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Researches on Integrated Development Platform forgbDesf

Controller using RecurDyn and SIMULINK

Chang-Woo Hong

Department of Mechanical Engineering,
Graduate School,

Pukyong National University

ABSTRACT

This paper proposes a platform that is to effidjertesign a controller using
RecurDyn (Multi-body dynamic analysis software) an8IMULINK. The
proposed platform consists of two parts. One isntodel the plant's dynamic
property using ‘RecurDyn analysis tool. The other cintroller design using
SIMULINK. We can-implement._with co-simulation «thiglu the combination of
RecurDyn and SIMULINK. This_platform enables us tesign a controller
quickly and efficiently than using only 'Matlab' rétugh the adaptation of
RecurDyn that calculate precisely the plant's dyinaproperty. In this paper, a
control target is Inverted Pendulum System and Tudheel Robot. The
proposed platform has been verified through theigdeprocess for the PID and

Fuzzy controller and the implementation.
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T, ALY 5) o )P Edy 2 A3 IS
HAgstA F3 &g Fo9UE moduleibﬂ 7+%  Roller,
Guide %! sheet datas Zﬂ—;ﬂé}i Ao EA e we} 7bzte]
module 24 MTT 2D =& 3D Toolkits 1=

43t Sheet 9} 7t 7]? Abolo] 2H&-3t+= F Z(contact)
dA4e Asoz A 4F oF FF AHAA AFY
M W7e] gol

MTT 2D, 3D Toolkit & Sheet®] Jam @4 A7 2
717 H493%2A EA3 Roller ¢+ Guide, Belt 59
AA R 5 84 AA o8& b

MTT- 3D4 74%- Nodal Forc& o]&3t Xt} * 33l Sheet
2ddgS 715EA sle 84 A Y
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A3 2R 9% =d

e

=dAe 5 MY ZHFS ol &t AAE A7 ds HF
< 93 1A= Inverted Pendulum System (IR$) IPSE $&

Two Wheel Robot (TWRY Control Plan2 A A3tth. IPSY] Aol Ex&
Ay A AAE Fd FHE FASE ASE Cartd] o] oz A
ojxo] Xth. 2Af+= TWRE IPSE 83 2R o2 7179 Wheel] %

of oja) ZRo] AAZE Ale] B
3. 1 Mathematical Modeling

i = IPSe 22/ = TWRE <=t =wdla (Mathematical Modelingy
T8 (Newton)e] A2H = o] wiErS &= 78 &9 sH(Newtonian mechanicg) 2} ol
YxZldel ves & 223X WA 2l(Lagrang's equationgyH o2 +& I
ik, e else Al ZAigid bodypl Agehs Folu mrlEe) ol
AAZ AAE SR R bEmd Mddeks FHel A28HE A

Hzol 2214 Zide]l W&g W, u-2 A (multi-body) F<ste] Aol A

Aot A Apolel g3t F4 2 (constraint forcey U Dol Axtstodol stk
= @iol ok el oA A2 AlAES FEste durstE R

A BANCZRE e Ads =87 W =24 MdL 7wy

A

W Baaia gAY F5Ee ddol AeA gobw Frke Aol ek
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3. 1. 1 Lagrang’s equations

X i (3.1)

4714 G wdjel 248 vehgn G 9 2 wE @

BA

o

LRI}

e #Ajd 249 Torqueelw L & =A<t &4 (Lagrangian function)

2 L=K-P=2 B 99 K & P £ £50Uxg 9AdiAS

P =mgh (3.2)
2B.2)s FaFA Lt FFo] A A FYsd Y 2o
— _ — 1 1 I
L=K-F= Emv + — P8 —mgh (3.3)

6 2 UEF FE 7 Hol 4 @1 Lol AYdw 4= v

Al Al g wistd #wdjel] 28E Torques 7+ + 3
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3. 1. 2 X IPS2 Mathematical Modeling

Fig. 3. 1 IPS

Fig. 3. 12 IPSS UelllH 747} e] parameteg Table. 3. | el 3l

Table. 3. 1 The parameters of IPS

symbol , paramet unit
M mass of Cart kg
m mass of Pendulum kg
U Input Torque N
T distance mm
0 angular distance degree
l Pendulum length mm

IPS= Carte] X A 53 Pendulun®] FATA A me

Jo

A
ol
of

HeFel WE £FAUA Ko SNlUx PE 7tk me #A%

il

(z,, y)E @3t Felstd ofefo} 2ok
xr, = x +1sinf

y, = lcost (3.4)
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K9} P=
) ) 2 Ve

P=mgy, =mglcosd (3.5)

A7z, oy, &

3£g=;c+lécost9

Y, =—l(§’sir16’ (3.6)

21(3.5)1 (3.6} HAAA HstA =H

K :%[M(;C)ZH %m[(;ﬁlé’ cos )’ +(—lé sin 6)’ |

=%[M(3.c)2]+%m(x2+2;célcos9+lzt92) 3.7)

_ %[(M+ m)x? ]+ %m(Q;cé lcosO+1° 60"~ mglsing

zet O] g BagA Y-S FaA HE o 2ok



Aol N T 4L

(M + m);Jr chosQé —mlB’sinf=1

micosGx—ml siné’;céerlz :9-7 mgi sin 6=0

Pendulune]

drL

= micos 63;;+m32é

@ . Jdx
ax @
ax
oL dL
o6 aé
dl.

e siA =W ot ZH.

A3 =H® O olF e

M +m)x +ml0 =7

m;+m15—mg9=0

(M + m)x+ micos 86

- = mglsing - i xOsin 6

(3.10)

e Xe (20,2 012 Zostd AEwgAe T Hw gen 2t

= Ar+ Bu
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0 0 1 0] 0

0 0 0 1 0
A: . B:

0 —mg/M 0 0 1/ M

0 Memg/M 0 0]  |-UM

3. 2 ¥} Inverted Pendulum System® 9l

A= IPSO] thdh d7Z23= As7tA B2 A7 Z237F »e e

Aol a5 Ae HEEE f8 da ol8=3 3= Control Plant o]

oty gt AAE BFMY EFHFS T E&Ho)a WE Aoy AAE =
Ao g st Atk wepA AA EZek IPSS] 2] @& RecurDyn Took ©] &
slo] 7taEl A =de de L + duh. Fig. 3. 2= RecurDyn Toog ©]

43} Inverted Pendulum Systetn Y ELTE X(+X, -X)=2] 3t Wgke] o]lF A

S Zte IAHFE Alage g AR(Pendulumy] zEA| Ao <} Carte] ¢ X] A o
£ 50w FAHU - Pendulun®] AHAl Ao S fel FFH A= Cart

¢} sampling 7] vt} AAE 53 SHH X+ Pendulun®] Z=(0) Z

=(f)= Output paramete 474, Pendulunt] #AAZ 93 TE=

x

Torque A &2 Input parametel) AAH o2 =dd 3t} Input parameted
Output parameter MATLAB SIMULINK ¢} RecurDyn Control Toolbox ]
Co-Simulatiors: &3] A&l % A 75 <k sampling 5=7] vlt} feedback 5 o] X =

valuesojt}. IPSe] mdld Hxl= ol o} Zo] M RS2 YyE F Ub.
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Fig. 3.-2 The modeling of Inverted PendulumSysten

3. 2. 1 PenduumzAE& $3 Cat =2

Fig. 3. 3= Carte] 3$+% wheel shaftol] A* ¥ Fresena  (Rotational Axial

Force)®> UEl 1 lth. Rotational Axial Force Cartl = o2& Torque

Z4 MATLAB SIMULINK oA A2F=] o] Co-Simulatiors %3l (g€ =&
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Zroltk. o] & RecurDyn Control Toolbox 4

QY goz HAT

Pendulun®] =4l ¢} Carte] =]l oja] A4ts o] .

fig. 3. 3 The modeling of Cart

3. 2. 2 PenduumzZ}=(9)2 Z+& % (6)¢k Cate] 9] ]

Fig. 3. 4= simulation A] 7F5<te] Pendulun®] z%(0)2 Zl‘i‘—E(é)B] F{eus

BA

Carte] 91 s

A

%

ol

71 ¢l 3h *.z;ixé%aeumie (Revolute Joint3} M%k_.;r
(Markerys Jeb L Q1T

32
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Fig. 3. 4 The Markers of Pendulumand Car

& Cartll &3+ Marker@ Z=2 29 ZIEH 3l glo] XFo0=2 22 9

rl

Aol 24 ®E base Markefl gk FoiFed 93 @Rt WG 2 @<

o

Penduluml] &£3t= Marker®2 X< Pendulun®] Carte} AZ= o] do] ®Y

10_

Markere] ¢ x]oll tfgl zto] 2 glom ZFOo =2 & 7| & WE 4%

H3lE 713t 23" A4:(0)2 44 %2(0)= RecurDyn Control Toolboy

)

=8 o2 MATLAB SIMULINK ol feedback® o] Ao} ~7]el A Torques A

Aase 48 gol B
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3. 2. 3 Cart wheept] +&x4

>

Fig. 3. 5= Cart Wheel} A H 2} &0 CinderTo (Contact)s: el T
IPSe] Carte= 471¢] Wheelz +AF o] o Zhze] Wheele AW o] w

Zol o] dFS 7AA Ee ofF AL Foz FHEAA Slp @S A

Fig. 3. 5 The contactof wheelsof Car
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3. 3 A% Two Wheel Robot =9 &

& Segwagls AAY nEFTdo=z
FEH7F FWdE BFHi vk Gyrod] A& ol&ste] HFFZE FAS

L AREARS] A AA gL dE AFEH ERol9 VErE S48t A

Fig. 3. 6 Segwa

2 =% Control Plang A Alsla &

N

A% Two Wheel Robot
Al 270 9] Wheels: B3 tA wjx|sle] 20| @S Fom olss & F

JE FZE HIUu. Aol s 3o Segway e v Zol7t 3l

Al

rF
H

Zdge AAAIS} BF o) E 4o dold fA1F Wel ek,

hi
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- — - - - -
¥ r

N e S

1

e v s

Fig. 3. 7> RecurDyrS ©]&3}e] mdlgy 3 22#%= Two Wheel Robog
ez e IXF% IPSE &83 Control Plantltt. 1A /% IPS=

Cart Wheep] T+ wlg} Pendulun®] AHA S Ao 3 Aolx 2x4H%= TWR
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rlo

RS FAAstE 2719 Wheels A 2jg AA7F 1A% PSS Pendulum

TWRE 5ol 24559 FP4S 74AD gor 2o 2R 23

% AME Tt AheES Y & F A= AsE Mobile 2H o2 A9

18
]
o
]
>
¥
e
]
i)
K
o
M
flo
>~

FgA7h A4 Aolshe Segway sl

B =Rt TWRS %53 Mobile 2202/ AFRTE I4FE
PSS $83te] 2 ARES BFHE 1 F JE 22 AE 5

T EAEFS olEdte wExn fszor AAste Ad FHS FAS

Fig. 3. 8 The modeling of Wheel par
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Fig. 3. 8 TWRe] AHAlAIol ¢} o] 5A o] #AHE Torquert AgH= 55

2 Yl Ut Wheelt 23 o] JdZA5E shafvl H?’l' (Rotational Axial
Force) 7} A= 0o] Qi o] AL ¢} Zo] RecurDyn Control ToolboX A
Input parameteE 4 A =l o] Co-Simulation =4 ol A} A 2k5 o} 2T}, ¥z Wheel
2d8 stglen ¢E niF e SyHE &5 IHATAEY

=
A3tz wrekAsle)] Qo] o] 47)9] wheele FAE Cartlt) 73S AUt

— e o e e o o e e e o e e o e e = ol

Fig. 3. 9 The contactof wheelsof TWR

%
Fig. 3. 9= TWRe] wheebl #8® T%xd spoel (Contactg WL
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wheel ©] T35 Slo] AWAE Slip A4S a7 Al TWR Aojo] g
A A e obF AL por FEHEXAS HAAAT. AFE IPSY F5e
471 2] wheebll ContacE& A4 3s}7] wiiEol Analysiss 3ol o] 2xfF%= TWR

woh A @o] ol Alzke] © 2a®Th

3. 3. 3 CAD Interface . 2@ &

o,
of
=2
ol
L
<
o

Fig. 3. 10} Fig. 3. 11 RecurDyn Tool ¢] Analysis &

CAD Interfaces ™ 3s}7] 918 1 o]t}

Fig. 3. 10 Imported model in RecurDy1

Fig. 3. 16 RecurDyn TooHl A Import 171 29S8 el AA] 2k

e EdYS oA Hd B 9 45 3 B AFeld ¥4 w2
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= oA 2d" AYE AAr He " ®MARZFo AZ F e

Fig. 3. 11 3D modelin CAD Tool

Fig. 3. 12} Fig. 3. 13> RecurDyr#} CAD Tooldl A Ael® 3D modeb]

Physical Propert# uEelditt. CAD Interface 7152 %3] Import &

4z
i
flo

CAD Toolo] €1z Itz E4S A st 2dd & + o
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Properties of Cart [ Current Unit : N/kg/mm/sec/deg 1

General | Graphic Praperty | Origin & Orientation  Body ]

Material Input Type
Mass |05 Py
x5 [5ap 14 Pyl g Pyl
vy [334 404 Pul bz o Pyl
2z [1245 Pullze o Pyl
Center Marker Ch |
Inertia Marker Create | |
Initial Condition Initial Melocity |

Scope 1 =0 ez |

Fig. 3. 12 The Propertiesof Cart in RecurDy1

] cart.ipt 54

2or | ger | =ZEEE| &M | AR B3R

THE M)

=] 5-6061 ~] | iy
LE(D) B () szecsE |
[ 2710E-006 { ka/i mm=3 ) [H2 &5 |

S2H E4-

2K S) 0EDky & x| 0,041 mm

HE(RY | T5IE004 mm™2 v 0.075 mm
H=E( | 1, 916E+004 mim™3 - | Z 24,250 mm
Zhd Ed-
=B EWE(ED
= QHE
11 |592, 146 kg mm™ 12 |934,404 kg mm™ 13 [1.245E+003 kg rm

= HHEZZ A

R | 0,06 deg Ry | 0,04 deg Rz -0,07 deg

=APERIEINAIEE 28 E= HEHE 20l BHEEEIA SSLICH

[E] == 1 == | |
Fig. 3. 13 The propertiesof Cart in CAD Tool
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Al 4 % Fuzzy Controller

4. 1 Fuzzy Theory

Fig. 4. 1 & x| o2& fwHstes HA AF(Fuzzy set), §A =g

(Fuzzy logic), 3 A] 4=(Fuzzy numbefE }E}A T
HA JFL Aol guist Jid e A B e e S HTFH

o2 ueir] A% FRAEeR HHelrY 27 o2tk sEe 3

o Fy AR Aelol EASE FE AYe s, 2 F1A A

&, e AR 2P g o

)
il
e
N
N,
4>
ofo
ol
o
=
¥o,
0
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AuPFAE @ kel 2%k iR

i
dpx
of
ol
Ir
+
dpx
ol
)

4
Is
i
3%
=2

AgsA ek Wk azt AAYE A

dr
M
N,
ol
e
=)
s}

il
|
oX,
i
¥
=

dE ol &sted 5 2ol el &+ Ut
C:A—>{0,1} (& beacd C(b)=1,b&acd C,(b)=0)

G (b) =19 gmE b7t a9 929< dehix, G (b) =0 o gne

b7} as) 927t obd e e,

wEel, WA PEe AP PEAQD 2T sFVoh. dwAd 4G
3ogo] Rk Al HAY E£8HA X T A Fo vz 239
A g3 G (0] Aole] AF g WM (LE) A= e Ak

as A9 HA FEFHF e HA FHolg ot A7IAM pas HA

A 3t W4 g4 (Membership functiod} 3Hch. w12 A ghe] wWwi4

)
SuA F92A 0% 12 ETFHAW, 7 Fel Y& oy A4 e
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st AL It HASA Z@EGL St ofF A% I HASFU =
F e Aol ofya tgo A JHA 21S wEdokdtt

- &2 Z(convex)

- A 3F(normal)

- pa(a& gt FEA A

APy

e Ae olRd oushl EdAHE FdESLANE 1 FAGL
A B 1 FAg T FE WoldFE AEPEI} HhARS E

el Folof ot metA 253 RFo 2 yehfoltk dta, E53 FE0|

3 sy EAEE S a3 b olete Arid Bl TFHTRE S
97 dgind se g s 24 goldl mEol 4 gl £54E

= 1o] Fojof 3}, o] & RIFA|717] 9slid A R o] Gtolojof .

3 ovMAgeR 2347 A%HA Gn ZolAA HY & oF

4
AC)

BRol ol@ e Ui ZRESA HER 2GS NFoE £5F

SE dololof @,

4. 2 Fuzzy Control

o

o =
= =23

A Aot WA olge FEEZA A7ke] A A4 7

_:

st= Ao daglgs AAste AH Ao WHoem FHo FohHd d

an

o og Aol WAT tEA A7 AEAL mAF Aol wAol.

Zadeh = 1968d0] T#3 ‘A daF ol =wolA HA daE



Ao, HE <14, Al2~= ZA(Identification), 1 F A%, A2 A (decision
making) 5ol A& 2 F Jdtia A&ty FHYzg A" FAHQ
AzE)ol AT 553 Axe] Es(complex) Al 2~HS HF37] 93

>,
[>
i)
o
)
offt
2
=
ol
2
o
[«
o
K
o
=)
N

b de 71se] Brlssith
E Aolth. AFFS 7steln i Ayl Bde] wfol meinlg $7}
e AAA Hi, 2RgE 2do] Hol AL, wata o A urF
nd.o Az el (quantitative) TAHA A AN

(qualitativeyd o] = t}.

4. 3 Fuzzy Inference System

Fuzzy Rule base

Fuzzified
. values

Fuzzification * ==

Fuzzified
values

— uzzification
Inference engine

Plant response Control input

Control Plant

Fig. 4. 2 Fuzzy Inference Systen
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H
N
4
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>
>
i)
’_T_I
c

N

N
<

3
@

D

>

(@)

@

0]
<

24
S
kY
iul
Y

ooWA FE A2 AE FAH A2d mdYel JdHAE T U
[e3]

B 4 ogle Bgedx @ 49 =04 9t adn 23 Azde

Table. 4. 1 The parameters of IPS

T W&
B A F-THEN 773 & A 743kt}.
Rule
base -IF(antecedent)
Fuzzy -THEN(consequent)
Rule Data B A R AR EHE HA HE
base base LRSS We Bt
Inference f
H}E} O =29 33}
S Fuzzy Rule basg nlgte =z = Y sk o}
P Plant] <=5 #ts dge= wop o
Fuzzfficggion (linguistic valuepll t-&-== ®H 4 gk AlxHsith
g FES Tl 2o HA =¥S Plant]
T 5 =
Defuzzegion Control input valug A 2F3sic},

A F2 Azge WA F2 % AsHE FHY FH w3714

o
ol
fuj
i
2
T,
3
g
i)
oo
i3
i
i)
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IF xis Aand yis B, THEN z is ¢

4714, A, B A FJe, ¢ A,

W So] AbgHEd A F44(Center of gravity method)d o= 3
7 (Mean of maxima method)z ) ] (Max criterion Method}-©] $J
Th o] WS Mamdani +EHol2t ek A 1] FEHl= o 2o
IF xis Aand yis B, THEN z is C
o714, A, B, C:HA FJ&,

X,y AN R, ZSERET R

3 - Takagi-Sugenos] A] 7f =

I~

D7 #FHe 29e 929 useg ARen AAHA gL 2
2 ook WA FHe FH: thed 2k

FHe) 299 FFATO

IF xis Aand yis B, THEN z is ax+by+c
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e Ty Mgt WA EFeIAF)SE Folth wet e & ul

L oele) Qe a, bl H@ 2t A AP gen 2o

RS AUE o= p,(a) A (b)
(A%} Bl W@ A¥E 2 e @ A9 => maxmin2g 2
ol

CRA2 Bl TR AYEE /2R 2 FHe FEARE TaTh
L BALNA TR ARES SRR S gHel Wil 4749 FH
FeA%s 7otk

R R2EZYN: pu, (2)=@np,(z), V,€Z
1A T3 g3 Co a&3s & 5 A2 Fd(min)s HI o)

il
-U
&
v

s TA3 4 7 FEAFRZFYH FHFHA FE2A7
; O] A FllA 4 oA FIlRA & FolA VY & gk(max)ys FH sk
s (2)=p, v i, (2)

« G414 : Defuzzificatiors =3l Plantl] Al & 7} E= 3},
; GAIZS B Fo FEZAAE HA Aot <ubHRl Planbl A H A
ol old AFFs ez A HWE o HA HIEES HFHAI

(Defuzzification) A| A A 43k T3 oF S

Sl M AW kA WHS Abgsd B AE @ A ges 7 T
At
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4. 4 Application : Fuzzy Control

=

2 FoAE Fuzzy Control 2318 ES 3744 =2dy 3 1IA4%
Inverted Pendulum Systef 22}-+% Two Wheel Robot]l 2 &A1#A Aol A
To AT FF NIE FHAES Ivte g AAE Aor|E ©]&3

Co-Simulatiors 43} 3} A tt.
4. 4. 1 % Inverted Pendulum System

Fig. 4. 3 3 4. 4= SIMULINK “}ol]A Fuzzy Controller ¢ load ¥
RecurDyn Plant Block- }E}lWdlti. RecurDyn Plant BlocR RecurDyn Toohl
A Al-&3F= Control Toolboxe 53 load & librarye]t}. Fuzzy ControlleE
Fuzzy Inference Systefn o] &3l T3 sl

Fuzzy Controllels RecurDyn Plant Blockl4 =% ¥ Pendulung] 0} 0 <
A& Fgo =z dol Fuzzy Inference Systefa 53l Torquegrks A4Skt Al
¥ Torque= RecurDyn Plant:BlocK] & =¢] Pendulun®] Zt=Z= A o3} A
H1 o7 wAstE W@ 2t45x5(@0)7F ©A] Fuzzy Controlles] ¢

4 gkel HEo] At £@ F5L AXNDA
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5] fuzzy_conirol

File
0

=EHE

Edit  Wiew Simulation  Format Tools  Help

o »

4 Mormal = || B g [ %

REE @

Ready

N
7 RecurDyn
Plant

Fuzzy Inference System

~

Fecurlyn Plant Blod:

“ ang_dis

ang_wel

-

car_dis

=

[0

YA

—]

cart_wvel

odedh

Fig. 4. 3 Fuzzy Controller

=] fuzzy_conirol/Fuzzy Inference System

File Edit Miew Simulation Format Tools  Help

B=1E3

D\EHS| .o 2y el

|Marmal . ||

EI

theta Tr_de |' E E 'j

theta_dot Tr ded Fuzzy Lagic
- Controller

with Rulewiewmer

distance Tr de?

welocity

Ready

1007

odedb

Outd

Torque

Fig. 4. 4 Fuzzy Inference Systen
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MATLAB

Defuzzification (1)

SIMULINK
RecurDyn analysis
Fuzzy controller R e
RecurDyn Plant Block 1
1
If & isNB and If ¢ is PB, then T is PS :
. |
o ——— L] |
I
0 (=) :

Fig. 4. 5 Processof Co-Simulatiol

It is NB and If & is PB, then 7 is PS

Defuzzification (1)

Fig. 4. 6 Processof Fuzzy Inference
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Fig. 4. 5= Co-simulation 23 #}4& YelH, Fig. 4. 62 4. 49] Fuzzy

Inference %3¢ ettt Q&= data ¢, )¢ ¥ A 3}(Fuzzification)g 7
A 2% AZE Yegdle 9@y (Membership  functiong 3kl
IF-THEN 3o <93 =2 348 AxA A= dataS Mamdani ¥ o2
v] 9 %] 3}(Defuzzification*] /1 Fuzzy Controlleg] =32 k< TorqueE A 4+Hsh
=3

ol &9 A A Control Toolboxll A 4743+ Input Values <} Output
Values’t A4FE]o]  Co-Simulatiorr] 285+ S sampling A 7kebch
feedbacke] ] Pendulun®] ##| S #|o]3}a RecurDyn Plant Block] analysist

MATLAB SIMULINK | A 37 A &# o] = o} RecurDynd Tootl A |33}

1

= animatiors %3] Pendulung} #AAE &2l &

F A7) W& B w=
3 §8249% %2 Fuzzy Controllee 24 & <7} 0.

Fig. 4. PlA 4. 9= Pendulun®] ZE=E &0 5 7] AejdlA
Fuzzy Controf &3 datee] 23 ¢S5 YEWI doh. WA Torque ats 4
HEWH 0 Az e A AloJE f8 0S VIFEo R st wEF

) e FASIH 258s olFRHe 719 dHI FeE IFs e & F
il
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Torque

angular (displacement and velocity) [rad], [rad/s]

x100

0.750

0.500

0.250

0.000

-0.250

-0.500

-0.750

Inverted Pendulum System

N — Value - Torque |

0.000

x10°

0.250

0.150

0.050

-0.050

-0.150

-0.250

-0.350

0.666 1.333 2.000 2666 3.333 4.000
Time

Fig. 4. 7_ Torque (Left direction’

Inverted Pendulum System

—— PlantOutput1-angular displacement

—— PlantOutput2-angular velocity

0.000

0.666 1.333 2.000 2.666 3.333 4.000
Time

Fig. 4. 8 angular (displacemeniand velocity) (Left direction’
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Cart's {displacement and velocity)

Torque

0.250

0.000

-0.250

-0.500

-0.750

-1.000

-1.250

1.600

1.200

0.800

0400

0.000

-0.400

-0.800

Inverted Pendulum System

—— PlantOutput3-Cart's displacement
—— PlantOutputd-Cart's velocity
| 1 1 | 1
0.000 0.666 1.333 2.000 2.666 3.332 4.000
Time
Fig. 4. 9 Cart's displacemeniand velocity (Left direction
Inverted Pendulum System
—— Value - Torque |
I I I I \
0.000 0.666 1.333 2.000 2.666 3.333 4.000
Time

Fig. 4. 10 Torque (Right direction
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angular (displacement and velocity) [rad], [rad/s]

Cart's (displacement and velocity)

x10° Inverted Pendulum System
0.400

—— PlantOutput1-angular displacement
—— PlantOutput2-angular velocity

0.300 —

0.200 —

0.100

0.000

-0.100 —

-0.200 ' ‘ ‘ L ‘
0.000 0.666 1.333 2.000 2666 3333

Time

Fig. 4. 11 angular (displacemerand velocity) (Right direction

Inverted Pendulum System
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Al 5 A PID Controller

5.1 PID Control
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Left and Right Torques
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Left and Right Torques
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