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ABSTRACT

This thesis presents the hybrid PD - servo state feedback scheme in swinging up and
stabilizing the inverted pendulum on cart system. PD controller designed by root locus technique
for cart position control is employed in swinging up procedure while the state feedback servo
controller designed by pole placement technique is used to stabilize the pendulum at the upright
position. The experimental results verify effectiveness of the proposed control scheme in

attracting the pendulum angle to the upright position and maintaining it.
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. Interfaces

A {57/ .
7> Rotary Encoder 2}& Encoder ‘ |
fm 2 s Interface —»
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7 'W/Xf(/f///

' oo

.
| Motor
! Driver

| IR SN |

Inverted Pendulum on Cart —

|
‘.\\\ w il |
|

1 Controller
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ANHMUIBITD YANAADIDUNIBDS MINUGAUTUTOUARIAIFIN 2.2

U 2.2 gAnAaBIB B NINURANLLIT

2.1.2 ALY
<y (a; = c!a‘ 7 r-‘? 3/
TUsunTUADNNNABS N1IUAINNAI5Y (real-time - program) FINAUIVUAIY
= ) o = g o a
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a iy o o A qu w A
Ay unes Manuafinaunie lsidudnivguugaslunianuin v) Tasildsunsy
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2 masnvesudoamu (kg /sec)
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¥
A9 YUITHNUNUYANNVUNIAUAY (rad)
A
f

9 AUNUIVOITD (m)

=

Ao usaililisaandeun (V)

~
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L(q.9)=7(4.9)-¥(4:9) 2.1)
Taui L defdwiumsainsneg

=4

&
g foiinaital vass sy
¥
AOWE I TR AU NINUAYRITS LY

T a
Vo AeNaInuinds i anuaveIs LUl

vniiana 119 vessrur g tazdaduiumInIng 198 L dumsvedaIns19sie

A ©L 0L P 2.2)

Tav u, Aeusennszsinuniana i e 7=1,2,3;
mmmwnaun@imwuﬂawummmmwmmmﬂﬂm"lﬂ"lﬂamQf‘Tﬂ flo WNa
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T =%Mfc2 +%mfcz —milxf cosf:?+§mlzt'§'2 ' (2.4)

V =mg(l-Icosh) (2.5)

¥ ¥
NS0 INUNUAINEITUIANTINNINUAVOISEVY T HaZNAINUANITINNInuAvessUY ¥

adluaums @.1) wlddaduiiumsainsies L dail
l .2 1 ) . 2 9. =
L=5Mx +5mx —nzlxb”cos€+§m! 0" —mg(l—-Ilcos@) (2.6)

A UMIAINITU0981INI I IAEMTURUAIG IR UTUATAINT NS L aumsh
2.6) aeluauMsvesaInses aumsi (2.3) wldaunsninnioufiveddunesninugay

o dy
TUHIDAIU

[F—f ;'c+%mgcost9sint9~m.!’6’2 sin QJ

[(M + m)—%mcos2 9]

XF

meosO(F ~ f i)=m’16’ cos@sin@J 2.7

(mg sinf + o

g =

uazeINInRouANAITMIInAD URYBIBUIBI IIMUgENTUITDVR AN (2.7) Tuglaums

anuz ldasae 1
X =X,
_ mcosx, (1= fr, )=m*lx,” cos x, sin x,
mg sin x, + T
+m
= 2 2
(4 m"lcos le
P R
Xy =X,

3 ; 2 .
u— fx, +ng cos x, sinx, —mlx,” sin x,

[(M+r.rz)—§;—mcos2 xI]

Xy =

{ocx =@ x =0 g = xp= X UAE u=F
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AuszoufiliduSadu oty welihedemssenuuufimuguisinnusuiluficzdes
smsdsemaszuuilldugaduliiduszvonduFadu  (inearization) 1iel¥luns

pOAIULAIMILANUULITUd e 1)

210
x=1(x,u) (2.9)
y =h(x) (2.10)
salszunalay
X =Ax+ Bu (2.11)
Tavf
of (x,u)
A:——|x=x0,u:u0 (2.12)
ox
of (x,u)
B:———|x:x0,uzuu (2.13)
ou

a = d s 1 ) ' < '
mssemnauFuduve sz unaunes mnugauunsouwenitluaesdIu Tavluaiu
= a A a ' Y ' =
usnilumsUsemauraduninse o aaNgaaTlveuNIgIN HazdIuNaeIneNs

UszinanFuduiifinsa w gaaugauuveunugdy eiuuufassnendiamansidaudu

LYl

e
= as g

waaed 114 lumses nuULAIAILANAISIMIBITUYBUNUGAULAZAINIUAVIATITNINUD

Sunesmnugdy mudwude 1

2.3.1 msdszananfaudy o gaanqgaais

M5B UFUUDITTVUBUNDI MAUGAVUUTONNNITNU] B JATNYAANVD

o u’: - o ¢ A o 3 a o a Y Ay a Y

mugdiy feglszasdiiohuuuieemuadamansiFadui ldnnmsdssnadudu

Tl lumseenuuudmunumasmisiuveanugdy  Taolamisuduvesdunn u, =0
)i & T o

uazAusNANYRIIITIME X, =[7 0 0 0] nawmsh (2.12) uag (2.13) #1350

Uszanangaudu'ld
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0 1 0 0
-3(M +m)mg 0 3mf
4ml(M +m)-3m’l 4ml(M +m)—-3m’l
A= 0 0 0 1 (2.14)
g T 00 =/ :
4((M+m)—ﬁm] (M+m)—=m
Hag
_ " =
—3m
4ml (M +m)—3m’]
B= 0 (2.15)

(M +m)—%m

o i a <3 a ' °
auddudazeingnodna -y (Huduviese x S9N REHIILTIAeINI
= ; a = '3 o = a 1
asiamdns Fuduszuududuvestuneimmugduuusainnsa o gaaugadislugy

YoarunITlSilan g (state space) lA i
y=Cx (2.16)
e  C=[0.0 "L 0] (2.17)

Fufu aunstgianuzyesdunesmmwugdunsoifinnsan u gaaugaaa 34l

aumssane s
i 0 10 0 ] r 0 i
. —3(M +m) mg 3mf —3m
% _ 00 % .
. 4l (M +m)=3m’l 4ml (M +m)=3m’] 4ml (M +m)—3m’l
X X
. = 0 0 0 1 % + 0 u (2.18)
_3\'3
x, 3mg : 00 __f—3 b __1_3
4((M+m)_zm) (M+m)—~£m (M+m)—zm

y:[O 0 1 0][.7(I X X xJ]T (2.19)
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9
wazilandunioTeu (transfer function) A9

Y(s) 6.09s% +179.17

= (2.20
U(s) s*+0.245’+33.435s* +7.21s )

d:' [~ e c:ycaq ' s =t 1 at = Qs |c{ -3 =Y
Faozin 1831 suuATE 1S (zero) g 2 61 wazlInang 4 @ laslIna 1 A1 eghganula

2.3.2 madszanauBaudy o gaangauy

a a o Y i a
mMsUszananFuduveesyuUSUN I NINUAAN LT ARSI © JATNAIUNYDY

o :j o s Ao o = d a Y Ay v a g
WUAaNHU M?ﬂi}ﬂixﬁﬁﬂ!WE]H']H‘U‘U‘B'I@@QWN?]Wﬂﬂ?ﬁﬂil‘ﬁ\ilﬁuﬂqﬂ’ﬂ"lﬂﬂ'ﬁﬂ‘i$1ﬂﬂll‘lﬁlﬁu

L.

T1F umseonuuufmuguadosnmvesdunefmmugdudy. Taslimisuduvesduya

u, =0 wagAuFuAuvesdIsanIuy x, =0 naumsn (2.12) wazaumsn (2.13)

asolszunanradulaasiife

0 B/ 0 0
3(M +m)mg =3mf
) 2 00 2
dml (M +m)—3m’l dml (M +m)—3m’l
A= 0 0 0 1 (2.21)
cli | ; 0 0 74 >
_4[(M+m)~4m) (M+m)—£m 7
LA
_ ) 2
3m
4ml(M+m)—3mzl
B 0 (2.22)
1
3
(M+m)-—zm

4 a o 1 o a 4
uazienisanerdne y udwmiase x BanmIn@sunuuiiaeIneatnmans

Faduvesdunesninugduuusoiinson o yeaugauyluglvesaumsigianiug
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y=Cx (2.23)
lilo
Cc=[0 & 1 9] (2.24)
AU ﬁumaﬂ?gﬁﬁmummﬁum%muaﬁwumﬁﬁmsm W YAANAaUY 3l
aumsdade il
i 0 10 0 ] i 0 T
% 3(M+m)mg . —3mf - 3m
L1 | 4mi (M +m)—3ni Al (M+m)=3n7L|| | | dml(M +m) =3l
A.a = 0 00 1 % + 0 1 (2.25)
K B B 1
u4((M+m)—Zm] (M-Fm)—zn? | i (M-!—m)——zm |
X,
X3
y=[q 102k Y= (2.26)
Xy
<

a a

MNANA1TS QI ANIUZURITLUVDUNI BT MW NG ANUHTOAITNNITA (2.18) uaz
P @ =1 -] o = = =3 Ao '

aumsf (2.25) sgFapasiudtll sashnsadvante £ Fadumsilmesvesszuundsl
1 ' 3/ a = ' = = v o

NI uazeusonIaigninmsUiuasumaihusadeaniu £ A20msiaeIsTuy

Sunesnmugauuusa TaaTsunsuaeufiunes e naAsLALBIvRITTULIUA (open-

loop response) UBIMIUATIvBIMURENTTAlnAREINUHANOL AUBITEULUTAYDINS

undsveunugaui ldnnmnaassfuganaassdunesnmugauuusouniga Tumsm

nanouaupulaldimuanisuduueadutsanius x, LazAUTUANURIBUNA u, VDY
= oW r o w o ' ' - = =
NSNADDIUAUNINY [% 0 0 0} 1ag 0 MUAIAY FINUI MAINUITATEANIY [ N

faumidy 0.165 zmfumiiiildmansvanesszuviullan ldainnisitaesszuua
naaaluzdit 2.5 (n) fiwanevuauesiilndifssiunaneuauedi ldnInnsnanedaaa

Tugii 2.5 (v)
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(M) (V)
Nﬁ‘ﬁﬂ\iﬂ'li'ilo']ﬁ’ilﬁﬁ’lﬂﬂ'ﬂuﬁ'\}mﬂ; Namﬂﬁﬂ15ﬂﬂﬂﬂﬂﬁﬂigﬂﬁﬂgﬁ

UM 2.5 nfSvuifsunaneuaue s sUUIuTATRINITUA IV UN UG

I3

' ¥
AN I HTNVOITOI NUATIWUATY TATLULTENINANYUNLYA

guinalslaveuwugdl tazmidngns uiean U3t msneaesdeduudl mso

J -~ o = " = o o W ~
i'J‘Ui’J?Jﬂ']ﬂ»i’ﬂ”UElsiﬂ]lWTﬁ11.!!.?]@3‘{?]'10"] ‘U?NS$1J‘]JE]ul’)ﬂi‘ﬂlwuﬁ}ﬁﬂﬂﬁuﬁﬂﬂuﬂﬁ'N‘Ifl 2.1

M151971 2.1 LAAIAIAINUBIFIINTINIADS A1

UIAVDITATI (M) 0.642 (kg)

VB UNUATN (m) 0.123 (kg)

sryzsEWANYaVyUiUYaguinauIavesmugan (1) | 0.25 . (m)

APINYD T BTIANIY (f) 0.165 (kg/sec)

AN INRAMLs Iuasveslan (g) 9.8 (m/sec?)

A mesuaaeluaI e 2.1 AN MU 189N 1At aAT YD

szuudunesnimugduieri I 1¥lumseenmuudiniugu deezldnan lavaziduade i

Tuunh 4
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BUNBTMNUGANVUTD TavazeTinefamguifiuguvesiniuguires Tafloundudaiug
uazmsesnuuumsileundudieitnsieing ﬁ"maugnmmaﬁqﬂamé’uamuzﬁﬁuﬁua
Tinnfinuiatuiidedse auwnsofamudyyindieddldlaehifdnnuianaialy

ﬁm’;zmﬁmaz&wdamsaammu

qé\" Y] 2 Y
3.1 ngunugcInILnueshleunduanus

Tumsaauauszuusiia 0 (type 0 system) laq-dldiiddudnsmes luszuy 16
asofenmdyanuddsid lasdsannmauianatnluanngadiativ. aunsaldis
J @ o a W v A o a. a d 9 v
AugmveImMIeanuuldnsunuaes Hileunduaniue Id lnon1siiumiduiiinainesii 1

Tuszuy nannagdin 3.1

r+2\_& Iik!+_zzB++I e’ 4|
A
K

Uit 3.1 Tassaeszuunaunuees D fleunauaoiue

~ =& 2 d = = ¥ o
ﬁﬂﬂz'ﬂ“ﬂ 3.1 ”]f\‘]!kﬁﬂ\“lﬂﬂﬂaﬂﬂ1ﬂﬂgﬁlﬂillrﬂllﬁﬂ\1ﬂ\iiﬂﬁ\iﬁi']\jﬁgﬁucl]ﬂﬂﬂﬂul“ﬁ@ﬁ l')‘ﬂf’]u

3
Yo

ARUADIULIY T e D@ ENaNNITeTUITE Y IAnatl

x=Ax+ Bu (3.1)
y=Cx (3.2)
u=-Kx+k& (3.3)

E=r—y=r-Cx (3.4)
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(o]

u dyaunIugY

9 dyIUeIANA

e
b p
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1D IAYAVDIAIDUTINTIADT

i

GGG

~
3 D
(]

@

WASNFTLUL VUIA 1 X7

a da
IATNFDUNA YU nx]

O =
]
@

= o o
filo WATAFOIANA VUG 1xn

e

Yo A

AT DIBEHTUNTVBTSULUANTTY (augmented system) Vo717 3.1 Iddail

Ry P NE b

. . ¢ A 0 B 0 A
fvuali x, = A= ,B, = nay G = PETNTVYUAUNIS
& Ty U 0 1

b

aouzuedsTuULAuasY (3.5) vl ladai

X, =A.x,+Bu+Gr (3.6)

. , B
o A uaz B ansaniuny Inedauysal uas ranl{ 0}=n+l i AT

o

9 o} Y ' a 9 3
R R R L A R TR L AR R e T A

u=-K x (3.7)

a - a

= a do . : | a @
Taofimwaindons e K, =[Ki -k ] ueo K=[k &k, - k,] Wuwmindoaswee
[ . 3 fow a a o
ﬂauﬂauamuz (state feedback gain matrix) YUIA 1xn LA k,. Rlumensivgredunnsa
(integral gain)

dieunuaums (3.7) adluaumsi (.6) anunsa@ouaumsszuutounduvesszuy

E4
@ A

uaaasy ldaatl

x,=(A,-BK,)x, +Gr (3.8)
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= w da oA Y Y ° i
LLﬁZ%%Lﬂuizﬂﬂ‘ﬂﬂuﬂ‘ﬂU'ﬂM’dﬂUiﬂ'lﬂll’ﬁ&’ﬁﬂi'iﬂuﬁﬂ’lllﬂ@\‘lﬂ'l'i]lﬂ Iﬂﬂﬂ’liﬂ’l‘l‘TUﬂﬂumg‘N
z a o = s ' o 9/ a duo
(elgenvalue) VBDIUATNY Aa-—BaKa mmmzmmnmwzgﬂmwuﬂmﬂmmnmamwum
k4 ¥
Hounduaouz K uwazAdasivnneduiinia &, Taomdnsiveieniaesdannsneoniuy
g/ ad = o M ad o  a =) ¢  w dy Yy
A0TLLEAaNI913 (LQR) mmnmﬁmmwiwa ﬁwsmwmuwumvnu%ﬂ‘uwmsms’m

A | v 1
Tnagenz 1dnarnluidess i

o Y ac

3.2 mIvenuuUszuUoundualeITMINelna

m3yeenuuuMIteundualsitnselnaniemstimualng (pole assignment)
aad ci' s o A 1 a
S5nsfiadenaatumseenuuulesldmaindumiain delnarmruvesszuuileunduens
pnalfegludumisideans1d daumsesnuuudoizmsaInaiuannsoialna
q]: Y o oy 9 = = ' 3 9/
wanuavesszuyIiogludumisinesms 1dednadasy Tasiidoulviszumindesanso
a1 a1l s anwarield umsteunduld wasitluszvudaauin bivdsawam
; " : . 4 a g [ SN Y )
(linear time invariant system) [oRNMIWITLULAIWAVEOS Iatleunduoiueh ldna luas
Tiadef 3.1 WU dsRIMseenuUA e ATeaTveeiloundURnIuE K A19ai

= oy B 9/ ac :lx::.‘:J oy c!y

veeduiinga & Aaw75n13219 Ina Taoddunandise 11

] 1 = = :7s 1 a wmd‘

MnsayasaumranIuEvessy U A Naun T (3.6) Wedlugunuiyaan
ATDMUANIA (controllable canonical form) Tasodomsulaannmesaniuy z=T'x,

¥
1z 1dAail

z=T'ATz+T'Bu +T"Gr

I 0 e N
0 0
=] 1 : ) Sz +| et TG (3.9)
0 0 0o M 0
| —a, ~a@, =a =& ]| [1]

Homasnansulas (ransformation matrix) T=MW lags M Aewna3ndnnuauguld

(controllability matrix)

M=[B, iAB, - iA B, |

a
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as

a, a, a, 1
a, a, 1 0
W = .
arr
- 1 0 ’ -

lavh a,,a,,...a, AedY

a @ ar
ﬂszﬁmmamnmmmaﬂymz (characteristic polynomial) U84
AUNINUANHULITVLINY AV

|sI—A“[ =s™ 4 qas" +tasAa=0

o { § o a

waznndaanataruauluaunsi - 3.7)  Weunudinlasnmeianiug
¥

doarunugudmsuaausaniue z Al

uz—KnTz=—[féo kA, iguilz (3.10)

v dszuntlounduvesszuy (3:9) neglugthiwuuuuingaansanauguld (controllable
canonical form) ﬁﬂ‘u

2= (T4 AZ - TB K, )z £ 17 G

r =
0 0
0 1 0
= : : z+T7'Gr
0 0 0 1
_—(ao-i-feo) —(a1+12|) —(az-h"?z) —(a"+i€")_

e

Taeliaumsnuanyazasi
[s1-T"'A, T+T"'B,K,T|

=" 4 (a”+12”)s" +(a”_|+/(AT"_1)S"_] + o+ (a0+/€o)=0 (3.11)
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.1 Tﬂmnmmuuumammaﬂmﬂmﬁﬂ{ﬂlmszuuaunasmwuaauuum

(TUsunsunuaud)

U.1.1 150N B YAANAAD VD IUWU
format short;

clear all

syms x1 x2x3x4mMlufg

x1_dot=x2;

x2_dot=(m*g*sin(x 1) H(m*cos(x1)*(u-f*x4)-m"2*1*x2"2*cos(x 1) *sin(x 1))/(M+m))/(4*m*1/3-
(m™2*1*(cos(x1)"2)/(M+m)));

x3_dot=x4;
x4_dot=(u-f"‘x4+(3*m*g*cos(xl)*sin(xl)/4)-m*1*x2"2*sin(x1))/((M+m)—3*m*(cos(x])"2)/4);
al 1=diffix1_dot,x1);
all=subs(all,{xlx2.x3.x4,u},[pi 000 0]);
al2=diff(x1_dot,x2);

al2=subs(al2, {x1.x2.x3.x4.u}.[pi 000 0]):
al3=diff(x]1_det,x3);
al3=subs(al3,{x1,x2,x3.x4,u},[pi 000 0]);
ald=diff(x1 dot,x4);

ald=subs(al4, {x1,x2,x3,x4,u},[pi 0.0 0 0]);
a21=diff(x2 dotx1);
a21=subs(a21,{x1,x2,x3,x4,u},[pi 0 0 0 0]);
a22=diff(x2 dot,x2);
a22=subs(a22,{x1,x2,x3,x4,u},[pi 0 00.0]);
a23=diff(x2_dot,x3);
a23=subs(a23,{x1,x2,x3,x4,u},[pi 0 0 0 0]);
a24=diff(x2 dot,x4);
a24=subs(a24.{x1.x2.x3.x4,ut.[pi 00 0 0]);
a3 1=diff(x3_dot,x1);
a31=subs(a31,{x1,x2,x3,x4,u},[pi 00 0 0]);
a32=diff(x3_dot,x2);
a32=subs(a32,{x1,x2,x3,x4,u},[pi 0 0 0 0]);



a33=diff(x3_dot,x3);
a33=subs(a33,{x1,x2,x3,x4,u},[pi 00 0 0]);
a34=diff(x3_dot,x4);
a34=subs(a34,{x1,x2,x3,x4,u},[pi 0 0 0 0]);
a41=diff(x4_dot,x1);
a41=subs(a41,{x1,x2,x3,x4,u},[pi 0 0 0 0]);
a42=diff(x4_dot,x2);
a42=subs(a42,{x1,x2,x3,x4,u},[pi 0 0 0 0];
a43=diff(x4_dot,x3);
a43=subs(a43,{x1,x2,x3,x4,u},[pi 00 0 0]);
ad4=diff(x3_dot,x4);
ad4=subs(ad4,{x1.x2,x3,x4,u}.[pi 000 0]);
bl=diff(x1 dotu)
bl=subs(bl,{x1.x2x3.x4,uf.[pi 0 000]);
b2=diff(x2_dot,u)
b2=subs(b2, {x1,x2,x3,x4,u},[pi 00 00]);
b3=diff(x3 _dot,u)
b3=subs(h3,{x1,x2,x3,x4,u},[pi 0 0 0.0]);
bd=diff(x4_dot,u)
bd=subs(b4, {x1,x2,x3.x4,u},[pi 0 0-0 0]);
A=[all al12 alNg¥d;
a2l a22 a23 a24;
a3l a32 a33 a34;
adl ad2 a43 ad4)]
B=[bl;
b2;
b3;
b4]
C=[0010]
M=0.642;
m=0.123;

1=0.25;
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g=9.8;
=0.165;
A=[0100;
(-3*(M+m)*m*g)/((4*m*1*(M+m))-(3*1*m"2)) 0 0 (3*m*0.165)/(4*1*m*(M+m)-3*1*m"2);
0001;
(3*m*g)/(4*((M+m)-(3*m/4))) 0 0 -0.165/((M+m)-(3*m/4));]
B=[0;-3*m/(4*m*1*(M+m)-3*m"2*1);0; 1/((M+m)-3*m/4);]
C=[0010];
D=0;
[n1,d1]=ss2tf(A,B,C,D)

.1.2 HOITDN D YATHAAVHYBAUNHEAN
format short;

clear all

syms x1 x2x3 x4 mMlufg

x!1 dot=x2;
x2_dot=(m*g*sin(x1)+H(m*cos(x1)*(u-Px4)-m" 2*1*x2°2*cos(x1)*sin(x1))/(M+m))/(4*m*1/3-
(m"2*1*(cos(x1)"2)/(M+m)));

x3_dot=x4;
x4_dot=(u-f¥x4+(3*m*g*cos(x1)*sin(x1)/4)-m*1*x22*sin(x 1 ))/((M+m)-3*m*(cos(x1)"2)/4);
al I=diff(x1_dot,x1);
all=subs(all,{x1,x2,x3,x4,u},[0 0 0 00]);
al2=diff(x1_dot,x2);
al2=subs(al2,{x1,x2,x3,x4,u},[000 00]);
al3=diff(x1_dot,x3);
al3=subs(al3,{x1,x2,x3,x4,u},[00000]);
al4=diff(x1_dot,x4);
ald=subs(al4d,{x1,x2,x3,x4,u},[00000));
a21=diff(x2 dot,x1);
a21=subs(a21,{x1,x2,x3,x4,u},[0 0 0 0 0]);
a22=diff(x2_dot,x2);
a22=subs(a22,{x1,x2,x3,x4,u},[000 0 0]);



a23=diff(x2_dot,x3);
a23=subs(a23,{x1,x2,x3,x4,u},[0 0 0 0 0]);
a24=diff(x2_dot,x4);
a24=subs(a24, {x1,x2,x3,x4,u},[0 00 0 0]);
a31=diff(x3_dot,x1);
a31=subs(a31,{x1,x2,x3,x4,u},[0 0 0 0 0]);
a32=diff(x3_dot,x2);
a32=subs(a32,{x1,x2,x3,x4,u},[00 0 0 0]);
a33=diff(x3_dot,x3);
a33=subs(a33,{x1,x2,x3,x4,u},[000 0 0]),
a34=diff(x3_dot.x4);
al34=subs(a34,{x1,x2,x3,x4,u},[0000.0]);
a4 1=diff(x4_dot,x1);
adl=subs(a41,{x1,x2.x3,x4,u},[0 0000]);
a42=diff(x4_dot,x2);
a42=subs(a42,{x1,x2,x3,x4,u},[00 00 0]);
a43=diff(x4 dot,x3);
a43=subs(a43,{x1,x2,x3,x4,u},[0 0.0 0 0]);
a44=diff(x3_dot,x4);
add=subs(ad4,{x1,x2,x3,x4u},[0 00 0 0]);
b1=diff(x1 dot,u)
bl=subs(bl,{x1,x2,x3,x4,u},[0 000 0]);
b2=diff(x2_dot,u)
b2=subs(b2,{x1,x2,x3,x4,u},[0 0 0 0:0});
b3=diff(x3_dot,u)
b3=subs(b3,{x1,x2,x3,x4,u},[00 0 0 0]);
b4=diff(x4 dot,u)
b4=subs(b4,{x1,x2,x3,x4,u},[0 0 0 0 0]);
A=[all al2 al3 al4;

a2l a22 a23 a24;

a3l a32 a33 al4;

a4l a42 a43 ad4]
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B=[bl;

b2;

b3;

b4]
C=[0010]

M=0.642;
m=0.123;
1=0.25;
2=9.8;
£=0.165;
A=[0100;
(3*(M+m)*m*g)/(4*m*I*(M+m))-(3*1*m"2)) 0 0 -(3*m*0.165)/(4*1*m*(M+m)-3*1*m"2);
0001;
(3*m*g)/(4*((M+m)-(3*m/4))) 0 0 -0.165/(M+m)-(3*m/4));]
B=[0:3*m/(4*m*|*(M+m)-3*m"2*1);0; |l ((M+m)-3*m/4);]

C=[0010];



2.2 Tdsunsummisifimesvesdanaugu PD feds idumasin

o
(Tﬂmﬂsmmmmu)

format short;

clear all

nump=[6.0942 0 179.17];
denp=[1 0.2453 33.4314 7.212 0];
“ats L5 see, Mp 5%

ts=0.5; Mp=0.05;

dd=4/ts;

wd=-pi*dd/log(Mp);
s1=-dd+wd*j
Gp=polyval(nump,s 1)/polyval(denp,s1);
phi=pi-angle(Gp)

x=wd/tan(phi)

zz=dd+x

Td=1/zz
Kp=1/(abs(Td*s1+1)*abs(Gp))
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a d LY @ Y ad
4.3 Tsunsummniinesves Mauauweslileunduaniu: drwdmsnadwa

g
(Tsunsunuauan)

format short;
clear all
M=(.642,
m=0.123;
1=0.25;
¢=9.8;
t=0.165;
A=[0100;

(3*(M+m)*m*g)/((4*m*1*(M+m))-(3*1*m"2)) 0 0-(3*m*0.165)/(4*1*m*(M+m)-3*1*m"2);

0001;

(3*m*g)/(4*¥((M+m)-(3*m/4))) 0 0 -0.165/((M+m)-(3*n/4));]
B=[0;3*m/(4*m*1*(M+m)-3*m*2*1);0;1/((M+m)-3*m/4);]
C=[0010];
ahat=[A zeros(4,1);-C 0],
bhat=[B;0];
j=[-1+i*sqrt(3) -1-1*sqre(3) -5 -5 -5];

khat=acker(ahat,bhat,j)



.4 T5unsun UM IMIBI UL SPHUEBYTMNYEITZUUBHIO SNNUGANDUSD

(Tsunsun1un)
#include <stdio.h>
#include <bios.h>
#include <conio.h>
#include <stdlib.h>
#include <string.h>
#include <time.h>
#include <dos.h>
#include <process.h>
#include <math.h>
#include "DAH"

#include "GETBAR.H"

void interrupt (*oldIrg3)(void);

void interrupt countToggle(void);

#define drive_port 0x378 // Number of drive port

#define file_out "c:\\data.m" /I open file (name is data.m)

#define cls(l); { short i; for(i=l; i<25; 1++) lineclr(i); }
#define Locate(x,y) printf("\x 1b[%d;%dH", (y)+1, (x)+1)

#define lineclr(1) printf{"\x 1b[s\x1b[%d; TH\x 1b[OK\x 1b[u", I+1)
#define range DA 10V

#define IRQ3 0x0B // TRQ3 address

PCI_CONFIG PciData;
DASMPLCHREQ SmplChReq[2];
DABOARDSPEC BoardSpec;
HANDLE OpenBoard(void);
void INITIAL_DTOA(void);

void CLOSE_DTOA(void);



int hexout = 2047;
float volt=0.0;

WORD DaData[1];

int swith = 1;
int key = 0;
int key 1=0;

long count = 0;

float time_r = 0.0;
HANDLE hDevice;
float f hat=0.0;

float fs2 =0.13 ;

float fc2 = 0.097 ;
float fs1 =0.19 ;

float fc1 =0.1367

// parameter ot encoder
int adr0,adrl.,bus_info = 0.0;
int IByte = 0.0;
int mByte = 0.0;
int hByte =0.0;
long dwCounter! = 0.0;
long dwCounter2 = 0.0;
long dwCounter3 = 0.0;
int direction_1 = 0.0;

int direction_2 = 0.0;

// parameter of controller
float distance = 0.00;
float step_time = 0.001;
float eer = 0.00;
float eer_old = 0.00;

float x = 0.00;

62



float x_old = 0.00;
float x_dot = 0.00;
float th 1 old = 0.00;
float th 2 old = 0.00;
float th 1 =0.00;
float th_2 = 0.00;
float th 1 dot = 0.00;
float th 2 dot = 0.00;
float ui_old = 0.00;
float ui = 0.00;
float u = 0.00;
float khat | =36.13;
float khat 2 = 6.49;
float khat 3 =-12.58;
float khat 4= -8.22;
float khat 5= 11.44;
tloat kp =30
floatkd= 5,
float eer dot=0.0;
tloat setpoint = 0.0;
float step[5];
floatdi=0;
ntn=20;

int main(void){

/{ open file
FILE *data_fout;
clrser();
data_fout = fopen(file_out,"wt+");

fprintf(data_fout,"sm = [\n");

// Initial Digital to Analog PCI Card (PCI-3345A)
INITIAL_DTOAQ);



hDevice = OpenBoard();
DaGetDevicelnfo(hDevice, &BoardSpec);
SmplChReq[0].ulChNo = 1;

SmplChReq[0].ulRange = range;

// Initial Encoder PCI Card (PCI-6201E)
PciGetConfigRegEx(1, 0x1147, 6201, 0x1147, 0x001 1,&bus_info, &PciData);
adr0=PciData.BaseAddresses[0]&0xfffc;
adr1=PciData.BaseAddresses[1]&0xfffc;
outp(adr0+0x08,0x06);  // time of encoder 1
outp(adr0+0x09,0x06);  // time of encoder 2
outp(adr0+0x0A,0x06); . // time of encoder 3

outp(adr0+0x0d,0x01); ~ // reset counter

step[0] = 0.10 ;

step[1] =-0.15;

step[2] =0.17;

step[3]=-0.17;

step[4] = 0.043 ;

setpoint = step[0];

while( !kbhit())

{

// in data of encoder 2 (th 1)
outp(adr0+0x0c,0xAA);
IByte=inp(adr0+0x01);
mByte=inp(adr0+0x01);
hByte=inp(adr0+0x01);
dwCounter2= IByte+(( long)mByte << 8)+(( long)hByte<<16);

// in data of encoder 1 (x)
outp(adr0+0x0c,0xAA);
IByte=inp(adr0+0x00);

mByte=inp(adr0+0x00);



hByte=inp(adr0+0x00);
dwCounter1= IByte+(( long)mByte << 8)+(( long)hByte<<16);
// Modify data of encoder_2 (th_1)
if ( dwCounter2 > O0x 7fffff)
{
direction_ 1 =2

dwCounter2 = Oxffffff - dwCounter2 ;

}
else
{
direction_I =1 ;
}
while ( dwCounter2 > 8000 )
{
dwCounter2 = dwCounter2 - 8000 ;
}
if ( direction 1==2)

{
dwCounter2 = 8000 - dwCounter2 ;

}
dwCounter2 = dwCounter2 - 4000 ;
th_1=dwCounter2*0.045 ;

th 1=th_1*0.0175;

// Modify data of encoder_1 (x)
if ( dwCounter! > Ox7fffff)
{
dwCounterl = Oxffffff - dwCounterl ;
}

else

{

dwCounter] = dwCounter1*-1 ;



}
distance = dwCounter1*0.0000083437 ;

printf{" distane : %061X ", dwCounterl);
printf(" : %3.41f ", distane);

printf(" th_1 :%3.41f\n", th_1);

}

if(th_1<0)
i
th_1=dth [ *-ly
;

th 1 old=th_I;

x_old = distane ;
oldIrg3 = getvect(IRQ3); /* save the old interrupt vector */
setvect(IRQ3, countToggle); /* install the new interrupt handler */
outportb(0x21, ( inportb(0x21) & 0xF7 ) ); /* Unmask (Enable) IRQ3 */
label:
if(key 1==1)
{
goto out_5;

f

if (key==0)
{
goto out_3;
}
while( key ==1)
{
// Modify data of encoder_2 (th_1)
if ( dwCounter2 > 0x7fffff)
{
direction_1=2;

dwCounter2 = 0xffffff - dwCounter? ;
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else

direction_1 =1 ;
b
while ( dwCounter2 > 8000 )

)
1

dwCounter2 = dwCounter2 - 8000 ;

}
if ( direction 1 ==2)
{
dwCounter2 = 8000 - dwCounter2 ;
h

dwCounter2 = dwCounter2 - 4000 ;
th_1=dwCounter2*0.045 ;

th 1=th 1*0.0175 ;

// Modofly data of encoder_ 1 (x)
if ( dwCounter! = Ox 71tttt)
{
dwCounter] = Oxffffff - dwCounterl ;

}

else

dwCounter]l = dwCounter1*-1 ;
}
distance = dwCounter1*0.0000083437 ;
x = distance ;
eer = setpoint - x ;
x_dot = ( x - x_old )/step_time ;

eer_dot = ( eer - eer_old )/step_time ;



u = kp*eer + kd*eer_dot ;

if (x_dot==0)
{if (u>=0)
f hat=1sl;
else
f hat=-fs2 ;
}
else

{if (x_dot>0)
f hat=fcl;
if (x_dot <0)
f hat = -fc2;
}
volt=u+ f hat;
if (volt>10)
volt = 10;
if (volt <-10)
volt =-10;
volt = volt* |;
hexout=((volt+10)/20)*4095;
DaData[0] = hexout;
DaOutputDA( hDevice, 1, &SmplChReq[0], &DaData[0] );

if(th_1<0)
{
th 1=th 1*-1;
di=1;
}
else
{
di=2

th 1 dot=(th_1-th_I_old )/step_time ;
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if(th_1<3.0)
{
if{x=0}
{
if(di==1)

goto out_1;

goto out;
}
out_1:

if ( (setpoint*x) >0 )

dy 3 dl { ¥ o U £ ﬁl =2 } 5 1 Y o ¥ L% ¥
wnanstluenansnanulidmsunisidnuienistnwintu ldeyaelmiluldusslowisunisen
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if (th_1_dot>0)
{

n=ntl;

if(n>4)
i

n=4;

out:

step[1] = setpoint ;

step[2] = setpoint ;
step[3] = setpoint ;
step[4] = setpoint ;
kKey 1=13
key=0;
goto out_2 ;
i

eer_old =eer;

L koold=x;
[

wnansiiluenansnanulidmsunisldnuienisfinyingu ldeyareliiluldussleviaunis
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th 1 old=th 1; -
fprintfldata_fout,"%4.4f %4.4f %4.4f %4.4f % \n",time_r,distane,x,x_dot);
time r=time r + step_time ;

key =0;

count = 0;

}

if(key 1==0)
{
goto out_3 ;
;
out_2:
outp(adr0+0x0c,0xAA);
IByte=inp(adr0+0x01);
mByte=inp(adr0+0x01);
hByte=inp(adr0+0x01);
dwCounter2= 1Byte+(( long)mByte << 8)+({ long)hByte<<16);

outp(adr0+0x0c,0xAA);

IByte=inp(adr0+0x00);

mByte=inp(adr0+0x00);

hByte=inp(adr0+0x00);

dwCounter1= IByte+(( long)mByte << 8)+(( long)hByte<<16);

if ( dwCounter2 > Ox7fffff)
{

direction_1 =2 ;

dwCounter2 = Oxffffff - dwCounter2 ;

else

{

direction 1=1;



}
while ( dwCounter2 > 8000 )
{
dwCounter2 = dwCounter2 - 8000 ;
}
if ( direction_1==2)
{
dwCounter2 = 8000 - dwCounter?2 ;
}
dwCounter2 = dwCounter2 - 4000 ;
th 1 =dwCounter2*0.045 ; // 1-puls is 0.045 degre
th 1 =th_1*%00175;
// Modofly data of encoder 1'(x)
if ( dwCounterl > 0x 7{ftff)
1
dwCounter] = Oxffffff - dwCounterl ;
}

else

{

dwCounterl = dwCounterl*-1 ;
}
distane = dwCounter1*0.0000083437 ;
th 1 old=th 1;
x_old = distane ;

setpoint = 0.0 ;

out_5:
while( key==1)
{
// Modify data of encoder_2 (th_1)
if ( dwCounter2 > 0x7fffff)

{
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direction_1 =2
dwCounter2 = 0xffffff - dwCounter?2 ;
}

else

direction 1=1;
}
while ( dwCounter2 > 8000 )
{
dwCounter2 = dwCounter2 - 8000 ;
i
if ( direction_ 1 ==2)
i
dwCounter2 = 8000 - dwCounter2 ;

dwCounter2 = dwCounter2 = 4000 ;
th 1 = dwCounter2*0.045 ; // 1 puls is 0.045 degre
th 1=th X%0.0172.
eer = setpoint - X ;
x_dot=( x - x_old )istep_time ;
th 1 dot=(th [-th I _old )/step_time;
ui = ui_old + (eer_old + eer )*step_time/2 ;

u= -(khat 1*th_1+khat-2*th_1_dot+ khat, 3*x + khat 4*x_dot ) = khat_5*ui

if (x_dot==0)
{if (u>=0)
t hat=fsl;
else
f hat=-fs2;
b
else

{if (x_dot>0)
f hat = fel ;



if (x_dot <0)
f_hat = -fc2;
}
volt=u+f hat;
ui_old=ui;
eer_old =eer;
x old=x;
th 1 old=th_1;
if (volt > 10)
volt=10;
if (volt <-10)
volt =-10;
volt = volt*0.38;
hexout=((volt+10)/20)*4095;
DaData[0] = hexout;
DaOutputDA( hDevice, 1, &SmplChReq[0], &DaData[0] );
fprintf{data_fout,"%4.4f %4.4f %4.4f %4.4f % \n" time_r,th. 1,th 1_dot,x);
time r = time r + step_time ;
key = 0;
count = 0;
}
out 3:
if ( count <= Oxfftftt)
{
count = count + 1;
goto label;
¥

else

{
setvect(IRQ3, oldIrq3);

outportb(0x21, (inportb(0x21) | 0x08) );

fprintfidata_fout,"];\n");
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outp(drive_port,0);
DaClose(hDevice);
CLOSE_DTOAJ();
}
return(0);

}

void interrupt countToggle(void)
{
disable();
outp(adr0+0x0c,0xAA);
IByte=inp(adr0+0x02);
mByte=inp(adr0+0x02);
hByte=inp(adr0+0x02);
dwCounter3= 1Byte+(( long)mByte << 8)+(( long)hByte<<16);

outp(adr0+0x0c,0xAA);

IByte=inp(adr0+0x01);

mByte=inp(adr0+0x01);

hByte=inp(adr0+0x01);

dwCounter2= IByte+({ long)mByte << 8)+(( long)hByte<<16);

outp(adr0+0x0c,0xAA);

1Byte=inp(adr0+0x00);

mByte=inp(adr0+0x00);

hByte=inp(adr0+0x00);

dwCounterl= IByte+(( long)mByte << 8)+(( long)hByte<<16);
key = 1;

outportb(0x20, 0x20);

enable();

}
HANDLE OpenBoard(void)
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{
HANDLE hDevice;
hDevice = DaOpen(3345, 0x0001, 0);

return hDevice;

j

void CLOSE DTOA(void)
{
char *pString;
pString = "/R";
spawnl(P_WAIT,"dadrvi.exe",pString, NULL);
}
void INITIAL DTOA(veid)
{
char *pString;
pString = "/B=1";
spawnl(P _WAIT,"dadrvi.exe",pString, NULL);
f
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Abstract: In this paper, a hybrid PD-servo state feedback control algorithm for swing up inverted pendulum system is proposed. It
consists of two parts. The first part is the PD position control for swinging up the pendulum from the natural pendent position to
around the upright position and the second part is the servo state feedback control for stabilizing the inverted pendulum in upright
position. The first controller is PD controller and it is tuned to control the position of the pendulum by moving the cart back and forth
until the pendulum swings up around the upright position. Then the second controller will be switched to stabilize the inverted
pendulum in its upright position. The controller in this stage is the servo state feedback controller designed by pole placement.
Experimental results of PD type swinging up control system, of stabilizing servo state feedback control system and of the proposed
hybrid PD-servo state feedback control system to-swing up and stabilize inverted pendulum show that the proposed method is
effective and reliable for actual implementation while it is simple.

Keywords: Inverted Pendulum, Swinging-up Control, PD Position Control, Pole-placement Method

1. INTRODUCTION

As a practical plant, swingup inverted pendulum is an old
but challenging problem in the field of nonlinear control
study. An inverted pendulum, consisting of a cart and
pendulum system, has a structure where the pendulum 'is
hinged to the cart via a pivot and only the cart is actuated.
Swing up inverted pendulum has many advantages in
theoretical study such as simple structure, nonlinear and
uncertain characteristic. There are many control methods are
tested in swing up inverted pendulum. For example, swing up
control using Qubit neural network [l1], fuzzy control
algorithm [2], robust swing up control [3], nonlinear control
[4] and energy-based methods [5]. Though good performances
can be obtained by using these algorithms, they are very
complicated to implement and their parameters are not easy to
design.

In this paper, a controller designed by using hybrid PD-
servo state feedback control algorithm to swing up the
pendulum from the natural pendent position to around the
upright position and to stabilize inverted pendulum in upright
position is proposed. It composes of two parts. The first part is
the PD position control and the second part is the servo state
feedback control. In the first part, the controller is a PD
controller for swinging up the pendulum from the natural
pendent position to around the upright position. The PD
controller is tuned by using trial and error method to obtain the
appropriate gains resulting in fast step response with small
overshoot. The PD controller controls the motion of the
pendulum by moving the cart back and forth within a limited
travel of the cart. The cart will be controlled to move to the
opposite direction when the angular velocity of the pendulum
at the stop point of each travelling is zero. The cart movement
will be repeated to next assigned cart position until the
inverted pendulum swung up around the upright position.
When this condition has been reached, the second part, which
is a servo state feedback controller, will be switched to
stabilize the inverted pendulum in its upright position. In this

paper, this servo state feedback controller is designed by pole
placement method.

The proposed control scheme is implemented to control the
inverted pendulum on cart as shown in Fig. 3. The
effectiveness of the proposed method and the reliability of
actual implementation have been shown by the experimental
results.

2. MATHEMATICAL MODEL

The inverted pendulum on cart to be controlled is shown in
Fig.1. Its structure composes of a cart and pendulum where
the pendulum is hinged to the cart via a pivot and only the cart
is actuated. #1is the pendulum angle (rad), x is the cart
position (m), A is the mass of the cart (kg), m is the mass of
the pendulum (kg), /is the distances from turning center to
center of mass of the pendulum (m), f is the cart’s friction

coefficient (kg/s) and F is the force applied to the cart (N).

Fig. 1 Inverted pendulum on cart.

Lagrange’s equations are applied with respect to & and x
coordinates and the state variables are consequently assigned

as x,=6,x,= é, x;=xand x, =% where the input u is the

applied force F . The nonlinear state space model of inverted
pendulum on cart system can then be obtained as
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The inverted pendulum system has two distinct equilibrium
points concerning the pendulum angle. The first equilibrium
point is at the upright position which is unstable and the
second equilibrium point is at the hanging position.

In order to design an appropriate controller, the system is
linearized about the upright position of the inverted pendulum.
The following linear state equation for the inverted pendulum
on cart can be obtained as

x(t) = Ax(r)+Bu(t) 2
where

0 1 0 0
3(M +m)mg =3mf
dmi (M +m)-3m*l dml (M +m)=3m’l
As= 0 00 ! ,
3mg

4((,14 +ni) - %m}

ol o —“j?
(M +m)——£m

0
3m
dml (M +m)-3m*l
B= 0 p

(M +m)—%m J

and where x" =[x, x, x, x,] :[9 fx J'C]r . In this case, the

input u or the applied force /7 is generated by DC motor to
move the cart of the inverted pendulum system.

As the main interest is to control the position x of the cart
of the inverted pendulum system; therefore, the following
output equation

can be given, where C=[0010].

3. CONTROL SYSTEM STRUCTURE

The overall structure of the proposed system is shown in
Fig. 2. The first controller is a PD controller for controlling the
inverted pendulum to its upright position and the second
controller is a servo state feedback controller for stabilizing
the inverted pendulum when it is in its upright position. The
details of each controller will be described in the following
sub-sections.
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Fig. 2 Structure of the proposed control system.

3.1 PD position control

The objective task for the PD position control shown in Fig.
2 is to swing up the inverted pendulum from the natural
pendent position to around the upright position before
switching to the stabilizing control mode. In this paper, the
transfer function of the PD controller is given by

1{(t):kpe(r)+kd%e(t) ()

where &, is the proportional gain, k, is the derivative gain

and e is the eart position error. The PD controller will control
the cart to move back and forth consecutively depending on
pre-assigned cart position of which the pendulum staying at
the natural pendent position is excited. The back and forth
movement of the cart will be occurred when the angular
velocity of the pendulum at the present position is zero. The
PD controller in this paper is proposed to tune to achieve the
fast response without overshoot. These movements proceed
until the pendulum can be swung up around the upright
position where the second controller will be switched to
stabilize the pendulum.

3.2 Servo state feedback control

The objective task of the servo state feedback control
shown in Fig. 2 is to stabilize the inverted pendulum around
the upright position. From Fig. 2, it is seen that

G =ryr=/F=Cx/ (3)

Since an integral is added to tract the output of the system
without steady-state error; therefore, the following augmented
system for designing a servo state feedback controller can be
obtained as

[28“?: gJEEﬂ*m"(f}+mr(r) (6)

¥()=[c OJDEZH ™

and its control law will be given by

u(r)=-[K —k][zgﬂ (®)

where K is the state feedback gain matrix, %, is the integral
gain, & is the output of the integral controller and r is the
reference signal. The gains K and %; can either be assigned

by linear quadratic regulator (LQR) approach or pole-
placement method.



4. EXPERIMENTAL RESULTS

In this section, the proposed hybrid PD-servo state
feedback control algorithm for swinging up and stabilizing the
inverted pendulum on cart will be implemented. The
experimental apparatus is shown in Fig. 3. The parameter
values of the inverted pendulum system for obtaining its
mathematical model are shown in Table 1.

Fig. 3 Experimental apparatus

Table 1 Parameter values of inverted pendulum
M (kg) m (kg) [ (m) 1 (kg/s)
0.642 0.128 V.25 0.165

The linear model of the system must be known for
assigning the proposed controllers. By utilizing the values
shown in Table 1, the linear model of the inverted pendulum
on cart in eq. (2) can be obtained, where

0 10 0 0
2477 0 0 -7.35 445
= d B=
0 00 1
1.34 0 0 -0.19 1.48

It can be noticed here that the model of the inverted pendulum
on cart has the open-loop poles at s =10, 4.77, -5.17, 0.20 of
which the system is unstable.

4.1 Swing up responses

The objective task of the PD position control is to bring the
inverted pendulum up around the upright position as fast as
possible. By using the trial and error method, the desired

proportional gain k, and derivative gain k, of PD type

swinging up controller are selected as 30 and 5 respectively.
The sequential travelling positions of cart are assigned to be
10,-15, 17,18 and 5 cm respectively. The pendulum can be

swung up around the upright position using zero angular
velocity condition occurred at the stop point of the present
position to move the cart to the next assigned position.

The experimental results obtained from a real machine are
shown in Fig. 4. It is shown in Fig. 4 (a) that the PD controller
can swing pendulum up to around the upright position (360
degrees) within 4.5 seconds while the moving response of the
cart corresponding to the pre-assigned positions is shown in
the Fig. 4 (b).
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Fig. 4 Experimental results of swinging up control.

4.2 Stabilizing responses
The gains K and &, of the servo state feedback control

which has a main task of stabilizing the inverted pendulum are
assigned by using pole-placement method. In this experiment,
it is desired that the percent overshoot is 15 % and the settling
time is 5 seconds. Hence, the corresponding closed-loop poles

of the inverted pendulum system are at s =-1 tj\/g,—S, -5
and ~5 .. This yields K =[70.46 15.27 -17.83 -34.50]and
k; ==16.21. The initial values of the cart position x and the

pendulum angle & are zeroes.

Applying the servo state feedback controller to the actual
system, the stabilizing responses are obtained. Figure 5 shows
responses of the cart position and the angle of pendulum. The
experimental result shows that the controller has good
performance in controlling the cart position and pendulum
angle around the zero-degree lines.

4.3 Swing up and stabilizing responses

In this sub-section, the simultaneous control of the inverted
pendulum from swinging up control to stabilizing control will
be investigated. The stabilizing control will be switched when
the pendulum is around the upright position. The switching

condition is selected as |#] < 0.25 rad and |9, <0.1 rad/s.

The experimental results of proposed control system are
shown in Fig. 6. It can be seen from Fig. 6 (a) that the
pendulum can be swung up from the natural pendent position
to upright position around 5 seconds by PD controller and then
the system is switched to stabilizing control mode to stabilize
the pendulum in its upright position. It can also be seen that
the cart position response oscillates around the zero-degree
line.
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Fig. 5 Experimental results of stabilizing control.
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Fig. 6 Experimental results of swinging up and stabilizing
controls of inverted pendulum.
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5.CONCLUSION

The hybrid PD-servo state feedback control algorithm
consisting of the PD pOSItlon control’ for swinging up the
pendulum from the natural pendent posat:cm to around the
upright position and” the servo state -feedback control for
stabilizing the inverted pendulum in its upright position has
been proposed in this paper. According to the cooperative
tasks of PD controller and servo state feedback controller, the
control of inverted pendulum on cart has been realized. In
conclusion, the proposed method is effective and yields the
desired system performance despite its simplicity in design.
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