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Abstract

This paper is to study the control of an inverted pendulum. Which is a
good example of nonlinear unstable process. The process to be controlled is an
inverted pendulumn hinged on a movable carriage. The pendulum movement is
limited only on a single plane in the direction of the carmriage movement. The

carriage is installed on a straight rail and driven by a small dc motor.

The studies include a process modeling that results to state equation,
measuring the model parameters, building a motor driver circuit, designing,
simulating and building the controller. The controller utilized is a Linear Quadratic
Regulator (LQR) with Reduce Order Estimator, measurement only two states and

other two states were estimated. Using MATLAB was for designing and simalating.

The designed controller was built and tested on inverted pendulum. The

complete control system works satisfactory with sufficient stability.
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Wo O 1T positive-definite (W38 positive-semidefinite) Hermitian matrix %39
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half plane) %38 LHP Wawunuaainisf (18) adbuaamsit (20) azlé
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(A—BK) P+ P(A4—BK)=—(Q+ K RK) (22)

Cada &

v a6 G a o a6 o L. L Gu v
MHFINT (A — BK) WG nIEDasmw esns P i positive definite Fitfayin sy

AuMsh (22) \Uuada

Sumausinliife wemeaneing £ amEunan (22) Janqiuldiasinesnd P
snnimieRn s e siuets Ssmuilefosmwiasiineing £ fasiuduaiiv
rumaiueds  Tfmnnanan  SusmaeeLTessImshussnineing P 7y
positive definite Winadidninidssuufiaiesnw wednd P fduiivi e aiuese

Al positive definite fidanl

AruenaiianEssanuy (performance index, J) @snsomisann

J =[50+ K RK)xdt = —x" x|y = —x" () Px(20) + " (0) Px(0)

oD 8

lnas@ W eigenvalues 4 (4 - BK) wndhiiandiuaiauan agld x(w) >0 &

i aglet
*
J=x (0)Px(0) (23)
Mty quadratic optimal control iazsiumsdesioldil e R
ﬁ}l}gﬁiﬁrﬂu positive definite Hermitian matrix 30 real symmetric matrix t§A150
el
R=T'T
o 7 P nonsingular matrix favis @M (22) asnandendnsd I
* x ¥ * %
(A" =K "B YP+ P(A—BK)+Q+K T TK =0
Feensndoulna i
A P4 PA[TK —(THY ' B P ITK —(T") ' B P}~ PBR'B" P+ 0 =0

I ‘q_/ o §u [ L. . !
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SNTK - BTk - (7T B P x
wasgorny bnaduasdealifueay fuluelauiigafaosud asld

TK =(T")7'B"p

K=R!B"P (24)

ANMTH (24) ayly optimal feedback gain matrix, K ®3%iu optimal control law #
iy quadratic optimal control problem 38 performance index ﬁLLaNﬂLuﬂNm‘iﬁ 21

= a v l LY 3
UL LRYHANNENNUD L{J%

u(t) = —Kx(t) = —R'B" Px(1)
weBng P luanmsn (24) %ﬁaaaa“imﬂﬁﬁaﬂmﬁmﬁuﬁmwﬁ (22) M%aamgﬂlﬁ
i

AP+ PA-PBR'B'P+0=0 (25)

UMY (25) ‘58N reduced matrix Riccati equation

Tusumsannuu Wudsia Ui
[ a A X X X K A 6
- WNENMSY (25) @8 reduced matrix Riccati equation alfwesng P
a 6 a v ooy a ¢ A G )
WLHGENG P adluaNmat {24) wirarldwedng K Fadu optimal feedback

gain matrix

Semmenerasnmuguasnan danms s mds gr T MATLAB lawl¥ stare
Y o
welghting 89 Q = diag(200,500,1,1) Hat control weighting 98¢ R =10 azldnadng

IRTLENY Fio
K =[-44721 -140003 -47620 -27223]

InavasssuguiiedmSudnneneiiie  -534569, 126610, ~19675+12395;  way

C19675-12395; WaGRUAUDIMINMURsTEIvazLaed FulusiT 4 Seszuuasd settling
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time s 2 Tl wassunTaguanauduameduwn 1K 5 Felleduwngaae

Usvanow 25 Volts

Time response of inverted pendulum

05 T ! RN T R

Somtommrnns 51230 {134919)
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1 i i _ i i
0 05 1 1.5 2 25 3

&1 ()

5111 4 W#AY Impulse response 299 GUMRILBIGITN UATAHYRIGNAN

N1500NUUVLDFGTININS

saugndnnduAinsonluunenailll 4 sen wiieeiwndins 2 sam fai 5
SasmeUssanEsmi s Fa3unh reduced order estimator FWSUBENLULIAERISIAES
(estimator) msmmmmmimmadLLmQﬂG'jNLLawhmeﬂuadm"’;-m%’ R DTRE St Rt

Fie 2 sam i Ao anailunsunisasgndy wazemmidtlumaeReunaassisn

ATM3184 reduced order estimator L%NI@S.IM?W linear transformation YaJEGYI

z=Tx, o dim(Ty=(n-myxn U dim(z) =(n-m)x1
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a o Y C . v
dla n=4a,m=2 way T Jwsedndlas amly £ = {T} 1 nonsingular LaLiMLG

EN =[P M| rank(C) = m nvintuans ¥ ouay z avle

ayler

x _Er{j =[P M]{ﬂ = PY+ M:z

Control signal versus time

5 T ] T T T
HT3TISRE USRS R TS M —
nas .
A
20 S S R S S :
25 1 | i 1 L
0 0.5 1 1.5 2 2.5 3

1987 A1)

a o ‘li-lu [ o
‘ESJYI 5 WA Impulse response uausfiilaw UNUGNANKNNNYK

siplUilama@iunaig full order observer 203 z (§ifi709 observer = ey z =

11— M) G IERISDENSUSEEN MY X AN
$=PY+ M (26)

Wo 2 atumsdstanenans z
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Fotu mavszanmaenas x yhidlaemaoueing £ eaudhdemdiuaamsaen

Ex = EAx + FBu

UYUMTDY X uay £ 505\1@'{

S lcl Jry [c¢ C C y] [¢C
Ex = X = = Ax+| |Bu= A[P A/I] + Bu
T z T A T z T
Sk agle
v| [cap camy] [CB Ay AR Y] I8
= + u= + u
Z TAP TAM z TB A2l A22 z Bz
a w & v
FUMIWBUAUT B8 Z ayle

= A222+ (A21Y+ lel)

-

Lﬂﬂ?NﬁﬂLm‘HﬂlVﬂad Z (S’AEJ z LLGL"S’ANLWE}N“B@J@’NNa@]wa?@]k‘ﬁ?\lﬂaﬁEJ
2= Ay +( Aoy Y + Byu)+ L(Y = C%) (27)

wasfiogmelwaiuusnidumasien anfudunmresdisuannien smmanfiogne
9 & i a H . 6w a v ' =
linadufisasiumenutluanufiowaadivh feafewmesnsiyssnmeiiatiosnm ay

Finldanh [P M| Sughnndiu (inverse) 909 £ agldl CP =1 uay CM =0 @i

Y- CR=Y—C(PY+ M5)=Y CPY-CMé=Y-¥-0=0

v oA e v . X ' a o & My

Sufinsaudmariuuil - dmsavenudlsenudemmaduguddolslldihmaunlase
fhdfoundullgmseuaauan classical control aniulsiimnsesufiarmstlowndudoow
wiifissathafenlld  metlouwndudueiwnaiuominfeaewiyeaszdiowsiinm

wlsannAenaale

Fotw  avmwwaadlsenafianmadpeyiutraseniiimsia  laeazldams

mgﬁu%‘uad Y NANMIVRIMTHIMUITYUY (transformed system equation)
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Y:A”Y+A122+Blu (28)

' v '
Ay o w Al

maunlavhldlaometheBnaiseviaineaassunsn (28) MDLMWALIT N

U
2

g \ 2 A ] F A 'S ) . s )
s z ene 3 gems vestiflwawivmanssinyssnnen dwiiimuaslumosud
laanufianamafias iy n-m ae

2= Aypi+(Ay Y+ Byu)+ L(Y ~ A Y - Biu— Ay ) (29)

H ‘ \l SLL G o s v.\l a Mo N [

Fumausialazusasliiui shilssnasvimsunlsanaianmaldocals Taadas
a 6% v | ' N 2 12 A a o ] '
Rgilidiun amssenslenmesadilndeuddiafiouiunm  faflumsasasauheany
Aemaarasszunasiiafiusnm losmssusumsauinians 2 eananaumsauiutyes 2
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