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JniH acunxpoHHi 0éuzyHu OCMAHHIM YACOM
8idizpaiomo 6aNCAUGY PONL 6 NOSUUIOHYEAHHI NiHiii-
H020 pyxy. O0HAK 60HU MAIOMb HUSLKUIL PiGEHD MOY-
HOCmi 0151 3ACMOCYBAHHS OYdice HUSLKUX WEUOKO-
cmeii. JIna nideuwenna wimxocmi JIAJl, ocoboaueo
npu 3acMocyeanti Oysice HULKUX WEUOKOCmell —
8UCOKONPOOYKMUSHUI 06ULYH — HAAGHICHL CUJL 31e-
NJEHHA 34 PAXYHOK 3MIHU MAZHIMHOI nposioHocmi
noeimpsan020 3asopy abo iHmepaxmuenoi 3IMiHu
MAzHIMH020 NOJA 1 KPailoeozo edexmy 6 00HOCMO-
POHHLOMY JUHIUHOMY ACUHXPOHHOMY 08UYHI 3 baza-
moaanxoeum emopunnum enemenmom (JIA/IbBE)
Mmae oymu 3menweno. Y oanomy 00cniodcenni pos-
pobaeni 06i npocmi maznimui ianurozu: 00Ho- i 6aza-
mocaomoea mooero. AHANI3 CUNL 3UENTIeHHS N06 5i-
3anuii 3i 3MIHOIN0 MAZHIMHOT eHepeil 8 NOGIMPAHOMY
3azopi. Ipynmyrouucoy na maznimmii npogionocmi 6
napanensHux i nOCAi006HUX CMPYKMYpPAx, ananiz
ECJI suxonyemvcs wasxom peanizauii nepuiozo i
dpyeoeo saxony Kipxeoga. Ilokazano, wo ananimuy-
Hi pesynvmamu 6uU3vKi 00 pe3yavbmamis excnepu-
MeHmi8 i nPoPamMH020 3a0e3neueHns memooy CKin-
uenHux enemenmie. B poGomi daemvcs npoenos
3aMKHYMOT MamemMamuuHoi Mooesi MAKCUMATLHUX
Cusl 3uenyienns 0ns 00HOCMOPOHHIX JUHIUHUX acu-
xponnux deuzynie. Taxum uunom, dami pesynoma-
mu MoNHCYMb 6HecmuU 6KA0 8 PO3pPotKY Pizuun020
0010- a6o 060CMOPOHILO20 NINIIH020 ACUHXPOHNHO-
20 Odeuzyna. 3mina winbHOCMI NOMOKY 6 Nosimpsi-
Homy 3asopi 6 cepeoniii oonacmi JIAJIBBE mooice
Oymu euKopuUCMana npu po3paxynKy CUi 3UenjieHHs,
a 3MiHa NONI6 WNAXY MAZHIMHO20 NOMOKY 8 Kpaii-
0611l 001ACMI MOJHCE 3MEHIUUMU BESIUMUNY WIIHOCTE
nOMOKY 6 NOGIMPAHOMY 3A30pi, ajle CuaU 3uenjieH-
HA 8 Kpauosiil o0aacmi Moxcymv Helimpanizyeamu
o0Ha 00ny
Kmouosi caosa: minitinuil acunxponnuil osuzym,
Cuu 3uenyienns, Janul0z onopy, eaeKmpomaziim-
He nose
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1. Introduction

Nowadays, high-precision stages are required in many fields
such as semiconductor industry, precision machining tools,
data storage equipment and so on [1]. The systems must have
high performance, such as high precision and slow speed. Ev-
er-increasing requirements for higher productivity and better
product quality in advanced manufacturing industries, such as
the semiconductor and precision engineering industries, have
continued to motivate and stimulate the development of high-
speed and high-precision motion control systems. The one lim-
iting factor in designing linear induction motor for obtaining its
linear movement precisely is cogging forces [2].

Due to the cogging forces of ladder secondary linear in-
duction motors have a high nonlinear characteristic, the pre-
diction of cogging forces using the one dimension field method
can not estimate the cogging forces precisely [3]. Cogging
force can be calculated by electromagnetic finite element
analysis (FEA). However, the finite element method for calcu-
lation of the cogging forces is relatively time-consuming, and
is not appropriate for determining their optimal dimensions so
as to minimize cogging [Zhu]. In order to increase the preci-
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sion of the method, the two-dimensional field (2D-3D) meth-
od has been also developed in the prediction of cogging forces.
However, this method is complicated and time-consuming [4].

The other prediction method is using flux-MMF dia-
gram technique. It offers a fundamental graphics concept,
approved as a basis of graphics design evaluation and a clear
physical insight [5]. However, the graphic method compared
with the numeric method is still more precise using the finite
element method. The cogging forces can be predicted by
seeing a stored magnetic energy variation in the air gap. It
is based on the concept that a linear induction motor with
ladder secondary results from the position-varying magnetic
pressure (attractive forces) [6].

Therefore, the development of an easy cogging force
prediction using the one-dimensional field supported with
the reluctance network equivalent is relevant. Since using
the Kirchoff law, determination of cogging forces in the air
gap can be done straightaway. Also, the calculation process
of this method is not time-consuming. For any particular
linear induction motor, there is a great possibility to con-
struct a magnetic circuit which represents it with a certain
level of accuracy. For simplicity, it would be assumed that




all the sections of iron were magnetic short circuits (nodes)
and that the air gaps separating the moving and stationary
parts can be represented into linear reluctances which can be
calculated by well-known laws. This circuit would then be-
have like a linear resistive electrical network and its solution
would be found straightforward by using Kirchhoff laws.

2. Literature review and problem statement

The one problem of designing a ladder secondary dou-
ble-sided linear induction motor for precision movement
purposes is the existence of cogging forces [7]. In order to
reject the cogging force as small as possible, it required the
mathematical expression that represents the relationship
between cogging forces with the geometrical dimensions of
motor [8]. Fig. 1 shows the physical designed double-sided
linear induction motor.

Fig. 1. Physical ladder-secondary DSLIM

There are two distinct approaches to estimate cogging
forces: analytical and numerical ones. The analytical ap-
proaches are suitable for relatively simple geometry, but may
cause inaccuracy due to simplification [9]. Nonetheless, ana-
lytical methods provide closed-form solutions that can offer
insightful performance predictions with confidence, which
make them ideally suited for preliminary design [10].

The magnetic flux path in the air gap of linear electrical
motors is normally difficult to be estimated. The cogging
force problem has been solved by recognizing the magnetic
flux paths, because the magnetic flux path generates the flux
density and magnetic energy in the air gap [11]. In cases of
cogging forces, it will be related to leakage of magnetic flux
path in the air gap. Some methods have been developed to
predict the magnitude of cogging forces analytically. Using
numerical approximation actually is already well conducted,
however, this approximation cannot provide a closed form of
mathematical expressions and is time-consuming [12].

As the first solution of cogging force prediction was the
implementation of the first analytical approaches for the
determination of cogging force value using leakage Zig-Zag
permeance estimation [13]. The calculation was based on
the magnetic potential in the air gap and relative position
between teeth in the primary and secondary side which
was called the “overlap method”. However, the results of
this method were not precise, because the fringing effect
of corner magnetic circuit was neglected. But, this method
was developed for rotary induction motors, so it cannot be
applied to the linear induction motor [5].

For simplicity of pulsation force (cogging forces) calcula-
tion, on the other method, the air gap is assumed to be entirely
smooth, with the conductors disposed at points on the surface.
The aim of this method was reducing the cogging action prob-
lem to a one-dimensional one in some cases [14]. However, by
neglecting the presence of slots, it cannot represent the real
motors, because in the primary side and on secondary sides of
electrical motors, there are large slots. Therefore, in this way,
it is not possible to represent some of the components of leak-
age flux — cogging forces — in a satisfactory way [15].

The other simple way of determination of cogging forces
was the integration of the lateral forces along the slot sides [16].
Due to its simplicity and reasonable accuracy, it was based on
typical assumptions: cogging forces can be formulated as the net
lateral force acting on the stator teeth, which can be achieved
in three stages. First, the air gap flux density distribution of
the ideal slotless machine is derived. Then, the simplified air
gap reluctances responsible for slot opening effect are deduced
to modify the air gap flux density. Finally, cogging forces are
computed by synthesizing the force developed by each single
slot. With the assumption of slotless machine, cogging forces in
linear induction motors cannot be estimated exactly, because
on the magnetic circuit of the linear motor for each side of the
motor the air gap areas are connected to free air [17].

On the contrary, the numerical methods, which are nor-
mally implemented by two-dimensional (2-D) and three-di-
mensional (3-D) FEA methods, offer more accurate results
for even complex geometry [18]. However, FEA methods are
always computationally intensive, and will become extreme-
ly time-consuming for optimization involving numerous re-
petitive computations. FEA method should have the smallest
meshing for getting precise results, however smaller meshing
can lead to increasing time of the process [16].

Consequently, for designing linear induction motors with
precise movement, an analytical method for determination
of the magnitude of cogging forces is required. This can be
done easily and produce precise results and not complicated
calculation and short time-consuming. With equivalent be-
tween the magnetic circuit with the electrical circuit, there
are possibilities to predict the flux density in the air gap easily.
The variation of flux density in the air gap can affect cogging
forces, so that using reluctance network equivalent, it is possi-
ble to have closed solution and short time-consuming.

3. The aim and objectives of the study

The aim of the research is the prediction of cogging
forces on a ladder secondary double-sided linear induction
motor, which will provide the closed solution and algorithm
for designing a precision linear induction motor. To achieve
the aim, the following objectives are set:

— to build one simple model of the magnetic circuit with the
air gap area, which can generate an effective way for arranging
reluctance network equivalent in a small model with the air gap;

— to investigate the effective air gap length with reluctance
network equivalent, which can determine flux densities in the
air gap area and the existence of magnetic energy variation;

— to perform a simulation of the multi-tooth model of the
magnetic circuit with the air gap area, which allows investi-
gating the trend of cogging forces in that model;

— to calculate cogging forces for the multi-tooth model
which is employing the algorithm that has been developed
in this research;



— to build a test-bed experiment of the multi-tooth model
for measuring cogging forces with air gap length and current
variation.

4. One-tooth model

The one-tooth model consists of two parts: moving part and
stationary part. The current carrying coil is placed in the mov-
ing part. The distance between the movable and unmovable
parts is separated by the air gap. Fig. 2 shows the simple one-
tooth model. The moving part has only one slot and the station-
ary part has one right tooth that is smaller in width than the
left one. Table 1 shows the geometrical dimensions of the model.

Table 1
Geometrical dimensions of the one-tooth model
Moving part (mm) Stationary part (mm)
No. -
slot tooth slot left tooth | right tooth
1 15 10 15 40 10

Fig. 2 shows a moving core magnetized by the current-car-
rying coil. The one-tooth model is made from iron. If it is as-
sumed that iron is unsaturated then the relative permeability of
the iron is far higher than the air, so most of the magnetic flux
will be confined to the iron. The flux ® through any cross-sec-
tion of the movable core will then be substantially similar.

Ru Vi

Movable

150 mm

Stationary
Part

20 mm

60 mm

Fig. 2. Simple one-tooth model

In the analysis of the one-tooth model, two flux paths
are considered: (1) flux passes straight across the air gap,
without spreading into the surrounding air, (2) flux passes
into the surrounding air (Fig. 3).

Fig. 4 shows the flux density distribution in the one-
tooth model and resistance equivalent of the model. Each
simplified flux path can be stated in the reluctance form of
the air gap. For simplifying the magnetic circuit analysis,
the electrical circuit equivalent can be approximated. This
approximation is shown in Fig. 3 where it is assumed that the
iron permeability is infinite, so the reluctance of iron materi-
als R,,R,, R, will be much smaller and assumed negligible
in the calculation. Fig. 4 can be used for flux density analysis
in the air gap.

Rf1

R2,R3
Fig. 3. Flux densities in the one-tooth model
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Fig. 4. Equivalent circuit of the one-tooth model

The value of magnetic reluctances is calculated based on
the size of the slots in the moving part, the number of turns
has been defined 45 turns (N) and maximum current which is
flowing in the coil is 8.5 A (1), so the MMF=N-I is 382.5 At.
The reluctance of all magnetic materials employs the equation:

L

=—, M
H‘r”’OA

where p, — relative permeability of used materials; po — per-
meability of air vacuum w, =4n(107)H/m; A — surface area.

Referred to Fig. 3 and general formula shown by equa-
tion 1 for obtaining a magnetic reluctances, hence:

B 60-107
Y 4r-107-3000-10"

5 (MA/Wb). (2)

The other reluctances are calculated by (2). The air gap
reluctance can be calculated, for example in (3), the air gap
length is 0.7 mm (L) and model depth is 1 mm, so the area of
the right tooth is 10 mm?, the result is shown by (3).
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The other reluctances are:

o= % = oo (Open circuit), 4)
B =%= 55.00 (MA,/Wh), )
; =%= 851.9(MA/Wb), (6)
2= 4n~10%9~.§(())(7)30~10'5 =0.8(MA/Wb). @
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R, =R, +R, +R, +2AR,, / /R ,)=106.5 (MA/Wb).

55.00-851.9
R,/ /R, =" =51.66(MA/WDh).
a/ /P 55.00+851.9 (MA/Wb)
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R, / /R, =——"2""" —5166(MA/Wb).
w//Ra 55.00+851.9 (MA/Wb)

The magnetic flux in the air gap regions therefore is:

NI 4585 3825
Nl =992 _ 35 Wh.
® 1065 1065 H

(10)

t

The flux density in the right side of the tooth is calculat-
ed with the right side area (A) of the tooth in 10 mm, so the
result is shown by eq. (11).

¢ 35

g =~ =——=0.35 Tesla,
A 10

11

where B, — the average normal flux densities on the
air gap.

Normal and tangential Flux Densities on One Tooth Model

--©-- Normal Flux Densities
--©-- Tangential Flux Densities ||
T T

Flux Densities (Tesla)

0 10 20 30 40 50
Relative position on Moving Part to Stationary Part (mm)

Fig. 5. Normal and tangential flux densities on the right side
of the one tooth model

Compared with simulation results, 0.38 T, it has an error
about 7 %. The simulation results have been shown in Fig. 5.
For the left side of the model, the flux density is decreased to:

B, = e _ 35 =0.23 Tesla,
A,eﬁ 15

12)
where By — the average flux densities on the left air gap,
Ajesy — the left region of model

Compared with FEM calculation is 0.24 Tesla, it has
an error about 4 %. Fig. 6 shows simulation results for flux
density distribution on the left side of the model.
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Fig. 6. Normal and tangential flux densities on the left side of
the one tooth model

For position — 3 mm, the upper part will be moved to the
left direction for about 2 mm length.

0.7-107

@107 08 107 = 097 (MA/WD), (1)
o= % =425 (MA/Wb), (22)
:22:385522 =57.8 (MA/Wh). (23)

The average flux density for one slot pitch using the
Green approximation can be calculated by determining
the reluctance for one slot pitch based on the fringing co-
efficient on the Green curves. Table 2 shows the compari-
son between Green approximation and reluctance network
equivalent method. The fringing flux will be bigger, if the
air gap length is enlarged. It is caused that the permeabil-
ity of the air gap is very small, so reluctances are bigger
and the fringing flux also is bigger. Based on the whole
data in Table 2, the RNE approximations are close to the
FEM results.



Table 2

Comparison for the model with 10 mm slot

g Average flux density Error
(mm) (Tesla) (%)

FEM Green RNE Green RNE
1 0.47 0.58 0.47 23.56 0.12

1.1 0.43 0.54 0.44 24.32 1.01
1.2 0.4 0.5 0.4 23.36 0.41
1.3 0.38 0.47 0.37 24.61 1.87
1.4 0.35 0.42 0.35 19.42 1.33
1.5 0.33 0.39 0.32 18.46 2.28

1.6 0.31 0.37 0.3 18.37 3.1
1.7 0.3 0.35 0.29 18.16 3.82
1.8 0.28 0.34 0.27 18.95 4.48
1.9 0.27 0.33 0.26 19.73 5.05
2 0.26 0.32 0.25 22 5.36

6. Effective air gap length (EAGL)

The cogging force estimation requires the knowledge of
the flux density in the air gap. The air gap length does not
remain constant as the motor moves. Therefore, the approxi-
mation of the effective air gap length (EAGL) will be deter-
mined for obtaining the cogging force prediction.

The approximation of the EAGL can be obtained based
on the flux density distribution in the air gap. The flux den-
sity distribution in the air gap in relation to the magnet-mo-
tive force (MMF) is a non-linear problem. The magnetic
circuit contains iron in which the relationship between the
intensity of magnetic flux and the magnet-motive force is
a non-linear magnetic circuit problem, therefore, it can be
often solved by graphical approximation which can describe
the relationship between the flux and magnet-motive force in
magnetization curves.

This section derives approximations for flux paths of
both models. This section focuses on the RNE method
in which the flux path. Fig. 5 shows the approximations
used for flux paths in the model. The magnetic flux lines
between the teeth are straight lines perpendicular to the
iron surfaces, while the fringing flux is approximated by
circular shapes as shown in Fig. 5. This model consists of
two slot pitches: right and left slot pitch. It is caused that
the tooth width on the left side is different from the tooth
width on the right side. The slot pitch of the left side is o
and right side is .

Assuming infinitive permeability of the core, the perme-
ance of flux paths can be determined by the equation:

oS
P=v(4], (24)

where u — the permeability of material; § — two cross sec-
tions of the opposite tooth in square meter (Fig. 7); L — dis-
tance between the opposite teeth (Fig. 7).

-d -d

(25)

where po — air permeability (equal to 1); w, — right tooth
width; d, — Yoke depth; g — actual air-gap length.

S}

|
| |
| |
| |
| |
3 |

|
iPe 15 mm |
| ps 1" |
l d } ag f) P3
| |
|
i P1 ! 10 mm !
i 60 mm ! !
| |
i |

Fig. 7. Simplification of flux path

For the conductance in the right tooth, straight lines of
flux path have the conductance P3 and Py:

dP,=dpP,=— ", (26)

where dr — small difference of circular shape; r — radius of circu-
lar flux magnetic shape (max until half of the slot pitch). Then:

/i g
P =P = —L _dr=
=n= |

C o)

T+7

d %Q dr d (@, /4-x)
:JJ =”|:ln(g+rJ:| ,
T ( g ) T b ,

T+7r

SO

27)

Therefore, the total conductance over one slot pitch is:

P +P+P
PRighz(‘x:O): 2 (DS 4=
-d d _
SRRSO
T
= . 28
= (28)

T

The reciprocal of this conductance (magnetic conduc-
tance) quantity is the reluctance of magnetic flux (R) of
the air-gap cross section for an average length when the x
variable is equal to zero (x=0). The position x of zero value
means that the middle of the tooth on the moving part of the
model exactly coincides with the middle of the tooth on the
stationary part. The reluctance of magnetic flux in the air
gap for this simple model can be formulated as:

R ~ @ (29)

“%’d”+2akln(1+u%n)
4 T 2g

Based on the relationship between reluctance and equiv-
alent air-gap length per 1 mm length of the tooth width,

8
R ==%, so:
R
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7. Multi-tooth model

The investigation of the flux density in this multi-
tooth model aims to find the relationship between MMF
(magneto-motive force) to the flux densities in the air gap
of LIM. The moving part is designed with five teeth and
four slotted areas in which the coil is placed. The number
of teeth in the moving part and in the stationary part is
different. The stationary part has 7 teeth and 8 slots. The
materials of both parts are made from iron. Fig. 8 shows the
multi-tooth model.

1 2 3 4 5 6 7 8 9

Stationary part

Fig. 8. Multi-tooth model

With the constant ampere-turns and constant ratio of
the slot and tooth width of the movable part, and variation
of the air gap length from 1 to 2 mm with steps of 0.1 mm, the
cogging forces will be calculated using the overlap method.
The fringing effect will be taken into account.

The arrangement of coils in slots of the multi-tooth
model is shown in Fig. 9. The current-carrying coils are
placed as shown with current directions also shown. This
arrangement based on the phase difference between slots
should be 120°. Table 3 shows the geometrical dimensions
of the multi-tooth model.

1 2 3 4 5 6 7 8 9

Stationary part

Fig. 9. Coils arrangement in slots

Table 3
Dimensions of the multi-tooth model
Slot width Tooth width
No.
Moving Stationary Moving Stationary
unit (mm) (mm) (mm) (mm)
1 15 10 10 10

8. Cogging forces calculation on the multi-tooth model

Analysis of cogging forces is conducted for the moving
part of the multi-tooth model which is moving through
one slot pitch. The first condition is where the tooth of the

moving part is directly opposite to the stationary part tooth.
Secondly, the tooth on the moving part is partly opposite to
the stationary tooth and partly opposite to the stationary
slot; and the third is where the moving part tooth is directly
opposite to the slot.

Using the Cedrat-FLUX software, the multi-tooth mod-
el is simulated (Fig. 10). The simulation of the cogging
forces appearing at very low speed or even at standstill. The
electrical current flowing in the coils of the moving part is
5 amperes. In this simulation, the cogging force at each tooth
is measured and shows that cogging on the end of the model
can cancel each other.

The distribution of flux density in the air gap can be de-
termined by taking account of fringing effects. Based on the
flux density, the magnetic energy variation can be calculated
and then the possibility of obtaining the cogging forces anal-
ysis in the air-gap can be obtained.

. / Reference W,
H | e—

4 »i

Stationary part

T

Fig. 10. Parameters of the multi-tooth model

MMF,

drop

= 41m1i1%, (31)

1

where MMF,, — magnetic motion force in the air gap; ny —
number of coils in the moving part; i; — electrical current
flowing into the coil; d — distance between the teeth on
moving and stationary parts; W; — distance between the
teeth in moving parts.

The overlap method can be used as the moving part
moves slowly. The tooth of the moving part meets with the
tooth and the slot of the stationary part. The variation of rel-
ative position between the tooth and the slot on each part is
divided into three conditions: (a) the moving part is entirely
opposite to the stationary part teeth (Fig. 11); (b) the mov-
ing part is partly opposite to the stationary part tooth and
partly opposite to the stationary part slot (Fig. 12).

X 1)

w,

T

Fig. 11. Tooth of the moving part is exactly opposite to
the tooth of the stationary part

The cogging force can be calculated by first deriving an
expression of magnetic energy stored in the air gap as a func-
tion of the relative position of the tooth of the moving part to



the tooth of the stationary part. Cogging forces can be calcu-
lated by differentiating the energy expression. The magnetic
energy stored in the air gap between teeth can be described
as the multiplication between the magnetic potential of the
pair of teeth and the conductance of the magnetic flux path.

VP

W ’
8w

(32)

where Vr— magnetic potential difference between two teeth;
P — conductance of the flux magnetic path. The first step of
the calculation is deriving the magnetic energy stored in the
air gap in each region. The total magnetic energy can be ob-
tained by the addition of the energy in every region.

X

|

—_— t2

Fig. 12. Tooth of the moving part is partly opposite to
the tooth of the stationary part

8. 1. First condition

The magnetic field storage can be represented by the
magnetic equation below. This condition begins from the
middle of the tooth of the moving part, coincides exactly to
the middle of the stationary part tooth, and continues to the
point where the secondary tooth has traveled until its left
edge lines up with the left edge of the primary tooth.

Wﬁ:Q@ﬁ,0<x<s2”,

(33)

where Q is a constant. The Q constant will be derived in
the previous section. The cogging force can be obtained by
deriving equation 33 with respect to displacement x:

aw,, t,—t,
F/a:WZQQtpx, O<x< 7 (34)

8. 2. Second condition
The magnetic energy stored in the air gap for this con-
dition is:

2 tp+ts [x_[p ts_tp
W, =Qx 5 -x|, 3 <x<S,- 7 (35)

The derivative of the equation 28 will provide the cog-
ging force for this region:

aw, t,+t, )
F,= dx =20x 5 —x |-Qx%, O<x<§,. (36)

8. 3. Third Condition

In this condition, the energy is affected by two directions
of flux paths, one due to the flux from the left moving part
tooth and the other due to the flux from the next tooth on
the right.

S, - ks ;t" < m;, ; (37)
F,= %: Q(w,, ~2x)(2w,+S,-t,). (38)

For the analysis of cogging forces, the three equations
will be substituted with the dimensions of the model: g (air-
gap)=1.5 mm; (secondary slot width) Ss=15 mm; (secondary
tooth width) #,=13 mm; (moving part width) ¢,=15 mm;
(moving part slot width) §,=15 mm; (end tooth width)
Wena=20 mm; (depth of the primary layer) L=75 mm. The
cogging forces for every condition are:

Ff,=0.8-Q-x for 0<x<0.065;
Fry=Q-x(0.930—-3x) for 0.065<x<0.335;
Fre=2.94Q(0.400—x) for 0.335<x<0.400.

8. 4. Q parameter calculations

The current flowing in the coils with a specific number
of turns at the slots of the moving part generates the dis-
tributed flux magnetic field in the air gap. The relationship
between ampere-turn of the coil and flux magnetic field can
be described in the following equation

ATuA-N i-107

@=BA= (Webers), 39)

where ¢ — magnetic flux; A— area cross section; B — magnetic
flux distribution; N — turn number of the coil; i — current
flowing into the coils; g — air gap length.

If the voltage is impressed in the coil suddenly, the volt-
age induced in the circuit, opposing the impressed voltage:

2 -7
_ydo_ 4muN’A107

dt g “0)

Then the amount of energy delivered to the magnetic
field during the time t:

t
W, =—fei-dt=
0
2 -7 2 -7 :2
:4nuN A-10 fidizZnuN A107" , (41)
g 0 g
2
W, _BAg (Joules),
8nu
2 7 2
/:M:V P (Joules), (42)

8m-n 8n

where V — magnetic potential in the air gap; P — conductance
of the flux magnetic path; Wy — magnetic energy stored in
the air gap.

Based on the variation of the above magnetic energy
equation, the cogging forces can be calculated by using the
reluctance circuits equivalent method. Based on the rela-
tionship between flux density in the air gap and MMF:



4n-NI
g-107

= (Wb/m?), (43)

where B is the average of the flux density in the air gap. With-
out taking into account the fringing effect in each tooth, as the
moving part moves, the flux density distribution is changed
and depends on the relative position of the moving part to the
reference point. The reference point is defined when one of
the middle of the tooth of the moving part coincides with the
middle of the tooth in the stationary part. The calculation of B
as a function of the relative position (x) can be obtained using:

1.26-N-I [ x
B(x)=~———~"| — [(Wp/m?), (44)
g-10 w,
where I,,,s — rms current in one primary slot; g — air gap

length; w, — primary slot pitch.
If the above flux density equation is substituted into the
stored energy equation in the air gap, then:

2 7
y, BAE
8mu
2
1.26-N-1 X
2R D | YN 407 gt D
{ g ) 108 ( wl’ JJ g ! !
= (Joules). (45)
8m
The energy per slot pitch therefore is:
0.632 N’ D, |,
=10 gT'z’"(xztp) (Joules/tooth), (46)

where N — the number of turns in the primary part; I, —
rms-value of the current in each conductor of the coil;
D, — depth of the primary part; g — air gap length; ¢, — tooth
width of the primary part; x — relative position of the prima-
ry part to the secondary part.

The cogging forces will be calculated by using the stored
energy magnetic variation in the air gap, so it can be obtained
by differentiating the magnetic energy equation to give:

1.264( N*I%,.-D
T (g—wi” (x-t,) (Newton).

(47)

The Q parameter can be obtained by substitution of the
above equation into the equation:

1.264( N*I.,.-D
chZQ'Q'tp'XZW[g.—wzp (X'tp). (48)
P
Then the Q parameter is:
0.632( N°I.,-D
Q=032 Nl Dy ) “9)
10 g,

This equation (41) is used for cogging force calculation
with inserting the Q parameter for the first condition and the
other condition can employ equations (34), (34) and (35).

9. FEM analysis results

Fig. 13 shows the designed multi-tooth model on 2D
Cedrat-software. The winding structures of the moving

part haven’t been defined in this model. The red color area
represents the moving part teeth area, and pink color is sta-
tionary teeth. Green color shows slots of the stationary part.

/ Reference 4

Ao

UL

Stationary part

Fig. 13. Dimensions of the multi-tooth model

In this simulation, the cogging force at each tooth is
measured and shows that cogging on the end of the model
have a similar form, so the cogging forces are dominated by
cogging forces in the middle areas. Fig. 14 shows the differ-
ence of cogging forces at each tooth of the moving part. At
tooth 1, the curve shows that electromagnetic forces always
have a positive value and never go to a negative value. It is
caused that in the end area of the linear induction motor,
there is some magnetic leakage in which the electromagnetic
forces between the tooth in the moving and in the stationary
part can be reduced. On the opposite tooth, tooth 5 shows
that the signal electromagnetic forces always have a negative
value. Both signals cancel each other.

Cogging Forces in each tooth

Cogging Forces (N)

"o 5 10 15 20
Relative position on Moving Part to Stationary Part (mm)

Fig. 14. Cogging forces for each tooth on the moving part

Fig. 15 shows the total of cogging forces in the three-mod-
el simulation. This simulation aims at evaluating the results.
In this case, the curve shown by Fig. 15 the force in the sim-
ulation is cogging force. It is related to cogging forces char-
acteristic that the cogging force signals should be provided
as periodic signals in which its wavelength is similar to the
pole pitch of the linear induction motor.

From Fig. 15, it can be concluded that the electromag-
netic force in the air gap area of the linear induction motor
is cogging forces while the moving part moves slowly. Even
though the signal on tooth 1 and 5 is not periodic (Fig. 14),
but if the electromagnetic forces on all teeth are added, the
signal is periodic and has a period time similar to the pole
pitch of the linear induction motor. Be referred in Table 3
that the slot and tooth width of the moving part is 25 mm, so



the pole pitch of the model is 25 mm. As shown in Fig. 15, the
signal fluctuates after 25 mm, so that the electromagnetic
forces can be classified as cogging forces. The maximum of
cogging forces is 25 N.

Cogging in Multi-Teeth Model
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Fig. 15. Total cogging forces of the multi-tooth model

10. Discussion of the relationship between magnetic
energy and cogging forces

This section will describe (1) the comparison results be-
tween the analytical and FEA results of cogging forces cal-
culations for the one-tooth model. The model will be referred
to as the simple model, including only one coil. It consists of
stationary and moving parts in which the excitation coil is
placed. The reference directions of coil current and flux link-
age are also described. The resistance R in series connected
to the source aimed to limit the current in steady state with
the assumption that the voltage of the source is constant.

The excitation coil is placed in the moving part as resem-
ble to kind of the linear induction motor construction with
the short primary layer. Compared with FEM results, the
analytical calculation result is 0.24 Tesla, so it has an error
about 4 % in comparing with the FEM. The cogging forces
in the air gap of the simple model can be determined. Fig.
16 shows the relationship between cogging forces and mag-
netic energy in the air gap. It can be seen that the gradient
of energy with respect to the relative position between the
upper member and bottom member describes the variation
of cogging forces. When the moving part exists in relative
position to the stationary part in between —5 mm; 0; +5,
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a

according to the Maxwell rule that the curve of magnetic
energy can be obtained by the gradient of magnetic energy.
In this range, the gradient of magnetic energy is in negative
values. In relation to cogging forces, it means that cogging
forces in between —5 mm to 5 mm have a negative value
(Fig. 16) which the cogging forces can be calculated by the
derivative of magnetic energy in the air gap.

10. 1. Discussion of cogging forces prediction on the
one-tooth model

At the relative position 5 mm, the cogging forces come into
zero value, in the energy curve, it is shown by zero gradient. It
is caused that the leakage magnetic energy in the right and left
tooth is similar, so totally the cogging force is zero. The magnet-
ic energy before relative position 5 mm describes decreasing of
energy which has a negative gradient, so the cogging force has a
negative value (Fig. 16). However, after 5 mm, magnetic energy
shows the increasing value, so the gradient of energy becomes
positive and the cogging forces will be positive (Fig. 15).

Fig. 17 describes the comparison value of cogging forces
between analytical results with the simulation result using
FEA. In this case, the fringing effect was not taken into
account. So that the curves on the max-min area, the values
of cogging forces between the experimental and analytical
results have some big error. In this area, the error is much
bigger compared with the other area of curves. It is caused
by while the moving part of the motor moves, the magnetic
reluctance should be changed (according to the Faraday’s
law). If the leakage of magnetic flux is neglected, so that the
precision level of calculation is decreased.

Cogging Forces without Fringing Effects
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Fig. 17. Comparison between analytical and experiment results
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Fig. 16. Simulation results: a — cogging forces; b — magnetic energy



Fig. 18 shows the trend of the analytical and experi-
mental results with the fringing effect taken into account.
According to the last calculation, the fringing effect based
on Reluctance Network Equivalent (RNE) approximation
supported by magnetic path estimation provided the im-
provement of calculation results. The improvement of the
results could be perfectly done by using this approximation.
The fringing coefficient was based on this method in which
the calculation flux scattering was taken into account and
the effective air gap length was also used in the cogging
forces equations. The trend of analytical and experimental
results provides results that the estimation method can pre-
dict the cogging force of LIM in precise results.

Cogging Forces Between Analytical Results and Experiment
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g. 18. Analytical and experimental results without fringing
effects

10. 2. Cogging forces experiments on multi-tooth
model

The multi-tooth model shown in Fig. 19 was developed
for the purpose of experimental verification. The cogging
force variation has been experimentally measured and the
complete comparison with the predicted results is presented.
Fig. 19 shows a diagram of the experimental test bed. Each
coil is supplied by different DC signals to generate three-
phase AC signals. The stationary part is connected to the
load for measurement of cogging forces.

moving part

The test bed consisted of a moving part holder, a mov-
ing part, coils and a stationary part. The coils are connect-
ed to the DC-power supply. In the left side, the moving
part is connected to loads. Fig. 20 shows the picture of the
test bed of the multi-tooth model experiment. The force
was measured by Digital Force Gauge with specifications:
capacities from 0.5 to 500 Ibf/2.5 to 2,500 N; USB, RS-232
and analog communication; normal and peak operating
modes; integral or remote load cell; accuracy 0.1 % of full
scale. For each position, the force measurements have been
done 10 times for one moving and 10 times for the opposite
way. From the measurement, the measurement deviation
was not more than 1 %.

Fig. 20. Picture of experimental test bed

Fig. 20 shows the physical experiment of the multi-tooth
model. That model consists of two parts: moving part and
stationary part. In this experiment, the moving part is
uncoiled slot part. The coils are placed on the slots of the
stationary part. The winding is arranged in double coils
for middle slots and single slot on both ends of regions. The
moving part consists of 8 slots and the stationary part is
4 slots. It means that the number of slots in the moving part
was doubled to the number of slots in the stationary part.
With this slots configuration, the experiment can measure
the cogging forces for two periods.

10. 3. Discussion of experimen-
tal results of cogging forces for the
air gap length and electrical current
variation

This experiment was conducted
to investigate the effects of air gap
length variation and electrical cur-
rent flowing into coils to electro-
magnetic forces in the air gap of the
model. The air gap length will be
varied between 0.55 mm and 1 mm.
The coils were supplied by DC cur-
rent 3 amperes and 4 amperes. The

trends between the experimental and

Fig. 19. DC electric current configuration

.J

analytical results were plotted in the
one graph, so the trend difference can
be known properly.

Fig. 21 shows the graph trends be-
tween analytical results and experi-
mental measurements. The results
show that the model in RNE approxi-



mation provides similar trends with the experimental results.
The experiment has been done for only one slot pitch movement
since the cogging force is periodic. Fig. 21 shows experiments
with air gap lengths of 0.55 mm. The measurement results show
that the analytical model that is simulated using the m-pro-
gram of MATLAB software-packages has a similar trend to
experimental results. So the simulation justified the analytical
results. As shown in the middle area, the fluctuation of mea-
surement results was wider than in the other area, it is caused
that in this area, the leakage magnetic paths are classified as
extreme paths. Therefore, the electromagnetic forces cannot be
measured precisely and also is caused by the magnetic paths on
this area cannot be approximated by a certain shape.

Cogging Forces for Experiment and Analytical Results Air gap length 0.55 mm
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Fig. 21. Cogging forces measurement and analytical results
with the air gap length 0.55 mm and current 4 A

Fig. 22 shows that the cogging forces in the middle region in
which the experiment magnitude of cogging forces fluctuation
are bigger than in the other regions. It is caused by the existence
of leakage magnetic reluctance which is affected slotted area is
wider than as the tooth in the moving and in the stationary
meet exactly in a similar position. The magnitude of cogging
forces with the smaller air gap length is bigger, it is affected
by the electromagnetic forces proportional to the distance be-
tween the tooth in the moving part within the stationary parts.

Cogging Forces for Experiment and Analytical Results Air gap length 0.65 mm
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Fig. 22. Cogging forces measurement and analytical results
with the air gap length 0.65 mm and current 4A

Fig. 23 shows similar phenomena with the previous
figure. It shows that analytical results can represent the
cogging forces in which the magnitude of cogging forces will
be bigger if the air gap length is wider. The magnitude of cog-
ging forces for 0.65 mm air gap length is about 22.5 N. It is
caused according to the Maxwell stress rule that the smaller
distance between the teeth in the moving and stationary
part will affect bigger of electromagnetic forces.

Cogging Forces for Experiment and Analytical Results Air gap length 0.75 mm
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Fig. 23. Cogging forces measurement and analytical results
with the air gap length 0.75 mm and current 4 A

Fig. 24, 25 have similar results in which the magnitude
of cogging forces will be smaller if the air gap length is wider
than in the previous model. The error of cogging measure-
ment in the extreme area is bigger than in the other regions,
because the existence of leakage magnetic fields in the slot-
ted area can affect the analytical results of cogging forces
predictions. Those are caused by the analytical equation has
been rejected in this extreme area. So that the error between
measurement and analytical results cannot be estimated
very well for the extreme value of cogging forces.

Cogging Forces for Experiment and Analytical Results Air gap length 0.85 mm
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Fig. 24. Cogging forces measurement and analytical results
with the air gap length 0.85 mm and current 4 A

Cogging Forces for Experiment and Analytical Results Air gap length 0.95 mm
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Fig. 25. Cogging forces measurement and analytical results
with the air gap length 0.95 mm and current 4 A

The magnitude of cogging forces directly depends on the
magnitude of current sources. The reason is that the electro-
magnetic forces which can generate cogging forces, between
the core in the moving part and the iron core in the station-
ary part are affected directly by the magnitude of electric



current sources which flow into the coils in the moving part.
Fig. 26 shows that the magnitude of cogging forces is smaller
than the magnitude of cogging forces in Fig. 23. However,
the shapes of both curves of cogging forces are similar. It
means that the cogging forces in the extreme regions are
different from the analytical results. The disadvantage of
this method was that in the extreme area, the magnetic path
shape cannot be approximated exactly, so the trend of the
analytical results was not close to the measurement data.

Cogging Forces for Experiment Results With Air gap length Variation

11. Conclusions

1. By introducing a reluctance network equivalent, the
small one-tooth magnetic model can be analyzed precisely
and easily. The flux densities in the air gap of the model can
be found with a good result and compared with FEM result
is about under 10 %.

2. The effective air gap length can be defined using
the reluctance network circuits. It has been proved using
the one-tooth model. Validation of the results is that it is
for calculating the average flux densities in the one-tooth

15

e—e—é;eg _fe__ AirgapF 0.55mm model. The comparisgn shows that tlvle'trend between the
_ 10— Air gap 0.65mm_ H calculation results using EAGL and finite element method
z ?-g,ﬁ'—g‘*"&g\ --6-- Airgap 0,75mm is small.

Py ] --0-- Air gap 0.850mm || 3. After meshing of the multi-tooth model, cogging
s \‘\ force evaluation has been done and compared with the an-
":D 0o P-6-6-0 Q\ :‘ ?? alytical results, which shows that the maximum difference
£ 5 HTA i between the analytical and simulation average results was

e 58 0__8""“?" under 5 %.
© -10 \‘G\&%& Fo© 4 4. Cogging forces have been calculated on the multi-
hY e tooth model, and provide the value trend which is close to
15 ©-o-¢f the experimental results that the maximum difference was
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Fig. 26. Cogging forces measurement results with the air gap

about under 10 %.
5. The test bed experiment has been supported by the
current generator and current measurement devices and

length variation and current 3 A force measurement digital device.
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Hocnioxcenns 6yno nposedeno 0 6UIHAMEHHS GNIAUBY
deox paxmopie na eaexmpoocaocenns nnigox Ni(OH)s: kon-
uenmpayii Himpamy Hiken0 6 eJeKmpoimi i Has6HICMIO One-
Humu i onmuunumu eunpooyeannamu. Jlns ocadxycenmns
BUKOPUCTOBYEANU HUCTI POZUUNU Himpamy Hikearo 0e3 doba-
60K, W00 HAABHICMb OCMANHIX He YCKAAOHI06aNa aHai3 00ep-
JHCYBAHUX OAHUX.

B pesyavmami 6yau ompumani 06i cepii naieox 3 eJex-
mpoaimie, AKi mMicmamo pizHi KOHUeHmpayii Himpamy Hixe-
o 0,01, 0,1 ma 1 M. Biominnicmio deox cepiil 6yaa éiocym-
Hicmb a6o HaséHICMb onepayii CYyminns Nicas OMpUMans.
Cywinns naigox npo6ooUNYU 8 M'AKUX YMOBAX NPU KIMHAMHIL
memnepamypi.

Enexmpoximiuni ma onmuuni eaacmuéocmi 6usHaua-
JU MEMO0OM UUKTIMHOT 60TbmamnepomMempii 3 napaieaoHum
3anuUcom 3MiHU NPO30POCHI NILGOK.

B pesynvmami ananizy ompumanux oanux 6yno 3'scoea-
HO, W0 PiGHOMIDHI NAI6KU 3 NPUOIUZHO 00HAKOB0I0 MOBULUHOIO
Moscymv Oymu odepricani 6 inmepeani Konuenmpauiii Himpa-
my nixkemo 6id 0,01 do 0,1 M. ¥ posuunax, sxi micmamo 1 M
Himpam nixeno, 0cadHcents 6i06Y6anocs 6Kpail HepieHOMIPHO.
Aemopu 3anpononyeanu zinome3y, 32i0H0 3 AK0i maxa nogeoin-
Ka cucmemu NOSICHIOEMbCS. NEPEPOINO0LTIOM 2YCMUHU CIMPYMY
no naowji eexmpooa uepe3 6UCOKY eNeKMPOnpPoGiOHOCH KOH-
UeHmpoeanozo po3uuny wimpamy xixeao. Y ceoro uepey nepe-
PO3n00inL ycmunu cmpymy npuseoouno 0o 06azamopaszo6oz0
nioBUWEHHS 2YCMUHU CMPYMY Y NOBEPXHI eleKmpoiim — nogi-
mps. Taxe nideuwenns moeno enaueamu na Qpoum peaxuii,
axuil eiddansecs 6io enexmpoda aovo ocadxcennsm Ni (OH), 3
6ucokoto mosuwunoro. Ocmannii 6mpanas KoHmaxm 3 nogepx-
Heto elekmpooa i ocunascsi.

Y ceo10 uepay Gyn0 6cmanosieno, wo npoyec CYwinus 3na-
HO énaueae na cmpyxmypy i eaacmusocmi naieox. Taxosc 6yno
noKa3ano, wo nPouec CYWinHs He2amueHo 6NAUBAE HA B13YaAlb-
HUll 6U2A0 NIGOK 2i0POKCUOY HIKeI0 uepe3 YmeopeHHs Cimxu
mpiuwgun na enexmpodi. Ha dodauy 0o yvozo, 6y10 npunyweno,
wo 2i0poKcud HIKe0 OMPUMAHUIL eeKMPOXIMIUHUM WTAXOM
Micmumo 8eUKY KiNbKICMb Kpucmanizauiiinoi 6oou

Kniouoei canosa: Ni(OH)j, e2idpoxcud nikemo, enex-
mpoxpomizm, NiOOH, nniexa, enexmpoocaoiicenns, yuxaiuna
8ONILMAMNEPOMEMPIsL, KOHUEHMPAUiISL, HIMPaAm HiIKet0
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1. Introduction only now started to appear [3, 4]. This is related to difficul-
ties in implementing such systems, which in turn are deter-

Electrochromism is a phenomenon characterized by a  mined by necessary requirements to them. These require-
reversible change in light absorbance (transmittance) of ma-  ments are more strict than for other systems. Electrochromic
terial under applied electrical current. The phenomenon was  materials that are based on electrochemical reactions are
discovered more than 50 years ago [1, 2]. Nevertheless, real  required to have a large working life cycle, stability over time
working prototypes of devices utilizing electrochromism  and under different temperatures, while also having high




