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ABSTRACT

Linear reluctance motors have many applications due to their simple structure.A set of them are linear reluctance
accelerators .These motors have simple structure and yet are difficult to design. One of the important parameters in such
motors is inductance and its variotions during displacement of the rotor. This paper has examined inductance
calculation methods and the way of changing inductance regarding to rotor dimension and has compared the results by
femm software. Also it has been shown that calculation relation between force and inductance variotions can be
generalized regardless of the length of the coil and the rotor. By increasing the length of the rotor , maximum
inductance will increase and rotor output speed will decrease.It is shown that , a slight increase in the length of the rotor
will improve performance.

Keywords: Inductance variotions, rotor,femm software,coil

1. INTRODUCTION

Various applications of linear motors have long been the main cause of paying attention to such motors [1],[4].
Linear motors have different types that can be cited to reluctane type. These motors with their simple structures have
allocated extensive uses to themselves. A type of linear reluctance motors, are reluctance accelerators [4],[6]. These
accelerators that work based on the path reluctance changing and because of its simple structure has been the subject of
attention. Reluctance accelerators are formed of both the stationary (stator) and a movable part(rotor). Motor stator is
formed of a magnetic coil on a non-magnetic cylindrical tube. Motor rotor or the same projectile that make the linear
displacement within the stator is made of a steel material with magnetic properties. The rotor of these motors is lack of
any kind of windings and therefore can be used in different environments with high reliability possess. On the other
hand, existence of backward and forward forces together causes the engine design difficult and requires a careful design
in this regard. In these engines generating force acting on the projectile is very important. This force is directly related
to the amount of the inductance variotions according to relation (1) [2].At [6] inductance variotions and maximum force
is studied in case of the rotor's and stator's dimensions are equal. Obtaining the inductance variotions is of necessary
points at these motors. For this purpose, at the paper , variation of inductance and obtaining maximum inductance based
on the dimensions of the rotor for accessing maximum efficiency will be examined

f=05i2dLdx M

1.1 Calculation of inductance and its variation

Clearly, when the rotor is compeletly out of the stator, inductance of the system has its minimum
value and by positioning the rotor within the stator completely,the inductance reaches to its maximum value.
In the first case means there is no rotor,system is a coil or an inductor with air core which has N turns
winding. So it is neccessory obtain the inductance of an air core inductor. For this a variety of equations is
available of that, equations of refrences [5]-[7] can be mentioned. To get the inductance of an air core
inductor as shown in Figure 1, equations (2), (5) or (6) can be used.
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L = @dN?(uH) M
Where N is the number of windings, d is the average diameter, ¢ is equal to:

0.1m"
P = 0.45+a+a+(2/Deaplla+)/(a+2)] ™

That:

Figure 1. A view of an air core coil
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In (4), c is coil thickness, 1 is the length of the coil and r is the coil average radius.
_ 0.0315 Ny, °r®
-_—— (<)
Er+91,, +10c )

Wheren L, is the length of magnetic path , N, is:

1
Nm=N1-N2—ENE

Calculated inductance by each of these equations is the same minimum inductance. By calculating the
minimum, with coming the rotor into the stator,the inductance starts to rise that its variotions can be
considered according to reference [3] the same as Equation 6.

L=1,(1+cos(Zx)) + L, Q)
That:

x indicates the position of the rotor within the stator (Fig. 2). If the rotor is perfectly placed within the
stator, the value of x will be considered null and 1 is the length of the rotor, which is equal to the length of the
stator. Reference [8] is considered equation (7) as a way of changing the reluctance motor inductance.

L= Ly (G (1= 1x1)* + 1) ™
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That:

Center of coil Center of core

Figure 2. The position of the rotor within the stator

Observed that in both equations (6) and (7) the minimum and maximum inductance value must be
entered. The method of calculating the minimum inductance regarding to represented equations has been
specified and just maximum inductance in where the rotor is completely placed within the stator must be
obtained.For the coil of figure 3 with a magnetic core reference [9] is provided equation (8) to obtain the
inductance.

Figure 3. A view of a coil with magnetic core

L=N2.M.(:_G) s A

le

In this equation , [, obtains according to equation (9).

— Hr
He 14+n(p,—1) ©

In the recent equation [, is relative permeability coefficient and n is the core anti-magnetic coefficient
that is related to the length (1,) and the diameter (D,) of core (rotor) and according to (10) is obtained.

Dt 21
n=—%F(n—-1) )
iI.'.' 'DE'
Also (11) can be used.
N oA
[ ==&
: )
where [ called the effective permeability and can be achieved from(12) [11].
_ Mol
He = 1+|'1-rig (QA))

I
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Where lg is the length of the air gap and I, is the length of magnetic path.For the sample coils of table 1
results of inductance calculation is shown in table 2 and are compared using femm software.

Table 1. characteristics of the studied coils

Number of Coil length . . .
. Number of tieng Outer radius | Inner radius Copper wire .
turns per mm i Coil No.
layers NL mm mm radius mm
layer NL
£q v oY Vo Y. . o )
Y. v Y. YYo Vo .o Y

Table 2. inductance of coils with iron rotor(core)

Femm | Equati | Equati | Coil
onll |onA No.

o YA YVY

£ 8V o ¥ £V Y

Regarding to obtained results of table 2 it is shown that the obtained results of equation 8,11 have high
errors and these equations can not be used for calculating inductance of iron core coils. In [4] it is shown that
the way of inductance variotions by changing the position of the iron core (rotor) is the same as Equation 6.
Practical results and femm analysis for calculating the inductance of the coil number one is given in Table 3.

1.2 Effect of core (rotor) length on inductance

Table 3. Results of the calculation of inductance coil No. 1 with 52 mm iron core at various locations of
core placement

practical | fem | The position of the rotor inside
m the coil x

Yoot YA | -ox

Y YA YV | 39

Y.EA YAt | 226

Y.AY £y | 213

o Yo o, .

From the results in Table 3 it is observed that the maximum inductance happens , when the dimensions of the
rotor and the coil is equal , where the rotor is placed entirely inside coil. Simulation results of inductance variotions are

given once again in Table 4 assuming one time rotor is two times longer than the coil length and another time is half of
it.

Table 4. Results of the calculation of inductance coil No. 1 with 104 mm iron core at various locations of core
placement

rotor length 26mm rotor length 104mm
femm The position of femm The position of
the rotor the rotor
R -52 YA -78
‘A -39 VA -65
VA -26 vt -52
AR -13 ) -39
Y.y . L 26
Ny -13
ARIA .

From the results in Table 4 it is observed that when the rotor length is more or less than coil length, maximum
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inductance happens when the center of the rotor is placed in the center of the coil. Maximum inductance of coil No. 1
with rotar length equal to coil length is 5.35 milli Henry. By using a rotor larger than the coil length , it is observed at
figure 4 that maximum inductance increased from 5.35 to 6.43 milli Henry.

Figure 4. increasing coil inductance using a rotar longer than the coil

How changing the maximum inductance of the coil No.1 by changing the length of the rotor is given in Table 5.1t
is observed that by increasing the maximum length of the rotor, inductance and its variations also increases.

Table 5. Results of calculation of coil rotor No.1 inductance with different lengths

AL H/m maximum Rotor lengthn
Az inductance mH mm

. K .

R V.0 'Y

vy Y ¥ Y

N o¥o oY

Y Ad YA

LAYV A Yot

<o, YTV Yol

v Yo YY A YA

The inductance variation in different positions of the rotor is according to Equation 6. In this equation 1 is the coil
or rotor length that are equal to each other. In other words, when the rotor and coil lengths are equal to each other this
equation can be applied. For this studied sample when the coil length is 1 and is equal to its rotor, inductance variotions’
diagram in x by the equation 6 and femm software is plotted below.

——FEMM
—Equé

Inductance {mH)

1

0 10 20 30 20 50 60
X (mm)
Figure 5. The inductance variotions for position of the rotor(rotor length 52 mm)

Changing the inductance of the coil 1 with rotor length of 104 mm simulated by femm software is in figure 6.
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Figure 6. The inductance variotions against position of the rotor(rotor length 52 mm)using FEMM

From Figure 5, it is observed that the inductance variotions for different rotor positions , when it is longer than
the the coil , is also similar to a cosine curve. By changing the definition of I in Equation 6 it can be shown that this
variotion is as the cosine function but 1 is the sum of the half length of the rotor and half length of the coil. By the same
difination of 1, the same equation can be used to show inductance variotions of coil for different rotor positions , when
the rotor is smaller than the coil .Figure 7 shows variotions for 104 mm rotor length with femm software and equation 6

,Figure 8 shows these variotions for the rotor with a length of 20 mm.
I— F‘EMM
—Equé ]

Inductance {mHj
(2]

0

0 1b 2I0 3I0 4I0 5I0 BIO Tb 80
X {mm)
Figure 7. inductance variotions against different rotor positions(rotor length: 104 mm)

25

——FEMM
—Equé

Inductance (mH)
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Figure 8. inductance variotions against different rotor positions(rotor length:20 mm)

3.Energy

Equation (1) shows the force exerted on the rotor of a linear reluctance motor. For a constant current to obtain the
maximum force it is better that inductance variotions have more intensitivity. It was shown that by increasing the rotor
length,the inductance variotions also increase and cause the force on the rotor to be increased. On the other hand,
increasing the length of the rotor associated with an increase in mass and according to equation 13 force exerted on the
rotor is directly related to its weight and acceleration . By putting equation (1) and (13) equal , and assuming the current
is constant , there will be:

f=ma ")
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At constant current the inductance variations are not greater than the weight variotions,So it reduces the
acceleration and speed of the rotor. Typically,by increasing the rotor length from 52 mm to 104 mm , rotor weight will
become twice heavier and the inductance variotions will become 1.67 times more than before . So fraction (dL / dx) / m
is equal to 0.83 and acceleration has declined 17% compared to the initial state.Table 6 shows the velocity and
acceleration variotions against the length of the rotor.

Table 6. Proportion of acceleration and inductance variations over the length variotions

Proportion of Proportion of Proportion of increasing

decreasing the inductance variotions | the rotor length (coil

acceleration length and primary of
rotor 52mm)

«oA ‘e £/)

YA «¥a Y/

\ ) \

REYY Y €1 Y)Y

VAT Y v Y

o Y AY

C gV Y AA ¢

From table 5 we can understand that by increasing the length of the rotor, the inductance variotions increase but
because of increasing the weight of the projectile, it generally causes reducing output speed of the rotor. So the
maximum acceleration happens when the coil and the projectile are equal in length. When the projectile is exiting if the
coil current is not zero,backward forces cause the output speed to be reduced.It is clear that getting current to zero in a
moment is practically impossible so the backward forces would be created.But if the rotor length considered a little
longer than the coil,the speed decrease will not have a significant difference, and more time is in hand to approach the
coil current to zero , so the backward forces at the moment of exiting the rotor will vanish and they can not cause the
rotor speed to decrease a lot. From the table 5 it is clear that, typically if rotor length considered 1.5 times longer than
the coil ,acceleration will only 3 percent decline which have little effect on output speed but grant the required time for
approaching the coil current to zerro. With new definition of 1 in equation 6 and the result of equation 1 the force
exerted on the rotor can be obtained from equation 15.

= _—05i21 Zain(Z
f=-05i Lmzsm(zx) (15)

1.3 Conclusion

Rotor dimensions have changed the way of inductance variations and due to the fringing of the flux , the time to
time of the rotor movements affect the inductance variotions, and by increasing the length of the rotor these variotions
increase. It is shown that some equations are valid only when the rotor and coil are equal to each other in length.
Therefore, by changing the length definition , that equations have been generelized and so these equations can be easily
used for showing the way of the inductance variotions and force exerted on the rotor , regardless of dimension
variotions of the rotor and coil. Furthermore, it was shown that increasing the length of the rotor reduces the output
speed of the rotor and so if the rotor is as long as the coil ,maximum speed will be obtained. Also, if the length of the
rotor is considered a little more than the coil length,more time for making coil current zero and elimination of the
backward forces without significant changes in speed will be provided.
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