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Minimizing the Detent Forcein Per manent
Magnet Linear Synchronous M otor for
driving of 2D Laser Marking Table
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Abstract. In this paper the research results for reducing the detent force in one innovative permanent magnet linear
synchronous motor for 2D laser marking system was published. There two methods are used. The first of these methods
features the usage of two additional end teeth with chamfers in the magnetic circuit of the movable part. In the second
method, the teeth of the ferromagnetic core are with different lengths. As a result of the change of the air gap permeance
in both cases substantial reduction of detent force is achieved, in multiples at times. The results obtained are based on
modeling and analyzing the linear motor magnetic field by the Finite Element Method (FEM). Provided experimental
research of the linear motor prototype proves the correctness of the simulations results.
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I. INTRODUCTION cogging force is produced by all teeth along tloa ir
Nowadays, linear motors are meant to replace aore.

system using a rotating motor and a transmission to Both the cogging force and the end-effect force
realize a linear movement. With linear motors the combine to produce the net detent force of a PMLSM.
performances increase considerably since theMathematically,

mechanical limitations are removed. This leads to a

better precision, a higher acceleration and a highe F
speed of the moving part. Therefore, direct drives

withlline:ar motors are increasing_ly used in indastr Detent force generates pulsations in propulsion
applications although these solutions need ofteremo ¢,.ce and causes disturbances in the control of

investment costs. _ PMLSM. Therefore, measures must be taken for its
In [1] the design of PMLSM drive table for laser o4, ction.

marking system of small details has been described. g4, this reason, special techniques for minimizing

This is one flat type iron core Permanent Magnety,ig detent force are used. One of them is theaisg
Linear Synchronous Motor (PMLSM). additional teeth end on both sides of the
Its dynamics and control are hindered by theferomagnetic core [3]. Another way for minimizing

presence of detent force. _ the cogging force is the usage of teeth of
Due to permanent magnets (PM), a high force ofgeromagnetic core with unequal length [4].

attraction between the supply part and the magnetic |, xis paper the both techniques for the
way appears. For the same propulsion force, the rat \ninimizing the detent force are analyzed. The
between the attractive force and the propulsioneior 5,qvis of the detent force in both cases is very
is about 5 times without additional cooling. gitficyit to perform with an analytical method and
Furthermore, due to the te_eth in the mover cotie, th therefore FEM is used to show their impact on the
type of motor can have a higher cogging force. detent force. Detent force was calculated on tre ba

The force of attraction between the iron-core of o¢ the results from FEA of the motor magnetic field
the primary and the PM of the secondary is known as\g this magnetic field in both cases is flat paall
the cogging force and it occurs in both the rot#lo 55 FEM was used for the simulations.

and linear machines. In linear machines, therenis a The 3D CAD model of PMLSM under study in
additional force due to the finite length of thevean this paper is shown in Fig.1 [1].

which is called the end-effe<_:t force [2]. The main technical specifications of the linear
_ The_ end-effect force is caused only by the sonomotor are given in Table I.
interaction of the end teeth with magnets, wheteas |, s article, the research results are publisfoed

decreasing the detent force of this PMLSM which
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detent — cogging + Fendeffect- (1)
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drives the two-coordinate table to which details fo If a material is nonlinear, the permeabiljty is
laser marking are affixed. actually a function ofB :
B (5)
"THB)
Then, (1) can be rewritten as [5]:
(6)

w( L wz\}j'
u(B)

For a linear isotropic material (and assuming the
Coulomb gaugey A=0), (6) reduces to:

Le - (7)
Fig. 1. 3D CAD model of PMLSM - =V2A=]
U

In the general 3-D casd) is a vector with three
components. However, in the 2-D planar and axi-
symmetric cases, two of these three components are
zero, leaving just the component in the “out of the
page” direction.

II. FEM MODELING
The motor magnetic field modeling has for basics
the Maxwell's laws. Here the static magnetic field
exited only from PMs in 2D case is modeled.
The general differential form of the Maxwell’'s

equations is: The advantage of using the vector potential
. 1 formulation is that all the conditions to be sagidf
VxH=J" @) have been combined into a single equationA Ifs
Bouf’ 2 found, B and H can then be deduced by
- 3) diﬁerentiatingﬂ. The form of (6), an elliptic partial
VB=0’ differential equation, arises in the study of many
where: H is the vector of magnetic field3 is the  different types of engineering phenomena. _
vector of magnetic flux density. The distribution of linear motor static magnetic
field can be found by solving the equation (7) with
Table | the program FEMM [5].
Specifications of the test bench FEMM retains the form of (6), so that
N | Quantity Value magnetostatic problems with a nonlined-H
1 | Number of phases 3 relationship can be solved.
2 Number of poles 10 The problem was solved in area, shown on Fig. 2.
3 Slot number 12 The problem was solved under Dirichelet
4| Rated phase voltage (V) 50 boundary conditions applied to outside border ef th
5 | Magnetic flux density in teeth and | 1.6 model — the circle arqunq the geometry of the linea
core yoke 7) motor, as was shown in Fig. 2.
6 Sizes of permanent magnets (mm) 76.2/12.7/6.35
7 Air gap (mm) 1 q =0. (8)
8 Pole pitch (mm) 15 K
9 Tooth pitch (mm) 12.5

These boundary conditions allow the simulation

10 | Rated phase current)( 9.0 of the linear motor motion. For this purpose, ie th
11 | Propulsion force (N) 180 program written in GUI Octave software [6], a loop
12 | Speed (m/s) 3 over the position of the motor mover within theitisn
13 | Mover mass (kg) 2.0 of two pole pitches @ has been used. The position
14 | Efficiency 0.85 stepxstepused in simulation was calculated as follows
15 | Power factor 0.9

Furthermore, from (3) by applying one particular
property of vector calculation the magnetic potnti

vector A is defined as:
B=rotA" 4)
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the teethat the ends ofhe coreis establishedthe
angle ofthe chamferstarts varying untiits optimal
value is setThe criterionis the minimum value othe
detent force

1 PO 1

) ﬁw iR i i‘\‘ﬁ’? i e :

Fig. 3. The motor magnetic field distribution indi loop step

Fig. 2. The solution area for FEA

T

Xstep= Tp J 9)

wheren is the number of steps.

The problem domain was discretized on the FEM [~
mesh with 30727 nodes and 61092 triangle finite |
elements (Fig.2). ]

For each mover position, Finite Element Analysis Fi9-4- 3D CAD model of mover core
(FEA) of the motor magnetic field at no-load (F8).
were performed and on the base of results obtaine
by Maxwell tensor, force components over the motor
moving part along both axes Ox and Oy were
calculated.

d The resultdrom the optimization othe widthb;
of the additional teetare shown irgraphical formin
Fig.6.

Calculations shows that for a mover core having

The force component along axis Ox really thickness of additional teeth, = 10 mm, a good

represents the detent force that opposes the motJPdUCtion of the_ detent force is obtained. But then
thrust. attraction force increases from 3431 N per 3968 N.

The detent force versus mover position for theThis effect leads to unnecessary load on the linear

PMLSM designed in [1] without any measures for its guide of the mover and shortens the service lifthef

- : : g linear motor as a whole.
reduction is shown igraphical formn Fig.6 forb, = . . .
0 mm. grap ¢ ‘ This method of reducing the detent force is

characterized by the fact that the additional téesld

lIl. DETENTEORCEMINIMIZING to greater weight of the movable part. Furthermore,
increase of strength of attraction between the
permanent magnets and the ferromagnetic core of the
movable part is obtained.

B. Using different length of the teeth of mover
core
With this ferromagneticcore geometryiew FEM In [4] an alternative me';hod to reduce the detept
modelwas madeOn the base ohe magnetic field force waspresented. For _thls purpose, _ferromagnetlc

core of the movable part is used wherein the tasth

analysis resultshe detent force of the linear motor % = * ; o
was calculated. The calculation results show aWith different length - progressively decreasingtia

decreasing of the detent force. d!rect!on of travel and ;ymmetrically in the oppesi
This is dueto the fact thathe permeancef the direction, as shpwn in Fig. 7. .

magnetic flux changesin this mannerat the end The determmatlo_n ofhe stepwhich reducesthe

regions of the mover core, thusmproving the length of the teeth is the task of FEA of the motor

magnetic field distribution (Figp). magnetic field.

To establishthe optimal widthof the end teethand For this purpose, a new FEM model was made,
the chamfeangle field analyses are made for models Shown in Fig. 8.

wherein tooth width changes with specific steps for

certain chamfer angle§Vhen the optimalwidth of

A. Using additional two end teeth with chamfer

This method idescribed in manyeferenceg7].
In accordancewith it, in the ferromagneticcore two
additionalteeth 1and?2 are formedis shown irFig.4.
Furthermore, these teeth have chamfers 3 and 4.
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Fig. 5. Magnetic flux density distribution in thase of mover core
with two additional end teeth
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Fig.6. Detent force imelationto the additional teeth width

The analysisof the motor magnetic fieldat
different mover positions tthe PMswas performed
and the detent force in each step was calculaigd. F
9 shows the field distribution for the mover
displacemenk = 30 mm.

It is important toclarify the questiorfor the size
of stepfor reducingthe teeth lengthThe results from
the detent force calculations for tvtepreduction of
the teetHength -0.5and 1 mm- are showrnin Fig.1Q

Fig.8. FEM modebf the linearmotorwith a moverferromagnetic
corewith teethof different lengths
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Fig.9. Distribution of the magnetic field densitytiae mover
positionx = 30 mm
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Fig.10.Detent force relation to step size 0.5 and 1 mm, fo
decreasing the teeth length

V. CONCLUSIONS
From FEM simulations of the PMLSM drive laser
marking table in this paper it was found out theg t
reduction of the detent force can be achieved ygus

The research shows that in the case of reducingwo additional teeth at both ends of the mover

the final four teeth of mover cor@ear itstwo ends
with step size 1 mm, significant reductiorof the
detentforce is achieved

Fig.7. Mover ferromagnetic core with teeth with gnessively
decrease
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ferromagnetic core formed with a chamfer and by
using teeth of the mover core with different lersgth
The greater weight of the movable part in the case
with two additional teeth and the bigger force of
attraction between PMs and the mover core are
respectively a reason for worsening the dynamic
performance of the linear motor. For these reasons,
this method for detent force reduction will be not
used in final prototype of researched linear
synchronous servomotor. Hence, a second way -
ferromagnetic mover core with decreasing length of
its teeth - was used. Thus the permeance of mator a
gap was changed and in result pulsations and
amplitude of the detent force was reduced. The
absence of additional final two teeth and redutimg
weight of ferromagnetic core in this case improved
the motor dynamics.
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