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ABSTRACT

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

Keywords: Linear Brushless Permanent Magnet Motor, Detent Force, FEM, Analytical Methods, Genetic

Algorithm.

1. Introduction

Linear brushless motors (LBMs) have a good
capacity for speed control. Among LBMs,
synchronous motors have a special place
because they have advantages such as fewer
space harmonics, grater energy efficiency,
and are easier to control [1]. LBMs can be
classified in two groups according to the
stator type; slotted iron core and air core (slot-
less stator). The first type of motor is used in
both the surface permanent magnet (SPM)
and interior permanent magnet (IPM) motors
[2]. The motor can be constructed in
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single-sided or double-sided structures. The
double-sided structure is appropriate for high-
force density applications as it can produce
much larger force in a given volume [2].
However, its large detent force, due to the
end effects and cogging forces, is a
significant drawback in high-precision
motion control at low speed. Force ripple in a
permanent magnet linear synchronous motor
(PMLSM) with salient pole is a destructive
factor. Basically, force ripple is composed of
two components; detent force and mutual
force ripple. In PM motors, detent force is
created by interaction of the rotor magnetic
field with the stator magnetic reluctance,
while mutual force ripple is generated by the
interaction of excitation current MMF with
magnetic field or rotor magnetic reluctance
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[3,4]. In linear PM motor, the detent force has
two components; the first component is due to
the teeth ripple, which also exists in rotary
motor known as the cogging force, and the
other is end effect component, which exists
only in linear motor because of finite length
of the rotor.

Optimization methods have been studied in
many papers. The ripple caused by tooth (i.e.
cogging force) in linear motor, can be reduced
with skewed PM [5,6], semi-closed slots
[6,7], stator with auxiliary teeth [7,8],
optimizing the shifted length of magnet pole
and the ratio of magnet width to pole pitch [9]
and asymmetric PM placement [10,11].

The end effect can be reduced by
optimizing the rotor length [12, 13]. The
mutual force ripple can be reduced by
matching current waveform with the magnetic
field distribution [14]. The flux density
distribution can be expressed in terms of
geometric  parameters. So, for design
optimization, the force ripple can be
considered as the objective function and
geometric parameters as design variables.
This study presents optimization of the motor
using genetic algorithm to achieve minimum
detent force and verifies the results by FEM
simulation. The detent force is computed by
integrating the Maxwell stress tensor,
expressed in terms of flux density distribution

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

2.Geometric structure and analytical model

Figure 1 shows a double-sided permanent
magnet motor. Generally, these motors have
two types of structures; primary mover
(armature mover) and secondary mover (rotor
mover). Commonly, the mover part is shorter
than the fixed part. Each of these motors are
divided into two categories depending on the
type of motor structure; 1- two external
armature system and one internal excitation
system (Fig. 1.a) and 2- one internal armature
system and two external excitation system
(Fig. 1.b).

PM poles are mounted on the rotor and the
rotor is moving. The parameters of double-
sided permanent magnet linear motor under
study are listed in Table 1. Among these
parameters, the geometric parameters such as

Armature
N k3 N

N

N
| Armature i

Rotor
N S N

N S N S
| Rotor |

Fig.1. Double-sided PM LSMs with: (a) two external armature system and one internal excitation system, (b)
one internal armature system and two external excitation system

Table 1. List of parameters for double-sided PMLSM-rotor moving-two external armature system and one
internal excitation system

Parameters Symbols Value
Slot pitch Tg 13.5mm
Slot width Wg 8mm
Armature thickness hy 48mm
Rotor thickness h, 36mm
Rotor length 1. 165.6mm
Pole pitch T 82.8mm
Magnet thickness h,, 7.5mm
Magnet width W 50.4mm
Air gap g Imm
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width of magnet (w,), thickness of magnet
(hp,), length of rotor (l.), thickness of rotor
(hy) and slot pitch (tg) are considered as
design variables.

The two- dimensional electromagnetic field
distribution will be determined based on the
following assumptions;

a) The armature core is an isotropic and slot-
less cube with a magnetic permeability
tending to infinity and an electric
conductivity tending to zero.

b)PMs are isotropic, magnetized in the
normal direction (y coordinate) and have
zero electric conductivity.

c¢)Each PM is represented by an equivalent
coil embracing the PM and carrying a
fictitious surface current which produces
an equivalent magnetic flux.

d)The magnetic permeability of the space
between PMs is equal to that of PMs.

e) The yoke of the rotor is an isotropic cube
with magnetic permeability tending to
infinity and electric conductivity tending
to zero.

The equations are obtained for only one side
of the motor. Figure 2 shows one side of the
motor with its parameters. Figure 3 shows a
simplified model for the analysis of the
magnet and air gap field [16].

2.1.Calculation of the detent force

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

0%A; 0%A 1

O (M

ax? = 0dy?
In the magnet region, the Poisson equation is
given as

024, 924y (2)
22 T oy Umlm,

where A; and Ajare the magnetic vector
potential of each region, py is the
permeability of the magnet and Jy is the
distribution of current density in the current
sheet model, which generates a magnetic field
equal to the field of magnets [17]. The current
density can be expressed as a function of
magnet geometry and properties, as follows:

Ju(x) -
5, Z ésin(?)sin(n‘[ﬂ), €)

Hm n=1,3,5,... t
where B, is the permanent magnetic flux
density, T is the pole pitch and a is the ratio of
width of the magnet to the pole pitch. The
corresponding general solation of Eq. (1) and

f= Iron core (2) are [18]
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Fig.2. One side of the motor with its parameters
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From the assumption that the permeability
of the iron core and stator is infinite, the
boundary conditions are given as
At: y=g - H,; =0,

At: y=0 (at the intersection between the
region II and rotor region) — H,; = Hy
and By = Byjand

At: y=hy - Hy=0.

From these boundary conditions, the constants
of Eq. (4) and (5) can be determined from

2nmg
C(i=CXe

2nmhy
C3 = C4_e T
ann
(_
2nng
e T +1)+
2nm Thy
(e T+ 1)(e T4 1)
2nmhy ]
oe = —1)
2nmng
pu(e = +1)
C4_ 2nmhy
kole = —1)

where hy is the thickness of PM and g is the
air gap length, flux density distribution can be
derived by curling the magnetic vector
potential which is normal to the xy plane. The
flux density distribution is then given by

—(a*+a*+aﬁ>><Ak

axl 6x] ox

_oan, oa (©)
_axl+6x]'

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

BAI
By(x) =

[oe]

nmng nng
= Z _(CleT +CzeT)

n=13,5,.
nmwx
X cos(T). (7)

The slot on the iron core of the armature
changes the length of the air gap with the
Carters factor. So, the flux density
distribution is modified for the slot effect; that
is

Bys(x)
c nm nry nry
= a, Z T(Cler +C,et)

" ®)
X cos(T),

_ Umg + hy
Umg + hM + O.S‘UMT[T'S’

Ws

for (k—1Dt, -2 <x<(k—Drg+=°

K=123....0,

where T and wg are the slot pitch and slot
width, respectively; rg is a function of x and
Qg is the number of armature slots that are
underneath the rotor.

The detent force is calculated by integrating
the Maxwell stress tensor along the slot face
on the iron core of the armature [19].
According to this assumption, the flux density
distribution has a single normal component at
the surface of the iron core as shown in Fig. 4.
From the flux density distribution, the normal
and tangential forces acting on each surface of
the armature are given by;

L

Armature

Magnet

E [B2 — B\ dl
" 2 tL 9)
B2 dl
2#0
Fz?
Magnet

Fig.4. The flux density distribution at the surface of the iron core and its forces
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L
F, = —f B,Bdl=0 (10)
Ho
where L is the effective length of the armature
core and 1 is an integral path along the surface
of iron core. The cogging force component
(tooth ripple) is calculated by summation of
the normal forces at each slot area (Eq. 11),
where X, is position of the magnet poles
relative to the armature.

End effect component of the detent force is
calculated by summation of the forces at each
end area of the rotor as shown in Fig. 5.
Thus,

Fuago i) = Zn(xa Z(Flk(xa Fax)) =

DN 1{[Zn 1 By = 11 5 Goin (72 = sin) + 8 neis BB
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a)S
Xy = %o+ (Q, + 1)75+?+E+dt
This force is proportional to the thickness and
length of iron core. Thus, one way of reducing
this force is to change the Ilength and
thickness of the core.
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The equation of the end effect force is similar
to the Eq. (11), but positions are different;
hence,

<=
Fi F:

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

4.1.Influence of parameters on the detent
force

In this paper, we discussed a double-sided
permanent magnet linear synchronous motor
with two magnetic poles. This model is
designed following the parameters listed in
Table 1. Figure 6 shows 2-D FEM model of
this motor. Figure 7 shows the flux density
distribution without injection current into the
armature coils. Figure 8 shows the flux lines
in the motor. Use of semi-closed slots on the
stator instead of open slots presents a way to
improve and reduce the detent force in the
PMLSM. Figure 9 shows both type of slots.

Fig.6. 2-D FEM model of the PMLSM

( . ((n—m)nxlz
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Fig.9. Armature slots: (a) semi-open, (b) open

Figure 10 illustrates a comparison between
the detent force obtained using the semi-
closed and open slots.

Results are obtained at a rotor speed of
10mm/s. As shown here, use of the semi-
closed slots can reduce the detent force
significantly, due to the decrease of cogging
force. Figure 11 shows a comparison between
the air gap flux density for semi-closed slot
and open slot motor. The average flux density
is observed to be more for the semi-closed
slots, which supports increase of generated
thrust of motor.

So the semi-closed slot motor is considered
for optimization purposes. Figure 12 shows a
comparison between the detent forces when
the rotor thickness is changed (h:). As evident
from Fig.13, the detent force is directly
proportional with the thickness of rotor i.e. the

detent force increases with rotor thickness.
Figure 13 shows the effect of wvariable
thickness of PM(hw) on the detent force. The
detent force is also directly proportional with
PM thickness. By changing the width of PM,
period of waveform of the detent force can be
changed as shown in Fig. 14. The length of air
gap also has impact on the detent force.
Figure 15 shows the detent force in different
air gaps. Increase in air gap reduces the detent
force.

Another important parameter in reduction
of the detent force is the arc on the PM
surface which can be expressed in terms of
pole offset as shown in Fig. 16. This has very
significant effect on reducing the detent force.
Figure 17 shows the detent force with variable
pole offset. The higher the value of pole
offset, the lesser is the detent force.
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Fig. 10. Comparison between the detent force using the semi-closed slot and open slot motor
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Fig. 11. Comparison between the air gap flux density using semi-closed 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. 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 algorithm,
optimization of the design of a motor structure
to achieve the minimum detent force is
studied. So, the objective function in this
optimization problem is the value of the
detent force.

As shown previously in this study, changes
in the geometric parameters influence the
detent force. Changing a parameter also
changes the magnetic flux density in the air
gap. In fact, we aim to achieve the minimum
detent force without changing the magnetic
flux density in the air gap. Therefore, problem
optimization is accompanied by a constraint,
i.e. unchanged magnetic flux density in the air
gap. The objective function and problem
constraint can be thus expressed as

OF
=1 + (max|detent force|
— |Detent Forcep,|)

(12)

(13)

In Eq. (12) OF is the objective function where
max|detent force| is instantaneous maximum
value of the detent force and
|detent Force i, | is the minimum value of
the detent force. In this equation OF=1 is the
goal to reach. Equation (13) shows the
problem constraint where B, is average
value of the magnetic flux density calculated
in the air gap and B,ygn is nominal average
value of the air gap magnetic flux density that
is calculated using the geometric parameters
in the Table 1.

In this Equation, the goal is Con=1.

In this optimization, three parameters are
considered as design variables; the thickness
of PM (hw), the width of PM (wy) and the
pole offset (PO). Figure 18 shows the results
of the iteration by the genetic algorithm. It is

Con=1+ (Ba,,g — Ba,,gN)

15-—5
12]
cost 9_
6

5

; 50 100 130 200 230 200 230
Evaluation
Fig. 18. Results of the iteration by Genetic Algorithm

observed that after some iteration, in spite of
several mutations in the calculation, the
results are converged finally to a certain
value. The optimal parameters are listed in
Table 2 which is related to the iteration 326.

Table 2. The optimal parameters which is related
to the iteration 326

Symbol Parameter Value
ho, 3.0163mm
W 51.4776mm
PO 3.571mm

Figure 19 shows the detent force obtained
by the optimal parameters. Figure 20
illustrates a comparison of the detent force in
the motor before and after the optimization.

Figure 21 shows a comparison of the
magnetic flux density in the air gap before
and after optimization. The results suggest
that despite the reduction in the detent force,
there is little difference in the air gap flux
density of the two designs.

5. Conclusions

The flux density distribution in the air gap
was calculated by an analytic solation of
Laplace and Poisson equations. This flux
density distribution was expressed in terms of
the motor geometric parameters, such as the
width of the PM, the thickness of the PM,
length of the rotor, thickness of the rotor and
slot width. The detent force was computed by
integrating the Maxwell stress tensor. Using
the FEM, influence of the geometric
parameters on the double-sided PMLSM was
studied. Use of the semi-closed slots
significantly reduces the detent force. Increase
in the PM thickness also causes a reduction in
the detent force. Increase in the PM width
changed the period of the waveform of the

13-

[newton]
<.

D_F
>

13 i
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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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 PM
improved the detent force. The optimized
design was obtained using the genetic
algorithm, considering the detent force as the
objective function and unchanged flux density
in the air gap as a constraint; and three major
geometric parameters (PM thickness, PM
width and PM pole offset) as design variables.
Results indicate a reduction in the detent force
and there is little difference in the average air
gap magnetic flux density before and after the
optimization.
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