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Mass-Spring-Damper SYSTEM
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Mass-Spring-Damper SYSTEM

1) F = 46(t)
2)mx =—Kkx —bx + 6(t)
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Electromagnetic induction

Faradays Law of Induction
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Reluctance force ul
R=—
A
_ N2 _ N2
“ L= Req  BeorZ+Rgap+Rptin
i _ HoN? _ poN?
+o ! ;g Agap_g_gl(d_x)
1 B =3
TN T
_Fi — ot e dL ‘LloNzl
1 vagnetic T . .
o ?ll_'_f:"i Magnetic # — T —
[\;“,)l“lm? : J\hﬁ"ﬂi:f“m dx Zg
(a) (b)
Figure 3.6 (a) Relay with movable plunger for Example I 2 d L l’l' 0 N 2 l
3.2 (b) Detail showing air-gap configuration with the F — . p—

plunger partially removed. 2 dx 4 g
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1.82| 3¢

F = 12 2. 1?0 H|z

3. Plunger He|Q} &



COMSOL-PARAMETER
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¥ Parameters

ke

Mame Expression

WC 60[cm]

dc 45[cm]

I 15[cm]

pc 3[cm]

lcoil 10[cm]
dcoil 0.5[cm]

N 5000

Ig 5[cm]

mu 10000

Value

0.6 m
045 m
0,15 m
0.03 m
0.1 m
0.005 m
5000
0.05 m
10000

Description

Core =

Core =0|

Core M =/%0|
Core F0jL}= ZO|
Coil E

Coil &0

Coil &2

Air gap

H| & AHS



3. COMSOL - Geometry

< Geometry 1
Rectangle 1 (1)
Rectangle 2 (r2)

L Difference 1 (dif1)
Rectangle 3 (r3)
Rectangle 4 (<)

| Difference 2 (@if2)
Rectangle 5 (¥5)
Rectangle 6 (%)
Square 1 (sg71)}
Form Union ¢#in)}
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0.5
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0"
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2D-AC/DC-Magnetic Fields -Stationary
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3. COMSOL 5l - Permeability

B = popH B = pop,H

Relative permeability: Relative permeability:

Hr | User defined v| Hr | User defined vl
10000 1 1 a

| Isotropic T | | Isotropic b4 |




3. COMSOL sljM — J F

0 X 0
J. 0 y Ajm? Jo 0
-[*N/(lcoil*dcoll) i "N/ (lcoil*dcoil)

B Ampére's Law 2

@ External Current Density 1
@ External Current Density 2
@ Force Calculation 1




3. COMSOL dl|A-Mesh

4 /5 Mesh 1

Element Size

Calibrate for:

General physics

8 Predefined | Extremely fine

Custom

Free Triangular 1

Settings
g
Free Triangular

& Build Selected B Build All
Label: Free Triangular 1
¥ Domain Selection

Geometric entity level: | Entire geometry

‘ - ‘

Active

b

Elerment Quality Histogram
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4 [l Magnetic Flux Density Norm (mf)
. Surface 1
j| Arrow Surface 1
== Streamline 1

-
A
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-0.15

Surface: Magnetic flux density norm (T
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) Arrow Surface: Magnetic flux density Streamline: Magnetic flux density
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31 - o Wy

HieH . x0f 2 flux data ==

4 & Besults [
4 2t Data Sets
ﬂ:i Study 1/Solution 1 (5o/7)

EHil zof d
Hauaz
A 23
[T |
[~ VIIE‘.f' 5 l_———
4 1% Derived Values
I i :‘E' I
i ) = O —

A, ;;|._-‘.*_~
l || \
fluxdata

- s e 85 :’” 085 m = B e
4 [ Tables B =@ES= Ve BECE
1! Iﬂ L-l.'-'{d a-tal Magnetic flux density, x component (Wh/m) Magnetic flux density, x component (Wb/m) Magnetic f
0.19758 0.19638 0.19465
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HitH - w0l IF2 flux data
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1=10A, x0l| [}Z force data -’ﬁ-%

4 % Derived Values
[ AHAIR}

= O —

| S=AS

—
| (25) force I

H
Lg==)
H
5
mes
[E1%.]
=
w
o
E

0 = = H~

Electromagnetic force, y component (M) Electromagnetic force, y componen
453.90 620.51

Force[N]
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O Force(I=10A)}
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H=
0o

- J%0j H||

x=10cm, 10]| [}£ force data ===

4 % Derived Values

[ HuRts

[ O3 |-_-"‘.:
= =

—
| (22) force |

x=-10
B Y Bes LT E

Electromagnetic force, y component (N) Electromagnetic force, y componen
12.743 50.973

B H-

4\ Figure 1
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3. COMSOL ofj A

1 eore = Hplunger = 10»000(Req i Rgap)
N2 NZ

Req Rcore+Rgap+Rplun
2. Fringing effect & Leakage flux
Agap # 1(d — x)

—Nonlinear function of x

I% dL__'t puoN?1

o F = 12
2

dx 49




3. COMSOL ojj A

Magnetic flux density, x component (Wb/m)
0.24154

Magnetic flux density, x component (Wb/m)
0075883

A
OH
il
R
AR
v

Magnetic flux density, x component (Wb/m)
-0.029932



4. SIMULINK &AM

P D controller

K_sus=30ed,
C_sus=1340;
F_tire=3.4ded;
m_body=2065;
m_wheel=43. 3,
Y=20,
mud=4xpi=10"-7,
g=0.03;

h=0.15;

L=0.15;

MN=5000;
alpha=mulxL*N"2/(2%g);
R=20;
Ce=200;



4. SIMULINK & A

X X system

1) mpxp = —kg(xp — xy) — cs(xp — X)) + F

2) mwx.\./v — _ks(xw o xb) o Cs(x.w o xb) T kt(xw o d)

. . d(L(xp)-1) _ OL(xp) dxp
3)V =Ri+ ” = Ri + Py l-I- L(xb)
dxb
4)N.Bl=L =V
1), 2) : mass, spring, damper system
5)Fr = — HoN” iz 3), 4), 5) : electromagnetic system

4g






4. SIMULINK & A

X PD H|0]7]| & AtE¢t O]+

4 Voltage1 - O X

mYm =M =W ABHOINN) ESTM x|
0 sOP® =-a- b Fa- _ IntegratorAtEA|
O| ™ stepll HE2| MEF S LIS steplf 23S
=, Plunger?| #H| Zi0] MO &2 NE
HEFAH

25 30

=l A Z 212 (T=30.000
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¥ O|2 Z} VS Comsol data

<74 >

uoN?1 1. Core ¥ Plunger?| M E£XI& : o

4g 2. 30| M| Fringing effect FA|



4. SIMULINK &4

£ 7} VS Comsol data

4 Data for block: y1_1/Electric circuit_comsol/2-D Lookup Tablel — O e

€0 HFwW) ESEMH)

1 ookup Taie Fatory1. et et omsol - Lo Tt y1_1/Electric circuit_comsol/2-D Lookup

File Edit Plot Help

nE W ible1

{f Viewing "n-D Laokup Table” black data [T(: ]

cls

Breakpoints Column (1) @ @ @ © ® U] ® © 10)
Row -10 5 -4 -3 -2
[} -10 12743 31858 20389 11468 50873
@ 1235 30875 1976 11115 434
@ 1197.5] 20037 19158 10777 47499
@ 1196.2] 20004 19139 10766 47.847)
(5) 1126 26165 18026 10139 45.064)
(®) 25007 1658 93265 41451
m 25082 16059 90331 40147
(8) 22232 4228 80035 35571 ¢
(9) 81 11584 65161 2896 o
) 15543 omom1  sspes 2482
1) 15543 omom1  sspes 2482 ¢
(12) o 0 o 0
13) -155.13 00281 -S5846 2482
(14) 15513 00281 -S5846  -2482
(15) -1 65161 2806 -
(16) -22232] 80035 35571 4
17) -25092] 16059 90331 40147
118) -25007 1658 93265 41451
(19 28165 18026 10139 45064
20) 2090419139 10766 47847
1) 29937 19159 10777 47899
22) 30875 1976 Am1as| 494
23) 31858 20389 11469 -50973]

Data Type: Row: double ~ Column: double ~ Table: double ~
| Dimension Selector:
Dimensionsze | 23 | 2

Selecta-Dslice | Al v| AN~

x_body

0

L Row breakpoints

Annotations denote column breakpoints
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¥ O|2 Z} VS Comsol data

<Current> <Force> <Displacement>

PID parameter : P=3, D=0.05(Nn=100)
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¥ O|2 Z} VS Comsol data

<Current> <Force> <Displacement>

| @ current_analyticvScomsol - a x| | # force_analyticvScomsol - [m] X 4 displacement_analyticvScomsol
|
| Hee s 27w ABAOM) SeRM w | RO B0 2@ AEAOEQ =8%H ¥ Igm EM EIv) AMEHoEn =8RM
MRICL & |- F@- BRICL |- F@- BEIL G- @
T T L . D L D .

msbEM(analytic) msdEM(analytic)

1 msbEM( comsol 1200 dEM(comsol)
| 0.1

PID parameter : P=6.35, D=0.05(N=100)
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X H| @ 2

Mass, Spring, Damper system

VS

Mass, Spring, Electromagnetic system



4. SIMULINK £ A

s'”"’""“. . ) bOd.r. 4 dijgce]menn
}—O Input source : Z&EA2 2 E(step input)
r :ﬁ::ﬂ Step time : 2sec
| [ )
o Final value : 0.08m

Electric circuitl
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4. displacementT - m} X

m E(j_f) 27lv) AlE30lH E%-DE}(H). > 7d E o — 5 E *P
L@'ﬁ‘:\:}”‘lf :.:___Q_E:H_fbﬂ_ 1' [ ] I — x o x o
CIDIEIE ZE EAGH=E 02t 2SS sUCH X E O L o E A =

HEJ|EH 2zH=0 T=30.000
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X H| @ 2

Mass, Spring, Damper system

VS

Mass, Spring, Damper, Electromagnetic system
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5 H| @ 2
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<Disturbance>

PN 24

!

(sine wave,+0.01m)
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1) L& 2282 E(step input)

4. displacement4 - ] x 4

oEE EM 27w AEHoEN ESTH) o
@ -| 3 ® SO F P




4. SIMULINK &4

2) 4EAE 2 3FO0|(step input2)

4 displacement4 — m] X 4. displacement_msdvSmsdE - O *
oEE =0 E2/w AgolE) =E82H) b o =7 |&elol8p =8®H v
@ - ® Pk =R I R @ - | o- @b MM A%

=H| HE 3|8 T=30.000
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3) =S| E (step size : 0.08m)

4 displacement3 — m] X 4. displacement_msdvSmsdE - O *
odE BM EZ7v) AIEH0lEN) ESTH) b
@ - @ @ P 2-lQA-|E-FA-

disturba

=H| HE 3|8 T=30.000
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4) X2 (Amplitude : 0.01m)

4. displacement_msdvSmsdE

4. displacement3
o QI(F

D 270 AIBHOMH) ESRM

neE 0 2w M0N0 EEEE
@- QP ® - Q- - Fl&-

disturbance

0.005

-0.005

HE 3|8 T=30.000



B B2

overshoot settling time
a2 BE(%) LB E(%)

Electromagnetic system(X) msd—msdEM
System - X 100(%)
Electromagnetic system(O) msd
0.058 -0.058 0.057/-0.073 0.024
Overshoot(m)
0.024 -0.024 0.023/-0.041 0.016
Settling 13.71 13.71 14.02 22.64
time(sec) 8.483 8.483 11.80 21.68
gfioﬁ';’(‘z/:) 58.62 58.62 59.65/43.84 33.33 50.81
el 3813 | 3843 15.83 4.24 19.27
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HE Y HIEH

. Comsol0|M &2 H|O|E{S A8} S M2} O] 24 S ArEoll €2 Euti2 =9

37||_ I:I-E.I-O |_|- _|_|_|-o=|° °|XIoH|:|-

. DamperE H|2|5l0{ BT system2 TS =2 H O{sFX| Z3HC}.

22| disturbance’l YA ML E OGS WL HNHOo = Loj'F mj
maximum overshoot®} settling timeO| E0{= H|&O0

n
ba!
-
o
-
r
——

-l-

Electromagnetic system= A3 = I 2] maximum overshoot®} settling time
2 AI2SIX| %S I BCf W@AX™Mo 2 7+ZF 50.81%, 19.27%7F S0{SQC}.
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