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ABSTRACT

In the permanent magnet lineasynchronous motor (PMLSM), forc
ripple is harmful, useless and disturbing. The force ripple is basic
composed of two components: detent force and mutual force rip
This force is influenced by the geometric parameters of the perman
magnet (PM) mdors; such as width, thickness and length of tl
magnet poles, length and thickness of the rotor and stator, and sta
slot shape. For design optimization, the force ripple can be conside
as the objective function and geometric parameters can be coasd
as design variables. In this paper, the distribution of magnetic fl
density in the air gap is calculated using an analytical method, th
detent force is computed by integrating the Maxwell stress tensor; tl
is expressed in terms of flux densitystlibution on the slot face anc
end face of the iron core of moving parts. The analytical result
compared with FEM simulation to verify the model. The geomet
parameter effect on the detent force is investigated. Finally, us
genetic algorithm, theoptimum design of a linear synchronous motc
with minimum detent force is obtained

Keywords Linear Brushles$ermanentMagnetMotor, DetentForce, FEM, Analytical Methods,Genetic

Algorithm.

1. Introduction

Linear brushless motors (LBMs) have a gc
capacity for speed control. Among LBM
synchronous motors have a special pl
because they have advantages such as f
space harmonics, grater energy efficien
and are easier to control [1]. LBMs can
classified in two groups according to tr
stator type; slotted irooore andhir core (slot
less stator). The first type of motor is used
both the surface permanent magnet (SF
and interior permanent magnet (IPM) motc
[2]. The motor can be constructed in
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singlesided or doublesided structures. The
doublesided structure is appropriate for higl
force density applications as it can produ
much larger force in a given volume [2
However, its large detent force, due to t
end effects and cogging forces, is

significent drawback in higtprecision

motion control at low speed. Force ripple in
permanent magnet linear synchronous mc
(PMLSM) with salient pole is a destructiv
factor. Basically, force ripple is composed

two components; detent force and mutt
force iipple. In PM motors, detent force i
created by interaction of the rotor magne
field with the stator magnetic reluctanc
while mutual force ripple is generated by tl
interaction of excitation current MMF witt
magnetic fieldor rotor magneticreludance
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[3,4]. In linear PM motor, the detent force h
two components; the first component is due
the teeth ripple, which also exists in rote
motor known as the cogging force, and -
other is end effect component, which exi
only in linear motorbecause of finite lengtl
of the rotor.

Optimization methods have been studiec
many papers. The ripple caused by tooth |
cogging force) in linear motor, can be reduc
with skewed PM [5,6], sentlosed slots
[6,7], stator with auxiliary teeth [7,8
optimizing the shifted length of magnet pc
and the ratio of magnet width to pole pitch |
and asymmetric PM placemda0,11].

The end effect can be reduced
optimizing the rotor length [12, 13]. TF
mutual force ripple can be reduced
matching curent waveform with the magnet
field distribution [14]. The flux densit
distribution can be expressed in terms
geometric parameters. So, for des
optimization, the force ripple can [
considered as the objective function &
geometric parameters asedign variables
This study presents optimization of the mo
using genetic algorithm to achieve minimt
detent force and verifies the results by Ft
simulation. The detent force is computed
integrating the Maxwell stress tensi
expressed in terms @tix density distribution

on the slot face and end face of the iron ¢
of moving parts [15]. In this paper, tt
influence of geometric parameters (such
width, thickness and shape of the PM etc.)
the detent force in a doubtded PMLSM is
analyzed using FEM. Also, the gene
algorithm is linked to the FEM software ¢
that the obtained results from the algorit
can be evaluated by the finite element metl
in each step of simulation.

2.Geometric structure and analytical model

Figure 1 shows a doubkded permanen
magnet motor. Generally, these motors h
two types of structures; primary mov
(armature mover) and secondary mover (rc
mover). Commonly, the mover part is shor
than the fixed part. Each of these motors
divided into two categories depending e
type of motor structure; -1two external
armature system and one internal excitat
system (Fig. 1.a) and ®ne internal armatur
system and two external excitation syst
(Fig. 1.b).

PM poles are mounted on the rotor and
rotor is moving The paameters of double
sided permanent magnet linear motor un
study are listed in Table 1. Among the
parameters, the geometric parameters ast

Armature
N k3 N

N

N
| Armature \

Rotor
N S N

N S N S
| Rotor |

Fig.1. Doublesided PM LSMs with: (a) two external armature system and one internal excitation gp3tel
one internal armature system and two external excitation system

Table 1.List of parameters for doubkided PMLSMrotor movingtwo external armature system and one
internal excitatiorsystem

Parameters Symbols Value
Slot pitch Z 13.5mm
Slot width ) 8mm
Armature thickness E 48mm
Rotor thickness E 36mm
Rotor length I 165.6mm
Pole pitch z 82.8mm
Magnet thickness E 7.5mm
Magnet width ) 50.4mm
Air gap g 1mm
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width of magnet §{ , thickness of magne
(E ), length of rotor k), thickness of rotol
(E) and slot pitch ) are considered a
design variables.
The two dimensional electromagnetic fie
distribution will be determined based on t
following assumptions;
a)The armature core is an isotropic and-s
less cube with anagnetic permeability
tending to infinity and an electri
conductivity tending to zero.
b)PMs are isotropic, magnetized in t
normal direction (y coordinate) and ha
zero electric conductivity.
c)Each PM is represented by an equival
coil embracing the PMand carrying &
fictitious surface current which produc
an equivalent magnetic flux.
d)The magnetic permeability of the spa
between PMs is equal to that of PMs.
e)The yoke of the rotor is an isotropic cu
with magnetic permeability tending |
infinity and electric conductivity tending
to zero.
The equations are obtained for only one ¢
of the motor. Figre 2 shows one side of th
motor with its parameters. kige 3 shows a
simplified model for the analysis of tF
magnet and air gap field [16].

2.1.Calculation of the detent force

The following analytical method is used
calculate the detent force. The simplified
terms of magnetic vector potential (A). In tl
air gap region, the Laplaaguationis given
by

1 1s g @
Tw Tw

In the magnet region, the Poisson equat®l
given as

re 1o | 0 (2)
T T 8
where! and ! are the magnetic vectc

potential of each region,t is the
permeability of the magnet antl is the
distribution of current density in the curre
sheet model, which generates a magnetic {
equal to the field of magnets [17]. The curre
density can be expressed as a function
magnet geometry and properties, as follows

0 ®
o} T, . € _&"“ @ (3)
— —OE+— OEf—h
. G T
hhi8
where " is the permanent magnetic fl

density,z is the pole pitch ang is the ratio of
width of the magnet to the pole pitch. T
corresponding general solation of Eq. (1) ¢
f= Iron core (2) are [18]
I Air gap region 5 6 5 a— 4)
LW
1l Magnet region 00 OB+
6Q - o6Q
Fig.3.simplified model for the analysis W6t ¢ " £ o (5)
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Fig.2.0ne side of the motor with its parameters
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From the assumption that the permeabi
of the iron core and stator is infinite, tl
boundary conditions are given as
At y=g© O th

At: y=0 (at the intersection between t
region Il and rotor region)© O O
and 6 6 wEQ

At y=Q © O 1
From these boundary conditions, the const:
of Eq. (4) and (5) can be determined from

6 o6 O
6 o6aQ
5
16 T . &
T OE_|C_
a— o
Q9 pQ
a— o
. Q P
0 _—
‘ 'g)— p
whereE is the thickness of PM ar@is the

air gap length, flux density distribution can
derived by curling the magnetic vect
potential which is normal to the xy plane. T
flux density dstribution is then given by

6 n 0
) ! T . o
TE T T °F
e o (6)

In Eq(6), the flux density distribution on th
iron core of the armature is interfaced with 1
air gap and since it has only one norr
component, it igiven by

6
T o
én

—a

6 w

6 Q  o6'Q
AR B PPN
Al QT—S (7)

The slot on the iron core of the armatt
changes the length of the air gap with !
Cartes factor. So, the flux densit
distribution is modified fothe slot effect; tha
is

6
", .
| TO'Q 0 Q
28 (8)
Al ©-h
1—
Q Q .
| —h
Q Q m 1
for Q pt — ®© Qpt —

0 pltlo8 8) h
where z andJ) are the slot pitch and sl
width, respectivelyQ is a function of x anc
1 is the number of armature slots that
underneath the rotor.

The detent force is calculated by integrati
the Maxwell stress tensor along the slot f:
on the iron core of # armature [19]
According to this assumption, the flux dens
distribution has a single normal component
the surface of the iron core as shown in Fig
From the flux density distribution, the norm
and tangential forcescting on each surface «
the armature are given by;

Armature

j =>F1

Magnet

O — 0 06 Qa
q . (9)
— 0 Qa
FzT
Magnet

Fig.4.The flux density distribution at the surface of the iron core and its forces
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Q 0, 6,Qa m (10)

1

wherelL is the effective length of the armatu
core and | is an integral path along the surf
of iron core. The cogging force compone
(tooth ripple) is calculated by summation
the normal forces at each slot area (Eq. :
where x is position of the maget poles
relative to the armature.

End effect component of the detent force
calculated by summation of the forces at e
end area of the rotor as shown in Fig.
Thus,

‘ Lo T q 0
Bp Uk C <
. Lol T qQ
B BT
. . - T & y
Qe @ L pT s Q Q
N N o T —ll Ti ,%
U[ P T -
Ro B ¢ ¢

This force is proportional to the thickness ¢
length of iron core. Thus, one way of reduci
this force is to change the length a
thickness of the core.

6[ l’Si
Qe ol @ O Qo Qo
v p Qp
0 0 b oxc . . T &R Gy L oGy t P
:B?Qp Bf oidf £ 0y ¢ Oy p c}::—OEl—T S OE—l—T P Basgpmco p,a_ — OE - s
OEf dT““‘bp QL“ OE?E O‘T 6 ¢ OEAIé "‘T"dbp
—— OEF—¢ OEF— B o 65 e ¢ Gp o OEF2S OEF
B: ooiwd; § —— OEF—2s Qg% L R % ppf iR
4 & ¢ o T T I T T
where; 4 FEM simulation
y gr grre
Of ¢ T 0,21 0.0 4.1.Influence of parameters on the det
‘8 “w U “ & Q fOI’CG
6ig — 6,QT 5QT . . .
T In this paper, we discussed a dousilded
. . 0 ot T permanent magnet linear synchronous m
Qo Gk L with two magnetic poles. This model
. . a9 ot designed following the parameters listed
B Gk T Table 1. Figre 6 shows 2D FEM model of
Qo & @ pt i this motor. Figre 7 shows the flux densit
¢ o distribution without injection current into th
Qe G @ p i armature coils. Figure 8 shows the flux lin
< i

The equatiorof the end effect force is simile
to the Eqg. (11), but positions are differe
hence,

‘ Armature \

Fig.5. The flux density distribution at the end area of tt
rotor and its forces

in the motor. Use of seralosed slots on th
stator instead of open slots presents a wa
improve and reduce the detent force in
PMLSM. Figure 9 showsoth type of slots.

i,

Fig.6.2-D FEM model of the PMLSM

,(11)
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Fig.9. Armature slots: (a) serapen, (b) open

Figure 10 illustrates a comparison betwe
the detent force obtained using the se
closed and open slots.

Results are obtained at a rotor speed
10mm/s. As shown here, use of the se
closed slots can reduce the detent fc
significantly, due to the decrease of cogg
force. Figire 11 shows a comparison betwe
the air gap flux density for serlosed slot
and open slot motor. The average flux den:
is observed to be more for the sestused
slots, which supports increase of genere
thrust of motor.

So the semclosed slot motor is considere
for optimization purposes. Figure 12 show:
comparisonbetween the detent forces wh
the rotor thickness is changed)(iAs evident
from Fig.13, the detent force is direct
proportional with the thickness of rotor i.e. t

detent force increases with rotor thickne
Figure 13 shows the effect of variak
thickness of PM(f) on the detent force. Th
detent force is also directly proportional wi
PM thickness. By changing the width of PI
period of waveform of the detent force can
changed as shown in Fig. 14. The length of
gap also has impact on thaetent force.
Figure 15 shows the detent force in differ
air gaps. Increase in air gap reduces the de
force.

Another important parameter in reducti
of the detent force is the arc on the F
surface which can be expressed in terms
pole offset ashown in Fig. 16. This has vel
significant effect on reducing the detent for
Figure 17 shows the detent force with varia
pole offset. The higher the value of pc
offset, the lesser is the detent force.



Mehrdad Makki & Siroos Hemmati / Energy Equip. Sys. / Vol. 5/No1/March 2017

200
150
100~ \\
@ 50; A
= 0,
/A -50
-100-
-150 -
e R B B R R S SR
Time [s]
Fig. 10.Comparison between the detémice using the semtlosed slot and open slot motor
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Fig. 11.Comparison between the air gap flux density using-s#osied slots and open slots
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Fig. 12.Comparison between the detent forces when the rotor thickness is changed
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Fig. 13.Effect of change in PM thickness on the detent force
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Fig. 14 Effect of change of width of PM on the detent force
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Fig. 15.Comparison between the detent forces when the air gap length is changed
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Fig. 16.Consideration of an offset for PM surface
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Fig. 17.The change in detent force with variable pole offset
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4.2.0ptimization using genetic algorithm

In this paper, using genetic algorithi
optimization of the design of a motor structt
to achieve the minimum detent force
studied. So, the objdee function in this
optimization problem is the value of tt
detent force.

As shown previously in this study, chanc
in the geometric parameters influence
detent force. Changing a parameter ¢
changes the magnetic flux density in the
gap. In fct, we aim to achieve the minimu
detent force without changing the magne
flux density in the air gap. Thereforgroblem
optimization is accompanied by a constra
i.e. unchanged magnetic flux density in the
gap. The objective function and prebi
constraint can be thus expressed as

00 _
P aOWQ0 @ME oS0 Q
VQO I we

(12)

Gétp 6 6 (13)
In Eq. (12) OF is the objective function whe
i A€ A O Al GidiAstantaneous maximui
value of the detent force ar
AAOAT OARis the minimum value o
the detent force. In thiequationOF=1 is the
goal to reach. Equation (13) shows t
problem constraint where" iS average
value of the magnetic flux dengitalculated
in the air gap and is nominal average
value of the air gap magnetic flux density ti
is calculated using the geometric parame
in the Table 1.

In this Equation the goal is Con=1

In this optimization, three parameters :
consideredas design variables; the thickne
of PM (hv), the width of PM §  and the
pole offset (PO). Figure 18 shows the resi
of the iteration by the genetic algorithrit. is

i JEREREEIE

0 50 100 130 200 230 200 230
Eveluation

Fig. 18.Results of the iteration by @etic Algorithm

observedhat after some iteration, in spite
several mutations in the calculation, t
results are converged finally to a cert:
value. The optimal parameters are listed
Table 2 which is related to the iteration 326

Table 2.The optimal parameters whick ielated
to the iteration 326

Symbol Parameter Value
0 3.0163mm
1 51.4776mm
PO 3.571mm

Figure 19 shows the detent force obtair
by the optimal parameters. Figure
illustrates a comparison of the detent force
the motor before and after thetimization.

Figure 21 shows a comparison of t
magnetic flux density in the air gap befc
and after optimization. The results sugg
that despite the reduction in the detent foi
there is little difference in the air gap flt
density of the two degns

5. Conclusions

The flux density distribution in the air ge
was calculated by an analytic solation
Laplace and Poisson equations. This f
density distribution was expressed in terms
the motor geometric parameters, such as
width of the PM, the thickness of the PN
length of the rotor, thickness of the rotor a
slot width. The detent force was computed
integrating the Maxwell stress tensor. Usi
the FEM, influence of the geometr
parameters on the doukdaled PMLSM was
studied. Use of the semiclosed slots
significantly reduces the detent force. Incre:
in the PM thickness also causes a reductio
the detent force. Increase in the PM wit
changed theperiod of the waveform of the

13

[newton]
.2

D_F
s

45
Time [s]

Fig. 19.The detent force obtained by the optimal
parameters
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Fig. 20.Comparison of the detent force before and after the optimization
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-0.50 -

0 13 25 38

50 62 75 88

Distance [mm]

Fig. 21.Comparison of the magnetic flux density in the air gap before and after the optimization

detent force. Also, the pole offset of the F
improved the detent force. The optimiz
design was obtained using the gene
algorithm, considering the detent foras the
objective function and unchanged flux dens
in the air gap as a constraint; and three m
geometric parameters (PM thickness, |
width and PM pole offset) as design variabl
Results indicate a reduction in the detent fc
and there is littleifference in the average &
gap magnetic flux density before and after
optimization.
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