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- Abstract -

The study analyzed the motion of a magnet which rolled down an inclined
copper plate based on the motion equation and the model of eddy currents
which were able to explain the motions on the x-axis and the y-axis respectively
considering the compositive cffects of gravitational force. frictional force, the
 electromagnetic forces exerted among magnetic dipoles(between a magnet and the
magnetic field ge-ﬁcrated by eddy current, and between a magnet and earth's
magnetic field).

Specifically, it examined that the restitution force, F exerted on the y-axis was
proportional to y/w®, and analyzed the oscillation of a magnet quantitatively. The
study analyzed the motion of a rolling magnet on the x-axis and the y-axis
according to the change of an inclined angle(#). and calculated the constants in
the motion equation. Also, it explained and analyzed quantitatively the shift of
the center line of oscillation and that of the phase according to the change of
an angle between the x-axis(the direction of magnet's movement) and the North
Magnetic Pole(p). Lastly, it examined that the relationship between the period( 7)

and the width of a copper plate(w) is T ocw’
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I . Introduction

A neodymium(Nd) magnet is much stronger than the ferrite magnet that
people commonly use, so a Nd magnet is very sensitive to the external magnetic
field. Because of this characteristic of a Nd magnet, it arranges ecasily to the
direction of the earth's magnetic filed, and induces a very strong eddy current
when it moves above a metal plate.

The Nd magnet, which has these characteristics, is expected to move in special paths
due to the combined effect of electromagnetic components like eddy currents and the
earth’s magnetic field and that of mechanic components like gravitational force and
- frictional force. Also, it is expected to analyze the concept of eddy currents
quantitatively which has been familiar as a qualitative concept by approximately solving
the motion equation of a magnet.

The research i§ to examine how the earth's magnetic field and magnetic field induced
by eddy currents affect to the motion of a rolling Nd magnet, and to know what kinds
of paths a magnet follows..

These are the purposes of my research:

1. Examine various motions of a magnet which rolls down an inclined metallic plate.

2. Measure the magnet's displacement per time, and analyze the oscillating motion of
a magnet examining the change of its amplitude, period and wavelength.

3. Understand the effect of an inclined angle of a metallic plate(@), the width of a
plate( @), an angle between the x-axis(the direction of magnet's movement) and the
North Magnetic Pole(¢) and the initial position of a magnet on a plate to the motion
of a magnet.

4. Set the motion equation of a rolling magnet and the model of eddy currents which
arc able to explain the motion of a rolling magnet, and analyze the motion using them.

5. Understand how the earth's magnetic field and the magnetic field induced by eddy
currents affect to the motion of a rolling magnet.
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[1. Theoretical Background

2-1. Vector potential of the dipole term

For convenience, let us give the symbol D to the integral in the dipole term :

D= [ KA (1)

The process of writing this as a product in which the field point is somehow separated

out is somewhat involved and it i1s easier to deal with a scalar quantity. [f we let C be

anv arbitrary constant vector, then we can form the scalar product C-D. After doing

this, we divide the integrand into two equal parts, add and subtract the quantity

i( J- "V C+ #¥) under the integral, and we find that we can write the result as the

2

sum of two integrals:
C-D=[ (C-N(vPat'=(C-D) ,+(C-D)_ @
where

(C-D,

L[ LD+ U HC e )

l..

(C-D) =% [ L(C- DG )= DCAax” (@)

and we consider there separately.

Now C is a constant by definition, and "7 is a constant with respect to source point

dertvatives, that is. with respect to v .Therefore,

v(C+¥Y=C and V' (r-7¥)=T7» (5)

Using these last results, we find that the bracketed part of the integrand of (3) can be

writlen as
J- (7 )+ HC-D=][(r-¥)V(C¥)H+(C¥)V' (7 ¥)]
=]« v [(C-¥X7r-7)] (6)

Now the last term has the form J+ v’ where 7 1is the scalar ( C- Y re ¥

thus, we can wrte (6) further as

Jo# A= (TP  P=v"-[(C )7 AT ()
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which 1s our final form for the integrand of (3), we finally get

(C- D) u=5$ (C- /e ¥)J>da)  (8)

where §' 1s the surtace enclosing V' However, V' encloses all of the currents so that

J =0 at all area elements da” of S, and therefore

(C+77),=0 (9)

The terms in the brackets in (4) can be wniten as

C:[Kr-¥)—-7#{J nNl=C[r(J=)] (10)

If we put this into (4), and use (5), we find that (3) becomes

¢ 3 =_é fl,..C- [ r<(J=#)]dt' = C - {—?l_" fi..[r'-ff(]fr')]d'r'} (11)

Since C 1s a completely arbitrary vector, (11) can be always true only if I} equals the

F o

quantity n braces. Furthermore, “» is constant as far as the integration over the
primed variables i1s concerned and can be taken out of the integral. Doing this, we find

that

D:'}x%— ig_}xr’a"r':(%flfﬁ?"ﬂfdf)“?’ (12)

Finally, if we combine (12), (11) and the general multipole cxpansion of the vector

potential’), we find that the dipole term can be written as

Wy

A f_}(r) — 41[?“,3

SRt S aIE!

which has the desired form of a product of a quantity reterring only to the location of
the field point and something depending only on the properties of the current
distribution.

The quantity 1n brackets is given the symbol

m= r < J(¥)dt (14)
-

D A(»)= u_ﬂ“ lw—}ﬁ- Lﬁ_ﬁj(r')r’ jrP,r(<::|t;ts,~9')f:z'*t'
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and is called the magnetic dipole moment of the current distribution. This definition
enables us to write the dipole term as

A =L BE = S0 T ()

- Figure 1. Relation between a magnetic dipole and the vector potential it produces

As shown in Figure 1, A , is perpendicular to the plane formed by m and r and its

magnitude will be A p=n o msin®/4nr?,

2-2. The magnetic dipole field

The expression A, given by (15) will be the predominant term in the vector
potential when the field point is sufficiently far away from the current distribution. In
order to stndy its properties it is convenient, to assume that (15) holds e¢vérywhere mt

by a frictional point dipole m located at the origin. Later we will consider specific
curtent distributions that can be thought of in this way but for now we concentrate on
finding the induction B produced. We use spherical coordinates to locate the field point
P and choose the z axis in the direction of m; this gives the situation shown in Figure
2-1. Then m=mz and (15) becomes

A n(f) =



Figure 2. Calculation of the field produced by a magnetic dipole

so that the only non-zero component of A, is A . The curves of constant values of

A, are given by

” m \ . o |
r“-—-( 4;{3 ” )5111(-."1=Cnsm(-) (17)

where the constant C , characterizing a given curve depends on the value of A,
These curves are between as the solid lines in Figure 3; however, the direction of A4

is into the page on the right half of the figure and out of the page for the lett half.

Figure 3. Field of a magnetic dipole. Lines of B are dashed. Solid tines are those of constant

magnitude of the vector potential that is directed into the page for the nght half and out of the

page for the left halt

The induction is found from B =wvxA , Using (i4), we find the components of B

to be
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1 d , . P ot} 2c080

—_ 1l _d .. (“um)sin’a
B,= y 00 ?ALII-)“ An y 3 (19)

while B =(. Thus B lies in the same plane as m and the field point, while A4 , is

perpendicular to this plane
From this results, we can see that they are proportional to the magnitude of their

respective dipole moments and they have the same dependence on angle and distance.
2-3. dipole energy

It we write it simply as U ,, then the energy of a dipole m 1n an external field
B, s
Up=—m-+B,=—mB, cosW (20)

where W iIs the angle between them as shown in Figure 4.

Figure 4. A dipole making an angle with an external magnetic field

Since the energy 1s a function of W, that 1s, U,=U,(¥), we know from

mechanics that there will be a torque on m, and the component of this torque in the

direction of increasing U, 1, will be given by

ol ,
BT

T= =—mB ,sinW=—|m<B, (21)

Since T is negative, it means that the sense of the torque on m is such as to rotate

m into the direction of B, thus, if we use the defimtion of the direction of the cross

product, we can see that the vector torque 1 is in the direction of mx B, as shown
in Figure 4. Combining with (21), the torque on m is given correctly in magmtude and
direction by

t=m=«B, (22)
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IlI. The plan for experiments

To examine how the earth’s magnetuc ftield, the magnetic field induced by cddy
currents which are generated by a rolling magnet, gravitational force and frictional force,
affect to the motion of a disk shaped magnet( ¢X)<Hmm, 12g) which rolls down an

inclined metallic plate, experimental set-ups are set like Figure 5.

magnet T A

Figure |. The diagram of expermmental set-ups
3-1. Parameters of expenments

Parameters of experiments are an inclined angle of a metallic plate(#), the width ol a
plate( @), an angle between the x-axis(the direction of magnet's movement) and the

North Magnetic Pole(), and the inttial position of a magnet on a plate.
3-1-1. A metallic piate

This is a copper plate where a disk shaped Nd magnet( $20<65mm, 12g) rolls down.
Its length( /) is 1.2m. Its thickness( #) is 3mm. Its widths( @) are 5, 6, 7, 8cm. A piece
of section paper which contains 2x2cm squares on it is attached on the copper plate to

measure the magnet's displacement per time.
3-1-2. An inclined angle(#)

This is the parameter which is to understand how the motion of a magnet will be
varied as gravitational force(ingsiné) is increased. Also, the magnitude of the
electromagnetic force that pushes a rolling magnet backward is able to be examined by

this parameter.
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3-1-3. An angle between the x-axis(the direction of magnet's movement) and the North

Magnetic Pole( $)

This is the parameter which is to examine how the earth's magnetic field affect the

motion of a rolling magnet. Set the North Magnetic Pole, 0° | and the east, 90°

the north magnetic pole

- mow
o
L
o e
.
"_-
-
- ..
L
-----
Ll )
-

Figure 2. The adopted coordinate system

3-1-4. Interval time

Using a digital camcoder, record the entire experiments and change the video files of

experiments to JPG files; the interval time between JPG files ts 1/30 of a second.

3-2. Analysis of the motion of a rolling magnet

The general motion of a rolling magnet which is affected by the earth's magnetic field, |
the magnetic field induced by eddy currents, gravitational force and frictional force 1s

like the below picture.

<« direction of motion

Figure 3. The motion of a magnet on a copper plate (when, 0=90", 0=13" , w=6om ,

At=(}.1sec. the initial position on a plate y=—2cm)
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The factors which affect the motion of a rolling magnet are gravitalional force.
frictional force, .the force exerted between a magnet and the magneuc tfield and the
force exerted between a magnet and the magnetic field induced by eddy currents.
Various factors affect the motion complexively, but, to analyze the motion on the x-axis
and the v-axis respectively, set the model of the eddy current and the motion equation
of a rolling magnet.

Also, the magnet was approximated to be as big as a big magnetic dipole, and
characteristics of the magnet's motion were analyzed in proportional relation  because
mathematical approach to eddy current and the magnetic field induced by it is too
complex to solve.

- To analyze the characteristic of motion on the x-axis and the y-axis respectively, the
study ignored the effect of friction, and applied differently the eddv  current's

contribution to a rolling magnet to x-axis and y-axis.
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Figure 4. (a) The model of eddy current on x-axis

(b) The model of eddy current on v-axis

3-2-1. The motion of a rolling magnet on the x-axis

From ¢=(, a magnet accelerates on the x-axis, but 1t soon moves with unitorm
velocity, Therefore, it is possible to assume that gravitational force( mgsin©) 15 the same

with the electromagnetic force generated by the eddy current,

Here, F. the electromagnetic force which exerts on  —x-axis s able to be

approximated like below:
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So, fmally, the motion equatton of a rolling magnet on x-axis is like below:

ma=m (é;; =mgsmS—c v (24)

As expressed in Figure 4(a), the Doppler Effect which occurs as a magnet rolls down
Is applied to express the model of eddy currents on the metallic plate, and the eddy
currents generated 1n front of a magnet are more powerful to interrupt a rolling magnet
than one generated behind a magnet. Based on Lenzs law, in both cases,

electromagnetic forces exert to hinder the magnet's movement.

3-2-2. The motion of a rolling magnet on the y-axis

When a magnet starts to roll down at the mitiai position deviated form the center line,
it osctllates because of the force of restitution which is generated by the difference of
the electromagnetic forces of its right side and left side.

As expresSe.d in Figure 4(b) which shows the model of eddy currents when a magnet
deviates from the center hne, the eddy current is considered as a tetragonal loop. When
just considering the largest contribution of the loop component which is parallel to the
x-axis and the closest to a magnet, the contribution of the magnetic field generated by
the eddy current induced in front of a m'agnet and that of the magnetic field generated
by the eddy current tnduced behind a magnet are different. So, based on the equation

(24), a magnet oscillates to the center line.

Figure 5. The diagram which is to explain the oscillation of a magnet on y-axis

The eddy current is considered as a linear current Figure 9 shows, and the position of

it 1s approximated at the center of the area from the edge of a copper plate to that of
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a magnet. At the position where a magnet 1s placed, the direction of magnetic moments
which are generated by two linear currents are the same, but the eftect on the y-axis

that affects a magnet originates from the difference of two magnetic moments.

When a magnet placed at the center ts shifted with infinitesimal displacement y n
the direction of the y-axis, the contribution of F, is stronger than that of F |, so
the net force exerts to the center.

Therefore, the magnetic field, AF. which determines the motion of a rotling magnet 1s

like below:
1 m m -. 1 ht .1 3
F — - . F J ° i:}}
| dny y ({(w/4)+ y) - y drpy ((w/4) - y) - 1
11} T”'A’ '”l! |
AF=F,—F = —— — . -
- ¥ SN [ ({w/4)—y) Hw/d4)+y) }
_ _m Hj { ., : ..m.i } (26}
dmpg w L (11— (4y/w)) (1+ (4y/w))"

Adopting the formula, (14 x)"=1+mnx (when, x<L1), approximate the above

equation.

m 16 M, 1y
AF = : { — N » }
Aapy w2 LI~ (8y/w)) (1 +(8y/w))

dm ( (111 — 1y )+ Gy + 1) M8/ w )y

27
1 — (64/w%)y* ) =7}

2
W

Here, for the infinitesimal displacement y, y“=(0 and m ,x~m.. so it is able to be

approximated conclusively like below:

2 E M) ey (k= constant)  (28)

RANY O~
T g

Same as the analysis of the motion on the x-axis, the electromagnetic force exerts to a
magnet in the opposite direction of a magnet's movement. So, the motion equation on
the y-axis of a rolling magnet is like below:

ma=m ?{ = ky-—-c?gv' (29)
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IV. Results and analysis

4-1. The motion of a roiling magnet according to the change of an angle O

When ¢=90" , an angle between the North Magnetic Pole and x-axis(the direction of

magnet's movement), the initial position of a magnet y=1cm, and the width of a

copper plate o =6cm, an angle © 1s vaned from 10°

to 22°

interval. In these conditions, the entire motion of a rolling magnet 1s recorded.

Table |. The displacement of a magnet according to the change of an inclined angle #

increasing 3 ° each

§=10" §=13" §=16" §=19" §=22" |
t(sec) {x(cm){y{cm)]t(sec) | x(cm)}|y(cm)| t{sec) ix(cm)|y(cm)| t(sec) | x(cm){y(cm); t(sec) |x(cm)iy{cm)
500 00 1-10 10001 00 | -1.0 10001 00 | -1.0 | 0.00 | 0.0 | -10 [0.00| 00 | -1.0 |
023 | 2.5 | 0.0 047 110] 00 {027] 30| 00 [010] 60 | 02 {003] 25 | 00 |
053]100! 07 [073(205] 08 047100 1.1 |027]125] .1 1020} 95 | 1.0
083175 02 [ 0972851 00 |070{190] 02 1047 [21.5] 0.1 {040 197 | 0.0
120 | 280 -07 [ 1.20 | 365 -0.7 {0.93 | 285 | -1.1 | 0.67 [ 31.0 | -1.2 [ 0.57 | 28.5 | -1.0
160 | 38.0 | 00 | 1.50 470 00 | 1.07]350| 00 | 090|420 0.0 | 0.80 | 405 | -0.2
183 1440 03 [1.7315501 05 [ 12704321 1.1 1 1.07]500]| 09 | 097|500 1.0
2101510] 02 120016431 01 [ 147515} 02 [ 123|580 00 [1.13]590| 0D
250 1615 022301745 04 |170 610 -1.01 143|675 -1.0|130]|680]-10
287708 ] 00 | 247181000 [ 187]680! 00 | 167790} 02 | 1.53(810] 0.2
313318301 05 (2701890 07 [210{775| 1.3 |183/8701 05 | 1.70|90.0 | 1.1
39719901 02 2271845 02 1200[955] 0.0

4-1-1. The analvsis of the motion on the x-axis

120
100

x(cm)

80
60
40

20

Hsec)

Figure 1. The displacement of a magnet on the x-axis according to the change of an inclined angle &
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The fact that the component of gravitational force( mgsin©) and the electromagnetic

force which is proportional to velocity makes equilibrium condition, a magnet roll down

with uniform velocity.

'

ma= m dté =mgsin®O—-c,v (30)

So, in this equation, mgsin© = ¢ v

Table 2. The velocity of a magnet according to the change of an inclined angle ©

(") 10 13 16 i19 22
v(cm/s) 25.96 34.83 41.23 47.42 53.11
60 eerrr et e et e Bt - et ettt et bRt R A Bl 555 80 e 5 A o
50
40
5
= 30 y = 6.689x + 20.443
R =(0.9921
20
10 . B
0.0 1.0 2.0 3.0 40 50 6.0

5N
Figure 2. The velocity of a magnet according to the change of an nclined angle ©

4-1-2. The analysis of the motion on the y-axis

R s s
0.8 | - =T
0.4 |
0.0

Alcm)

(
0.4

-0.8
-1.2

tf{sec)
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.-..1 ‘5 ...................................................................................................................................................................
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Figure 12. The graph of v, according to the change of ¢/

{K
The motion equation on the y-axis, ma=m f;; =— ky—c,v, explains the damped

harmonic oscillator, and the general solution is hke below:

W) =e YAcos(o 4~ w) (31)

And, here,
2
C s k Co 3
= S’ wr‘\} m T Am =y ul—y? (32)
12 e arreeen e e e e e o B2 T
¢ 0=10" ;
t0 137 |
. 0.8
&
L 086 !
<
0.4
y =0.9931¢70 657
0.2 2 _
R =0.9874
O‘U H —
0 1 2 3

t(sec)

Figure 5. The change of amplitude of oscillatton on the y-axis

Based on y get from the above results, constants, % and ¢, are able to be decided.
When 0=10" . y=0.66, T (periody=1.3sec and m (the mass of a magnet)=12g,
it is decided that ¢,=1.6210 7%, £=2.9x]10 "' When 0=13", y=0.40, T

(period)=1sec, m (the mass of a magnet)=12g, it is decided that c¢.,=9.6x10 ~°,

k=4.8>10 "
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The ratio( ¢ ,/ k) of two constants , # and ¢ ,, which are in the motion equation of a

-' l.'j

l'{}"I;l‘lg magnet, mﬂ—'—-—-ky—-ﬂzv 1S 5.5<10 " - when O=10" and 2.0;{10 )
0=13"

exerted on the y-axis becomes bigger than that of ¢ .,v to the force. Moreover, from

when
. As an inclined angle © 15 increased, the contribution of XAy to the torce
when ©=16" , the contribution of ¢ .v s relatively smal enough to be 1gnored, so

simple harmonic motion occurs.
4-2. The motion of a mlling magnet according t¢ the change of an angle ¢

When an inclined angle ©6=16" , the imtial position ot a magnet y=]cm and the
width of a copper plate o =6cm, ¢, an angle between the North Magnetic Pole and
the x-axis(the direction of magnet's movement) i1s varied from 0° to 90" increasing 15

* . In these conditions, the entire motion of a rolling magnet 1s recorded.

 Table 3. The displacement of a magnet according to the change of ¢

b = 90" b =75" b = 60" ¢ = 45°
t(sec) ¢ x{cm) i vicm) | t{sec) ! x{(cm) | y(em) | t{sec) | x(cm) | y(cm) . t(sec) | x(cm) | y(cn)
00 | 00 | 10 1 00 | 00 | 101 00 [ 00| 10| 00| 00 to
03 | 30 { 00 | 05 ! 163 | 021 02 | 80 | 15 | 02 | 60 | 15
05 | 100 | -11 | 07 | 220 | -04 | 04 | 160 | 02 | 035 | 155 i 00 |
07 | 190 | 02 | 08 | 270 | 03 06 | 210 | 08 | 06 | 210 | 06
09 | 28.5 A N 370 | 0.5 08 | 290 { 03 : 07 | 230 03 |
11 [ 350 | 00 | 14 490 | -02 | 10 | 380 | 18 | 10 | 350 16
13 | 432 | -1.] 1.5 | 55.0 | 03 1.2 | 480 | 0.2 2 | 450 1 02
15 | 5151 02 ] 17 [ 610 | 02 | 14 | 550 | 08 | 14 | 518 | -09
17 | 610 | 10 | 19 [ 720 | 06 | 16 | 630 | 05 | 15 | 590 | -0.2
19 | 680 | 00 | 22 [ 85 | 01 | 18 | 720 | 19 9 | 655 | 13
21 | 775 <13 | 23 | 885 | 02 { 20 | 85 | 04 | 20 | 800 | 02
23 | 845 1 02 1 25 {950 | o1 | 22 | 885! 07| 22 | 80| -10
970 | 00 | 930 | 00




¢ =30° ¢ =15 o =0°
t(sec) | x{cm) | y{cm) | t(sec) | x(cm) | y(cm) | t(sec) | x{cm) | y{cm)
00 | 00 | 10 | 00 | 00 | 10 | 00 | 00 | 10O
02 [s5 1 23 1 02 | 52 | 22 | 02 | 55 | 22
08 (1700 00 [ 03 ;90 ¢ 23 | 03 ! 90 | 25 |
05 195 03 [ 04 1130 ] 20 ;04 | 130 | 20
06 {2330 00 | 06 | 220 | 00 | 07 | 240 | 00
09 325! 20 | 07 | 250 ¢ -03 ! 08 | 265 | -04
10 {360 1 23 | 08 | 300 | 060 | 09 | 300 | -02
1 410 ] 18 [ 12 [ 440 ] 22 | 12 | 450 | 23
13 [ S10{ 00 | 15 | 570 | 04 | 14 | 530 | 138
14 | 540 | 03 | 16 | 620 | -03 | 16 | 630 | 04
16 1610 00 | 17 [ 670 02 | 1.7 | 670 | -0.2
18 [ 690 | 18 | 21 |80 23 | 18 | 720 | 04
19 | 760 | 22 | 23 [ 920 | 04 | 22 | 850 | 25
22 | 8.0 | 0.0 23 | 920 | 23
23 1 910 | -06
1 20 - - e oot et o 0 e A2 8500 e e £
e =00
100 2 O=75’
&0 . 0=60"
E - =45 |
g 60 x ®=30" |
40 e O=15°
y =40.032x - 5.203 | 4o+ |
20 R? =0.9998 T
0
1 2 3
t(sec)
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Figure 15. The graph of displacement on the x-axis according to the change of ¢

Figure 16. The graph of displacement on the y-axis according to the change of ¢
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As Figure 15. shows, the motions of a rolling magnet on the x-axis are determined by
the electromagnetic force induced by a magnet and the gravitational force which
depends on ©.

However, as Figure 16. shows, the motions of a rolling magnet on the y-axis have

different initial conditions as ¢ changes. When a magnet starts 1its motion( /= {}). the

r

center line of oscillation and the imtial phase shift due to 1= mx B, the mutual

o
effect of a magnet( m) and earth's magnetic field( B ).

The shift of the center line of oscillation 1s to make new equilibrium conditions.
earth’'s I1s considered as a big magnetic moment( TI) and the torce between these two

magnetic moments( m, #) makes the center line of oscillation shiit.

The force exerted between m and M is like below

| ' L.
ol -

__ 1 m- M __ 1 mMcosd ol ” 13
F I, R . R (R:radius of earth)  (33)

Table 4. The y-coordinate of the center line of oscillation according to the change of ¢

o) 9 75 60 45 30 15 0
Coordinate of the ' i
center line on .0.03 0.10 0.49 0.77 | 23 .25 | 33
y-axis{ 17t ) | |

L

y—Ccoordinate
of the center line{cm

0.5
y = 1.4745% - 0.168?5
0.8 1 12 4

cosQ

Figure 17. The graph of the center line of oscllation according to the change of o

According to the change of the force (Foy) which makes a magnet oscitlate. the

center line of oscillation changes like Figure 17 above. The shift of the center lhine of

osciliation is related with the force( Feccosd) that is, interaction between Tﬁand m.

and the relationship between them is proportional to each other.
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4-3. The motion of a rolling magnet according to the change of o

When an inclined angle ©=13" , the initial position of a magnet y=-—2Zc¢m and an{-;

angle between the North Magnetic Pole and x-axis(the direction of magnet's movement), -

b=90" . the width of a copper plate is varied from Scm to 8cm increasing lcm each |

interval. In these conditions, the entire motion of a rolling magnet is recorded.

Table 5. The displacement of a magnet according to the change of w

U = DM i == Gom w = Tem w = 8
- _t*(_‘_,)*’ x{cm) f viem) | t{s) | x(cm) | vicm) | t(s) | x(cm) | y(em) i s) | x(cm) y(cm)J
000 ; 00 [ 20 [ 000 | 00 | 20 | 000 | 00 | -20 | 000 | 00 ; -20
037 0 70 ;00 | 037 1 70 § 00 | 053 i 110 ; 00 | 053 | 110 } 00
057 1 135 1 10 [ 060 | 145 1 17 [ 090 1 227 | 17 | 093 | 245 | 19
077 1209 © 01 ;083 225 | 01 | 120 § 330 | -0.1 | 153 | 440 | 00
093 | 265 | -11 | 107 | 309 | -16 | 147 | 415 | -05 } 173 | 500 | -0.2 |
117 | 350 L -0 | 133 1 402 | 00 [ 173 | 505 |} 00 | 193 | 570 | 02 |
137 1 425 1 b1 | 157 | 488 | 1.3 | 220 | 655 | 14 | 250 | 760 | 15
}50 | 485 ¢ 00 | 180 | 570 [ -01 | 263 | 805 | -02 | 283 | 880 | 1.2
1,70 | 555 | -1.1 | 2.00 | 640 | -1.1 | 290 | 890 | 04
197 | 650 | -0.1 | 220 | 71.0 | 00 )
217 { 730 | L1 | 247 | 810 | LI
233 { 790 | 02 | 260 | 870 | 00
260 | 890 | 09 ] |
287 | 980 | 00
120.0 e e s e
e w=5cm
100.0
800
5 600
>
40.0
20.0
0.0
0 2 3 4
t(sec)

Figure 18. The graph of the displacement on the x-axis according to the change of w
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Figure 19. The graph of the displacement on the y-axis according to the change of w

The motions of a rolling magnet on the x-axis are determined by the clectromagnetic
force induced by a magnet and the gravitational force which depends on ©, but the

change of the width of a copper plate hardly affect the motion of it

Table 6. The period of oscillanon according to the change of w

wlcm) 5 6 7 8
T(scc) 0.80 0.97 .30 .57

v =0.0048x - 0.0153
R* = 0.9931

0 200 400 600
w

Figure 20. The graph of penod of oscillation according to the change of w

The motions on the y-axis have a tendency; the period of oscillation increases as the

width of a copper plate becomes longer. From the equation below

_ 3em(m i+in;_g_

AR 3 vy (34)

T 4
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V. Conclusion

The study analyzed the motion of a magnet which rolled down an inclined copper
plate based on the motion equation and the model of eddy currents which were able to
explain the motions on the x-axis and the y-axis rtespectively considering the
compositive effects of gravitational force, frictional force, the electromagnetic forceﬁ
exerted among magnetic dipoles(between a magnet and the magnetic field generated by

eddy current, and between a magnet and earth's magnetic field).

1. The effects of the earth's magnetic ficld and the magnetic field which was generated
by eddy currents were considered as those of magnetic dipoles, and theoretical equations

were set based on the interactions among these magnetic dipoles. Also, the study

examined that the restitution force, F exerted on the v-axis was proportional to *;}%;

2. The study analyzed the motion of a rolling magnet on the x-axis and the y-axis
according to the change of an inclined angle( ©), and calculated the constants in the

motion equation.

3. The study explained and analyzed quantitatively the shift of the center line of

oscillation and that of the phase according to the change of an angle( ¢) between the

x-axis(the direction of magnet's movement) and the North Magnetic Pole which meaned

the interaction between a magnet and the earth's magnetic field.

4. The study examined that the relationship between the period( T) and the width of a

copper plate( 0) is 7T 2o’
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