-step design method was described for design of a STLSRM, and
it was performed in the linear domain without converting to the rotary domain, which gives
the designer more flexibility to choose the appropriate geometric dimensions for the motor
and increases the design speed significantly. In this integrated design method, the key and
effective parameters on motor performance were investigated and important parameters of
motor design were discussed.

Because it is necessary to have sufficient information about the effect of geometric
quantities on motor performance, the effect of motor geometric parameters on motor
performance was discussed by performing a sensitivity analysis, and detailed and
comprehensive instructions were provided for determining motor dimensions using the FEM.
After obtaining the design equations and carrying out sensitivity analysis to determine the
dimensions of the motor, a STLSRM was designed for the use of electric sliding doors, and
with the purpose of reducing force ripple and increasing average instantaneous thrust force,

the motor was optimized based on the DOE and RSM. For validation using the FEM, the
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performance characteristics of the optimized motor were compared with its initial design. For
the current of 12 A, the co-energy difference and the average static force for the initial design
were calculated as 5.42 J and 184.73 N, respectively, while for the optimized motor, these
values were obtained as 6.59 J and 224.05 N, respectively. To better evaluate the designed
motors, the average instantaneous thrust force and force ripple for the initial design of
STLSRM were obtained as 39.92 N and %73.4, respectively, while for the optimized
STLSRM, they were calculated as 45.43 N and %67.4, respectively. Also, the RMS value of
instantaneous current for the initial design and the optimized design were predicted 4.26 A
and 4.02 A, respectively. These comparisons showed that the optimized model for the use of

sliding doors has a better performance than the initial model.
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Figures:

Fig. 1. A 3-phase segmental translator linear switched reluctance motor. (a) Two-dimensional
geometry, (b) Three-dimensional geometry

Fig. 2. Two important positions for translator. (a) Aligned, (b) Unaligned

Fig. 3. Required design parameters

Fig. 4. The effect of k., on the flux path. (a) Aligned position with small k2, (b) Unaligned position

2

with small k2, (c) Aligned position with large k2, (d) Unaligned position with large k2

Fig. 5. The effect of k2 on motor performance. (a) Inductance, (b) Average thrust force

Fig. 6. Dimensions of segment

Fig. 7. The effect of etr (Wtrb) on the flux path. (a) Aligned position with large etr , (b) Aligned
position with small etr , (¢) Unaligned position with large etr , (d) Unaligned position with small Htr
Fig. 8. The effect of '9tr on motor performance. (a) Inductance, (b) Average thrust force

Fig. 9. The effect of k, on motor performance. (a) Inductance, (b) Average thrust force

3

Fig. 10. The effect of Ig on motor performance. (a) Inductance, (b) Average thrust force

Fig. 11. The graph of residual and the graph of predicted response values in terms of its actual
values. (a) Force ripple, (b) Average instantaneous thrust force
Fig. 12. Interaction of geometric and control parameters on ripple force and average

momentary thrust force. (a) Force ripple, (b) Average instantaneous thrust force
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Fig. 13. Flux-linkage with one phase

Fig. 14. Co-energy for various currents and different positions

Fig. 15. Static force characteristic for 3 currents and different positions

Fig. 16. Instantaneous thrust force waveforms for the 3-phase STLSRM. (a) Initial design, (b)
Optimized motor

Fig. 17. Instantaneous current waveforms for the 3-phase STLSRM. (a) Initial design, (b)

Optimized motor

Tables:
Table 1 Specifications of STLSRMs

Table 2 Experiments and simulation responses
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Stator

Translator b Segment

Fig. 1. A 3-phase segmental translator linear switched reluctance motor
(a) Two-dimensional geometry, (b) Three-dimensional geometry
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(a) Aligned, (b) Unaligned

Fig. 3. Required design parameters
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Inductance (H)

Fig. 4. The effect of k2 on the flux path,

(a) Aligned position with small k2, (b) Unaligned position with small k2, (c) Aligned

position with large k2, (d) Unaligned position with large k2
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Fig. 5. The effect of k2 on motor performance

(a) Inductance, (b) Average thrust force

E‘ 6m Wtrb 6m ’i

Fig. 7. The effect of etr (Wtrb) on the flux path,

(a) Aligned position with large etr , (b) Aligned position with small gtr , (c) Unaligned

position with large etr , (d) Unaligned position with small Htr
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Fig. 11. The graph of residual and the graph of predicted response values in terms of its
actual values
(a) Force ripple, (b) Average instantaneous thrust force

50 0.8

Fig. 12. Interaction of geometric and control parameters on ripple force and average
momentary thrust force

(a) Force ripple, (b) Average instantaneous thrust force
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Table 1 Specifications of STLSRMs

Parameters Initial design Optimized design
Stator pole width [mm] 15.2 15.5
Stator slot width [mm] 15.2 14.9
Stator pole height [mm] 33.2 27
Stator yoke height [mm] 15.2 155
Air-gap length [mm] 1 0.8
Segment upper width [mm] 38 38.3
Segment bottom width [mm] 23.82 14.08
slot opening width [mm] 7.6 7.3
Segment height [mm] 15.2 155
Core stack thickness [mm] 135 135
Turns per phase 175 175
Resistance [Q] 0.69 0.69
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Table 2 Experiments and simulation responses

No. k2 gtr () Ig (mm) Xon (mm) R(%) Favg (N)
1 09 50 0.5 3 81.7 48.6
2 09 60 0.75 3 73.1 44.43
3 08 70 0.75 3 63.6 35.93
4 09 60 0.75 3 73.1 44.43
5 09 60 0.5 1 105.3 64.53
6 09 60 1 1 92.9 54.34
7 1 60 0.5 3 86.6 52.69
8 0.9 60 1 5 56.92 29.41
9 1 60 0.75 5 58.9 34.84
10 0.9 50 1 3 70.7 4451
11 0.8 60 0.75 1 85.8 53.22
12 09 70 0.75 1 94.7 55.09
13 1 50 0.75 3 78.2 53.43
14 09 50 0.75 5 55.3 31.56
15 09 70 0.5 3 78.9 43.4
16 09 60 0.75 3 73.1 44.43
17 09 60 0.5 5 58.4 30.35
18 1 60 1 3 74.5 4751
19 0.8 50 0.75 3 65.1 40.36
20 1 60 0.75 1 101.6 64.96
21 0.8 60 1 3 64.2 37.07
22 0.9 60 0.75 3 73.1 44.43
23 09 50 0.75 1 97.4 62.52
24 0.8 60 0.5 3 68.6 38.88
25 09 70 0.75 5 55.2 28.23
26 1 70 0.75 3 76.9 46.91
27 0.8 60 0.75 5 52.3 24.73
28 0.9 60 0.75 3 73.1 44.43
29 09 70 1 3 70.3 39.54
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