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ABSTRACT

A design of hybrid controller consisting of PD controller and sliding mode controller for
inverted pendulum system is proposed in this thesis. The PD controller is used to control the cart
position for swinging up the pendulum from the natural pendent position to around the upright
position. The sliding mode controller is utilized for stabilizing the inverted pendulum in the
upright position. The PD controller tuned by the root-locus method is used to control the cart
position by moving the cart back and forth until the pendulum swings up around the upright
position. Then the sliding mode controller designed by pole placement method will be switched
to stabilize the inverted pendulum in its upright position. The experimental results show that the
proposed controller can swing the pendulum from the natural pendent position to the upright

position and can stabilize the pendulum at its upright position.
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ADUZUDITZUUAITUNITN (3.2)

X(t)= Ax(f)+Blu(r)+ f(x,1)] (3.2)
(1) =Cx (3.3)

A A o
1o x(1) ADINABTIADIUSVDITSUY
=~
u(f) A AYYIWUAIVAY

(1) Ao dyaramemiya

=) b a
r(t) A9 AUYIUDN0I
F(x,1) Ao dyanusuniui insiuAwaive v
- a o
A AD IINTNFITVL YUIA nxn
- a =
B AD IINITNFDUNA YUIA nx]
= a d g
C AD NI NFIDINWA VUIA Ixn

o o o_ @ kY dy = da &
nnnanmsvesn ladas Inua ludduusndesvenuuuiuiaaladds s(x,1) FIaumsves

wufa ladaanaaasaumsn (3.4)
s(x,1)=BTx(t)+z(t) (3.4)

" ¥
vinagmMsnuguzi Iddulsanuzvessruuiaudimszunaladfail uazdadu1did

3 ¥ ¥
anmzaseguuiuiiiaasanarlavnaiaves z(7) munsom ldnnaumsde 1l
#(t)=-B' Ax(t) - (B'B)u, (1), z(0) = —B'x(0) (3.5)
l:' E; g a - l:i. A J \ s
Fanvzinsulumseenuuufie dyaunuguadu u, (¢) Tuaumsi (3.5) Fauaumnny

u, (1) =-Kx(r) (3.6)
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o K=[k & .. k,_ ] dusnindsasiveiotounduaoius (State feedback  gain
matrix)
avude lddmualidyaunivgy u() Tuaunsh ¢.2) Wuiladduhidediomns

el
u(t) =-M(x,t)sign s(x,t) 3.7

Tao M(x,1) AvVUIAUDIFYYIUAIVAN u(f) AU Motion projection $(x,#) W 1Fd M5y

Ty
o = a a = &
fmuasznvaladasoulsgianmzansomldninaunmsi 32) G4) uaz (3.5) 9

aunsauanalaai
$(x,0) = (B"BYu(t) + £ (x,0)—u, (1)) (3.8)

VIneuMsi (3.7) uaz 3.8) Weulvdmsumsleguesa’ladaalnua s(x,1)s(x,1) <0 wAva

duldmueaumsi (3.9) sanelui
M(x,8) = |u, ()| + f(x,1) (3.9)

HAEMAINNUNUAT §(x,7) = 0 asluaumsi (3.2) udrez IdaumsaniuzyeIms ALY

v ¥

aladas TnuaniimsAnsandygiusuniuswdwluszun s(x,7) =0 dedelli
x(t) = Ax(f) + Bu (1) (3.10)
dmsuwningoaswowtlounduaniug K fdludmdivuanainuesdagiuniuguids

3 z ad i ad a a.
@ulu (3.10) 1y mnseeenuuy ldna1wds wu F3usafiiers (LOR) 3imanalwaiiudu

£
a a o ey & ' v
Tuinemiwusaiiutiez 1935msna Inavaez 1dnande T
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3.3 MIvanuuUszUUtaunduaIEIEMINaINa

~

w 9 oy =) I3 &
mseonuuumMsteundudnitiminelnaniomsiivualna (Pole assignment) 3
ana a9 a o 3 - oy & '
FEmsaadwaanumsesnuuyTalsmatindunesn ¥ lwawmuvedszuualaeiagn
naldagludmmisndoanis1a daumseonuudwIsmMie Iwaiuansonalna
e Y ° " Ay Y 1 oa oA ' & 9
nanuavesszuu ey ludumisiideams ldedwdasy Taolideulv szuiniudesainse
¥ v '
asriamdnsnanuame 14 lunmsiloundu'ld waztluszuuFudun lunlsauna
(Linear time invariant system) aWio1sanszuuatuguuuue lagas nuai lanainluudalu
Waten 32 wulhannseimsesnuuunuunsngoasiteunduaoiu: K nldlums
fivuaszuua ladaadao3smsna Ina laodunaudail
da ai 3 ]
wlasgumsaouzvosmsmuguuuue lasds Tnuaaunish (3.10) Teglugiuuy
foyaAna1u150n0au1A (Controllable canonical form) Taverdunisutlasnaesaoiuz

z =T 'x(¢) ve'lAdatl

0 0 0 0
0 0 1 0 0
z=T'ATz+T 'Bu,(t)=| : : : : ooz |, (2) (3.11)
0 0 0 1 0
L= % ~—4 —4 —Q, L'

TaofwmSndnsuas (Transformation matrix) T=MW o M AewmSndniuguld

(Controllability matrix)

M:[B : AB i ... d A""B]
l!ﬁ%li‘jﬂ
wal aZ an—l I_‘
a, a 1 0
W= i :
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Tath Uy, Ayy oo d, fio ﬁnﬂizﬁﬂﬁﬂadwnumﬂwﬁﬂymz (Characteristic polynomial) UB4

AUMIAUANBUSISUVINTA

|sI - A| =s"+a, s"" +..tas+a,=0

ar

waz Ty Iun U luaumsh (G.6) woumudunlsnnmesaouy x = Tz a2 ladyn

mugudmIuAwlsanue z Al
ua(t)=—KTz:—|:l¢;0 k... !En_!]z (3.12)

weldszuuflounduvesszuy 3.a1) FeglugtiuniygAmuisaniuguld (Controllable

canonical form) ﬁiu

0 1 0 0
0 0 1 0
2=T"'ATz+T 'Bu, (1) = : ; ; : z
0 0 0 1
__(ao +£o) _(at +kA1) —(02 +£2) #(an—l +£a-])_
Tavtiaumsaudanyuzaatl
|sT—T™'AT+ T"'BKT|
(3.13)

=5"+(a, , +k, )s"" ot (a, + k) =0

n-1 ¥
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@HUTNIN U gAANAALU TassadhavesszuunIquuuuaswiudnuquuuualadas

Tnuauaasladagli 4.1

Switching
Condition [

Swinging up Controller]

Set point N T e
Selection PD : Y
} Switch i () = AX() + B - ) = (04—
Sliding Mode Inverted Pendulum|System
e P e
Stabilizing Controller x(1)

1 4.1 Tassadwszvuavguininaue

4.1 MIDONUVVAINIVAUM IIHILIVUVDUWHE AN
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Aotiloddsndesayludmmishiduiiaesuazanui aFuuve unugdndeuifugud n1s
wasusumisveasovindumisilegiu lugadumiadaly v 1ideu lusmmisvessasa
uazAMUS ATV ANUARUAINE1 TavAveaduMad IR A1 YDINTINADURVDIA
sam1dvinmsaesinasagniusz i ilosnnszuudunesmwugduuusoifusyuy
¥iia 1 JudenldiInuguidlumsmugudmivessosedeenuun Taomaiadunia
510 vinTnssadravesszuuntunuiiauaas 3 lugUi 3.1 uazaumsii G.1) ax 18T AU

A ar

918 TouveIdInIUAUNARIL
G.(s)=K,(T;s+1) (4.1)

uazszuUdUNBI NIMURANUUsaI1ETifafFut Touvesszuudai Iduaas I luaumsi

(2.20) UA D

6.09s* +179.04
st +0.255° +33.435* +7.20s

G,(s)= 4.2)

A4 v dao ¥ o Ao A o '
iogendunio Touvesszuuud aeliezesnuuudaniuguiid enlugudma
53 1A AN (Setting time) £, 1Y 0.5 Turi uaziinjudugaga (Maximum

' 4 : d a g
overshoot) M, # 5% FzldInmlawuvesszuvildssuununuiionssouzaui

o ¥
Mnua’ld
1NFIAUTIN
4
o
HAZANAAUGIA
M = e-—!rcr/ax! (4.4)

P

laoh o AodIuvTavelnandawu uaz o, Asdruduamwvesinaladaau veld

Inanilavesszuuiiiniiwandin «, uazavjuiugega M, audoms uaziiduiiy
. . A ' o v " " ¥ as 4 -

ot jw, =-8+ j8.39 HINUI 9:UBATINTHU (Damping ratio) INIAY 0.69 LiONIITY

'U 1] A = s L o ‘:
sepuidelildvaredaiimmefidudioleu G, (s) aunsanadumasin’ddaglin 4.2
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Imag Axis

10 L N S I |
0.25 -0.2 0.15 0.1 .05 0 0.05

Real Axis

U 4.2 dumasinvesszuuidy

931t 4.2 sxdunald3 dumeninvesszuu@uiitelildsamn vz hidadlna
Hdumia —8+ 8.39 muiidesnts Fimueanud fwdhedinsmsasven K, Wl
Tuszuuuda Alimunsaiszuuii Inaredawuogii -8+ j8.39 muiidosns 14 3aii
anusuiuiidoaning Tsd T lussuuie I ausosonuuuszun Wi TnaasTlasuegh

dumis —8+ j8.39 Idnwdoams dnfu Siinsaunwizdou gy
£G,(s)=180"(2k+1) (4.5)

Taoh & =0,1,2,... udwviuiloinssnyuesssuvidlavesilindudiolon G (s) #i s

Mty -8+ ;8.39 1At
ZGP (s) s=—8+j8.39 =91.927 #180°(2k+1) (4.6)

wu liflu e wdeu luyudaaunis i (4.5) uazie i Tdawidou luyudanarn 33

@3uAINILAYN G.(s) aaluszuuiorare daiu 0218

£G.(5)G,(s) o =180 (2k+1) 4.7)

s=—8+;8.3

Taofyuidosnssase i sz uudo
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¢=2G.(s)
=180"-91.927 =88.08'

(4.8)

vinIwawuvesszuuntandesmsiinmny -8+ j8.39 uazyuideamsminliivszuy

¢ iy 88.08 annsamdmumiad Isnasudniugu G (s) asluszuuldnn

_L:a_[ @ J (4.9)
T, tan(¢)

vInaumsh (4.9) vz larauaindin 7, miiv 0.129 Jui uaziileRnsauou lvuuia

K, (Tus +1)G, ()| g, 1539 = (4.10)
wannsama K, lédnn
K= =23.72 @.11)
[Tus +11G, (], g /8.39

wozezld K, = KT, =3.06

as

AMOATIVNLVBIMINUAMUULA K, uazdwauasniv 7, filanamseenuuuiiszili
suumguiaimEnadn 4 vidu 05 i uasAjufugage M, vihfy 5%

AuNADING

o d U
4.2 MS29NLUVUAIN 'J‘lﬁ:!lllﬁﬁﬂﬁiﬂﬂ‘lli’)@‘izﬁﬂa HOIBDINIWHGANDUID

Ja aa & day o o a
ﬂ13ﬂTllfJHliUUﬁqﬂﬂﬂQTﬂﬂﬂlﬂuﬁﬁﬂ’lﬁﬂ'JUf]!JllllUﬂuiﬂi‘ﬁﬂﬁﬂﬂTi'ﬂ'ﬁUlﬂﬂUu

Tnssadnvesdnruguine Iszuuliaudauaz dygrusenaiudesns msdadulofiay

@ o [

Usmaou T lugduunInniu szaszi luvazfiszuuidninnueg agduuuie:

s 1

s i o ' é 7 4 ] o o 4 ;‘
USuidoudestimsiimualiarami) eiis daunlsniadmdnaaemsysunaou Iaoyialy

o

A9 ALY T A TULNIMUAVDITZUY & AU
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111999152 ULIT DB UNDI NINUgAVIUT T ATuszuuhiay lidhuFadunaz
) a a v Y & a Y
WU ATHAMUTDATENINTTNAYIN FedanaTinsnIuguBos N IWYaIBUIBS NIWUYAY
= s P ar ' a 4 a a
iamAawnamianzadwdhszuudunesnmugauuusasseziiuszuusia 1 faw
o &l M ¥ /o & Yo o a oy '
aniu Sudenldmsnivguuuvelaads Inuadsannsolfldnuisrvmsudunazszun Ty
a gy 4 = - a o ' a s dy ¥
dhudadu Fie1eimssumunnmouenuiesniimsulasunlasnminiimes nioluf 14
i\ o o a . s ' 4 o 1
oSNy uados MnvoBuneINIWUgdNUNs I THAIRs 10y o garugauu Fadanruquil
Y aa a 3 Ia PR
92PBNNVVAIITNI3 I INA Taoli Inssadvesszuunmuguuuua lasas Tnuah lduaas
e (3.3)
WeuMuANIINMBS A1 vassruudunesmuduuusofinaalumsai 2.1) as

i a o [y - a =
Tugums (2.25) V0IRUNBIIMUYAVVUIDTTNDITU Y Yaaugauy vz 1dweT gz

¥
s o4

A UaZINATNFOUNA B AA Uil

0 10 0 0
3343 0 0 —074| | 446
A=l o 00 1 B o
134 0 0 —025 1.49

uazliluesnglomuanaeandostudmumissaafiaulefinsaudy
c=[o o 1 0]

[

AU AUMIRUANBULVBITVUINTAUDITTUBUND MWL AUTNITBN § Amiaga

Augauuio

|sT— A|=s"+0.24535’ —33.43145° - 7.21075 =0
wazdulszAnsvesmpugudnyuzvesszuiaiade

a, =0, a,=-7.2107, a,= -33.4314, a,= 0.2453

deawmningmsutlas T wilann
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T=MW
yoa, ap |
: s e sdnt@ & 1 O
:[B;AB:AB:AB]
a1 0 0
1 0 0 0

0 44593 -1.0937 149.3493 || -7.2107 -33.4314 0.2453

44593 -1.0937 149.3493 -41.0389 || -33.6507  0.2453 1
- 0 1.4864 -0.3646  6.0819 0.2453 1 0
1.4864 -0.3646 6.0819 -2.9614 1 0 0

-0.9778  0.0002  4.4593 0
0.2455 0.0001  0.0002 4.4593

-44.0272  0.0001 1.4864 0
0.0802 —43.7012 0.0001 1.4864

da 3

osnndesns IMszuutlounduiinaneuausshivrunandriiidy s Sufi uaz
MWAAUGIGAIAY 15% TIHTUNANDUAUDIAD T YD IMD19DIAMHUIVDITOT MUV T4
@ondmmiaTnaledan —0.8+ /1.324, -10 uaz—11 Tavszaunsndouaunsguanyus

vosszuvileundunaeandoInud i Inadanan lailu

(s+0.8+ /1.324)(5+0.8~ j1.324)(s+10)(s +11)
= 5" +22.65° +145.99565% +226.3061s + 263.5187

4 ! o e el iy
FInuNozUFUlszaNnTAI
o, =263.5187, a,=226.3081, a,=145.9956, a,=22.6
iy 91U (3.13) azansomauuns naoaiven K ldade lil

o e 5 il 5 e 3 — =
K—[ao a; .o —a; ra,—-a |T

=[42.5370 6.7942 -6.9019 -5.3434]

o o o -
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M519N 4.1 LAAINANTOBNIVUAINIVAY

[ ¥
AINIVAUMTIMIVIVUVDANUYAY AINIUAADIT MHUBIDUNBININUG Y
K, K, k, k, k, k,
23702 3.06 42.54 6.79 -6.90 -5.34
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- o
(Tsunsunuauail)

Num = [6.09 0 179.04];
Den =[10.2533.43 7.20 0];
printsys (num, den)

rlocus (num, den)

axis ([-0.25 0.05 -10 10])

grid on

n
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v.2 Isunsumivasiiimes veainiunu PD MudEidumasn

- o
(Tsunsuuuaunll)

format short;

clear all

cle

num = [6.09 0 179.04];

den =[10.25 33.43 7.20 0];
printsys (num, den)

% Mp = 5% and ts = 0.5 seconds %
Mp = 0.05;

ts =0.5;

ww = 4/ts;

wd = (-pi*ww)/log(Mp),

sl = -wwH(wd*j);

Gp = polyval(num,s1)/polyval(den,s1);
Phi = pi-angle(Gp)

x = wd/tan(Phi)

Z = WWw+x

Td=1/z

Kp = 1/(abs(Td*sI+1)*abs(Gp))
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v.3 Isunsamimsiiines vessnnugualaadsdnuadiedsmanalwa

- o
(Tlsunsunuauail)

close all

cle

M=0.642;m=0.123;1=0.25; f=0.165; g = 9.8;

A21 = 3HM+m)*m*g)/((4*m*I*(M+m))-(3*m*m*1));

A24 = ((-3*m*D/((4*m**(M+m))-(3*m*m*1)));

A4l = (3*m*g)/(4*((M+m)-(0.75%m)));

A44 = (-/((M+m)-(0.75*m));

B21 = (3*m)/((4*m*1*(M+m))-(3*m*m*1));

B41 = (1)/((M+m)-(0.75*m));
A=[0100;A2100A24;0001;A4100A44];B=[0B210B41];C=[0010];
D=[0000];

Qcal = B; Qca2 = A*B; Qca3 = A*A*B; Qcad = A*A*A*B;

Qca = [Qcal Qca2 Qca3 Qcad];

Rank_Qca = rank (Qca)

syms s

S=[s000;0s00;00s50,0005];

SI_A =S-A;

d_SI A =det(SI_A)

pretty (d_SI_A)

Azero=[0-7.2107 -33.4314 0.2453];

W =[-7.2107 -33.4314 0.2453 1;-33.6507 0.2453 1 0,0.2453 1 00; 1 0 0 0]
T = Qca*W;

p =[-0.8+1.324*1-0.8-1.324*i -10 -11];

K = place(A",C",p")

Alpha = conv(conv(conv([1 0.8+j*1.325],[1 0.8-j*1.325]),[1 10]),[1 11]);
Alpha = [263.5187 226.3081 145.9956 22.6];

Kax = Alpha - Azero;
K = Kax®inv (T)
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(Tdsunsunwd)

1 — s S — R —

Sample program for Interface DA(digital to analog) PCI boards under MS-DOS/PC
DOS.Console application for C language Copyright 2001 Interface Corporation. All rights

reserved.

—_— ===== T S P —————— T

#include  <stdio.h>  // for enoder

#include  <bios.h>  // for enoder

#include  <conio.h> // for enoder

#include  <stdlib.h> //forDto A

#include  <string.h> //forDto A

#include  <time.h> //forDto A

finclude  <dos.h>  //forDto A

#include  <process.h>// for D to A

#include <math.h> //forDto A

#include  "DA.H" /I forD to A

#include "GETBAR.H" // for enoder

void interrupt (*oldIrq3)(void);

void interrupt countToggle(void);

#define drive_port 0x378 // Number of drive port
#define file_out "c:\\data.m" /I open file (name is final.m)
#define cls(l); | short i; for(i=1; i<25; i++) lineclr(i); } // for D to A
#define Locate(x,y) printf{"\x 1b[%d;%dH", (y)+1, (x)+1) //forD to A
#define linecld(l)  printf{"\x Ib[s\x 1b[%d; | H\x 1b[0K\x I b[u", 1+1)// for D to A
#define range DA 10V /lforDto A
#define IRQ3 0x0B /* IRQ3 address */

PCI_CONFIG PciData; // for enoder

DASMPLCHREQ SmplChReq[2]; //forDto A
DABOARDSPEC BoardSpec; /I for D to A



HANDLE OpenBoard(void), //torDto A
void INITIAL DTOA(void); //forDto A
void CLOSE DTOA(void); /lforDto A
int hexout=2047;

float volt=0.0;

WORD DaData[l];

int swith = 1;

intkey = 0;

intkey 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 fcl = 0.136;

// parameters of encoder

int adr0,adrl,bus_info = 0.0;
int IByte = 0.0;

int mByte = 0.0;

int hByte = 0.0;

long dwCounterl = 0.0;
long dwCounter2 = 0.0;
long dwCounter3 = 0.0;

int direction_1 = 0.0;

int direction 2 = 0.0;

/I parameters of controller
float distane = 0.00;

float step_time = 0.001;
float eer = 0.00;

float ecr_old = 0.00;
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float x = 0.00;

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;
[RHRHHE R ### Parameters of Sliding Mode Controller ###H#HHEHHIBHHH##H*]
floatall = 0.00;
floatal2 = 1.00;
floatal3 = 0.00;
floatal4 = 0.00;
floata2l = 33.43;

float a22 = 0.00;

float a23 = 0.00;

float a24 = -0.74;

float a3 1 = 0.00;

float a32 = 0.00;

float a33 = 0.00;

float a34 = 1.00;
floatad] = 1.34;

float a42 = 0.00;

float a43 = 0.00;

float a44 = -0.25;

float b11 = 0.00*4.098;
float b21 = 4.46*4.098;
float b3 1 = 0.00*4.098;
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float b41 = 1.49*4.098;
float H1 = 0.00;

float H2 = 0.00;

float H3 = 0.00;

float H4 = 0.00;

float H5 = 0.00;

float velo = 0.00;

float velo_old = 0.00;
float th 1 dot old = 0.00;
float Ua = 0.00;

float Un = 0.00;

float Z = 0.00;

float Zn = 0.00;

float Zn_old = 0.00;

float Sn = 0.00;

float Mn = 0.00;

float Q = 0.00;

float sign = 0.00;

/I parameters of gain

float khat 1 = 126.0;

float khat 2 =39.0;

float khat 3 =-10.0;

float khat_4 =-50.2169;
float khat 5 =5.0;

float khat 11 =42.2167*1; // Place poles @ [-10,-11]
float khat 22 = 6.7877*1,
float khat 33 =-6.0051%*1;
float khat 44 =-5.3176*1;
// Parameters of gain ------------
float kp = 23.72;

float kd = 3.06;

float eer_dot = 0.0;

64



float setpoint = 0.0,
float step[5];

float di = 0;
intn=0;

int nn = 250;

i e A S

// Function void main ()

/S

int main(void) {

/I open file . B
FILE *data_fout;

clrser ();

data_fout = fopen (file_out,"wt+");

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

I

// Initial value of Digital to Analog PCI Card (PCI-3345A)
INITIAL_DTOA();

hDevice = OpenBoard();

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

SmplChReq[0].ulRange = range;

R ———

// Initial Encoder PCI Card (PCI-6201E)

PciGetConfigRegEx(1, 0x1147, 6201, 0x1147, 0x0011, &bus_info, &PciData)
adrO0=PciData.Base Addresses[0] &O0xfffc;

adrl=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

]
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J ===mmeen ===
step [0] = 0.10;

step[1] =-0.16;

step[2] = 0.17;

step[3] = -0.17,

step[4] = 0.038;

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);

= mm e e e e e

// In data of encoder 1 (distant)

outp(adr0+0x0c,0xAA);
IByte=inp(adr0+0x00);
mByte=inp(adr0+0x00);
hByte=inp(adr0+0x00);
dwCounterl= IByte+(( long)mByte << 8)+(( long)hByte<<16);

= -

// Modofly data of encoder_2 (th_1) --==---==-=----=---=------
if (dwCounter2 > 0x7fffff)

{

direction_1=2;

dwCounter2 = Oxffffff - dwCounter2;

i

else
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{

direction 1 =1;

i

while (dwCounter2 > 8000)

{
dwCounter2 = dwCounter2 - 8000

}

if (direction_1 == 2)

{

dwCounter2 = 8000 - dwCounter2;
H

dwCounter2 = dwCounter2 - 4000;

th_I = dwCounter2*0.045; // 1 puls is 0.045 degre
if (th_1<0)

{

//th_1 =360 +th_1;

}

th_1=th_I*0.017453;

"

// Modofly data of encoder 1 (Distane) =-----------
if (dwCounter] > Ox7fffff )

{

dwCounter] = Oxffffff - dwCounterl;

}

else

{

dwCounterl = dwCounter]*-1;

}
distane = dwCounter1*0.0000083437:

Y ---
printf(" distane : %061X ", dwCounterl);

printf{": %3.41f ", distane);

67



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

}

if (th 1 <0)

{

th 1=th 1*-1;
f

th 1 old=th 1;

x_old = distane;
oldIrq3 = 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)

d

goto out_5;

}

if (key == 0)

{

goto out_3;

}

while(key == 1)

{

// Modofly data of encoder_2 (th_1) -—-==---=-==mnmmmmmemecc e e
if (dwCounter2 > 0x7fffff)

{

direction_1 =2;

dwCounter2 = 0xffffff - dwCounter2;

}

else

{

direction_1 = 1,



H
while (dwCounter2 > 8000)

{

dwCounter2 = dwCounter2 - 8000;

}

if (direction 1 == 2)

{

dwCounter2 = 8000 - dwCounter2;

}

dwCounter2 = dwCounter2 - 4000;
th_1 = dwCounter2*0.045; // 1 puls is 0.045 degre
if (th_1<0)

{

/fth_1 =360+ th_I,

}

th_1=th_1*0.017453;

// Modofly data of encoder 3 (Distane)
if (dwCounterl > 0x7fffff)

{

dwCounterl = Oxffffff - dwCounterl;
}

else

{

dwCounter]l = dwCounterl*-1;

}
distane = dwCounter1*0.0000083437;

x = distane;

eer = setpoint - x;

x_dot = (x - x_old)/step_time;
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eer_dot = (eer - eer_old)/step_time;
u = kp*eer + kd*eer_dot;
if (x_dot==0)

{if (u>=0)

f hat=fsl;

else

f hat = -fs2;

}

else

{if (x_dot > 0)

f hat = fcl;

if (x_dot<0)

f hat =-fc2;

}

volt=u+ f hat;

I

// Modifly volt output
"

if (volt > 10)
volt = 10;
if (volt <-10)
volt=-10;

// out data (volt)

volt = volt*1.00;
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;

}
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th 1 dot=(th_1-th 1 old)/step time;
if (th_1<3.0)

{

if (x > 0)

{

if(di==1)

{

goto out_1;

}

else

{

goto out;

}

}

else

{

if (di ==2)
{

goto out_1;

}

else

{

goto out;
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goto out;
}
out 1:
if ((setpoint*x) = 0)
{
if (th_1_dot>0)
{
=ntl;
if (n>4)
{

else

{
goto out;
}
}

else

{

goto out;

}

setpoint = step[n];
out:

if (th_1<0.04) //0.04//
{

step[0] = setpoint ;
step[1] = setpoint;
step[2] = setpoint;
step[3] = setpoint;
step[4] = setpoint;

key 1=1;
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key = 0;
goto out_2;
}

eer_old = eer;

x_old =x;
th_1_old=th_1;
[ ———meee

// keep data (time_r , distane , th_1, th_2) in H/D S
//fprintfldata_fout,"%4.4f %4.4f %4.4f %4.4f \n", time_r, distane, volt, th_1/0.0175);
fprintfldata_fout,"%4.8f %4.8f %4.8f %4.8f %4.8f %4.8f %4.8f %4 .8f
\n",time_r,Un,x,x_dot,th_1,th 1 dot,Ua,volt);

/Ifprintf(data_fout,"%4.8f %4.8f %4.8f %4.8f %4 .8f %4.8f %4 .8f %4 8f
\n",x,x_dot,th_1 dot,th 1,ui,u,eer,volt);

/lfprintfldata_fout,"%4.4f %4.4f %4.4f %4.4f % \n", time_r, th 1, th | dot, x):

time_r=time_r + step_time;

/! —
//printf(" hexout : %d\n ", hexout);
I

T 8 e ) T e ——
key = 0;

count = 0;

S S S ——
}

if (key 1==0)

{

goto out_3;

}

out 2:

// In data of encoder_2 (th_1)
outp(adr0+0x0c,0xAA);
IByte=inp(adr0+0x01);
mByte=inp(adr0+0x01);
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hByte=inp(adr0+0x01);
dwCounter2= IByte+(( long)mByte << 8)+(( long)hByte<<16);

I S —

/' In data of encoder 1 (distant)

outp(adr0+0x0c,0xAA);

IByte=inp(adr0+0x00);

mByte=inp(adr0+0x00);

hByte=inp(adr0+0x00);

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

I e -

// Modofly data of encoder 2 (th 1)
if ( dwCounter2 > 0x7fffff )

{

direction_1 = 2;

dwCounter2 = Ox ffffff - dwCounter2;
}

else

{

direction_1 = 1;

}

while (dwCounter2 > 8000)

{

dwCounter2 = dwCounter2 - 8000;
i

if (direction_1 == 2)

{

dwCounter2 = 8000 - dwCounter2;
i

dwCounter2 = dwCounter2 - 4000;
th_1 = dwCounter2*0.045; // 1 pulse is 0.045 degre
if (th_1<0)

{
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/ith 1=360+th |;
}
th 1=th_1*0.017453;

" NRI—————

// Modofly data of encoder 1 (Distane) --------=-==========-----

if (dwCounterl > 0x7ffffT)

i

dwCounterl = Oxffffff - dwCounterl;
f

else

{

dwCounter]l = dwCounter1*-1 ;

}

distane = dwCounter1*0.0000083437;
x = distane;

I --

Zn_old =-1*((b11*th_1) + (b21*th_1_dot) + (b31*x) + (b41*x_dot)) ;
th_ 1 old=th_I;

x_old = distane;

setpoint = 0.0;

out 5:

while(key == 1)

{
1

// Modofly data of encoder 2 (th_1)
if (dwCounter2 > Ox7fffff)

{

direction_1 = 2;

dwCounter2 = Oxffffff - dwCounter2;

}

else
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direction_1 = 1;
f
while (dwCounter2 > 8000)

{
dwCounter2 = dwCounter2 - 8000;

}

if (direction 1 == 2)

{

dwCounter2 = 8000 - dwCounter2;
i

dwCounter2 = dwCounter2 - 4000;

th_1=dwCounter2*0.045; // 1 puls is 0.045 degre

if (th_1<0)

{

//th_1 =360+ th_1;
}

th_1=th_1*0.017453;
I

// Modofly data of encoder 3 (Distane)

{
dwCounterl = Oxffffff - dwCounterl;
H

else

{

dwCounterl = dwCounterl*-1;

}
distane = dwCounter1*0.0000083437;

x = distane;
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if (nn <= 0.0)

{

x_dot = (x - x_old)/step_time;

th 1 dot=(th 1-th 1 old)/step time;

Ua = -1*((khat_11*th_1) + (khat_22*th_1 dot) + (khat_33*x) + (khat_44*x_dot));
H1=(-bl1*all)-(b21*a21)-(b31*a31)-(b41*adl);

H2 = (-b11*al2)-(b21*a22)-(b31*a32)-(b41*a4d2);

H3 =(-bl11*al3)-(b21*a23)-(b31*a33)-(b41*a43);

H4 = (-b11*al4)-(b21*a24)-(b31*a34)-(b4 1 *a44);

H5 = (b11*b11)+(b21*b21)+(b3 1*b3 1 )+(b41*b41);

Q= (H1*th_1)+(H2*th_1_dot)+H(H3*x)+(H4*x_dot)-(H5*Ua);
Zn=Zn_old + (Q*step_time);
Sn=((b11*th_1)+(b21*th_1_dot)+(b31*x)+(b41*x_dot))+Zn;
if (Ua >=0)

Mn = Ua + 2.00;

else

Mn = (Ua*(-1)) + 5.00;

if (Sn>=0)

sign=1;

else if (Sn == 0)

sign = 0;

else

sign = -1;

Un =-1*Mn*sign;

volt=Un + f hat*0.00;

volt = (volt/0.35)*0.275;

/Ivolt=Un + f_hat*0.00;
Zn_old = Zn;

x_old =x;
th_1_old=th_1;

}



else

{

eer = setpoint - X;

x_dot = (x - x_old)/step_time;

th 1 dot=(th 1-th 1 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==10)
{if (u>=0)

f hat=fsl;
else

f hat = -fs2;

}

else

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

if (x_dot<0)
f_hat = -fc2;

}

volt=u+ f hat;
ui_old = ui;
eer_old =eer;
x_old =x;

th 1 old=th_I;
}

if (volt> 10)
volt = 10;
if (volt <-10)
volt =-10;

volt = volt*0.35;
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hexout=((volt+10)/20)*4095;
DaData[0] = hexout;
DaOutputDA( hDevice, 1, &SmplChReq[0], &DaData[0]);

O e

/I keep data (time_r, distane , th_I, th_2) in H/D =
//fprintfldata_fout,"%4.4f %4.4f %4.4f %4.4f \n", time_r, distane, volt, th_1/0.0175);
fprintfldata_fout,"%4.8f %4.8f %4.8f %4.8f %4.8f %4.8f %4.8f %4 .8f
\n",time_r,Un,x,x_dot,th_1,th 1 _dot,Ua,volt);

/fprintfldata_fout,"%4.4f %4.4f %4.4f %4.4f % \n", time_r, th_1, th 1 dot, x);
time_r = time_r + step_time;

I W

//printf(" hexout : %d\n ", hexout);

e -

// set key off -------
key = 0;

count = 0;

}

I e

out_3:

I -

if (count <= OxfTffff)

{

count = count + [;

goto label,

}

else

{

setvect(IRQ3, oldIrq3);

outportb(0x21, (inportb(0x21) | 0x08)); // disable IRQ3
fprintf{data_fout,"];\n"); // end of file with "]"
outp(drive_port,0);

DaClose(hDevice);
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CLOSE_DTOAJ);

}
I SN

return(0);
¥
S

// This ISR should execute each time IRQ3 goes high
ffmmmm e e oo e -

void interrupt countToggle(void)

{

disable();

// In data of encoder_3 (th_2)

outp(adr0+0x0c, OxAA);

IByte=inp(adr0+0x02);

mByte=inp(adr0+0x02);

hByte=inp(adr0+0x02);

dwCounter3= IByte+(( long)mByte << 8)+(( long)hByte<<16);
e

// 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);
I e

// In data of encoder 1 (distant)

outp(adr0+0x0c, 0xAA);

IByte=inp(adr0+0x00);

mByte=inp(adr0+0x00);

hByte=inp(adr0+0x00);

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




key = 1;
outportb(0x20, 0x20); // send EOI signal
enable();

}
I .., B

// Function forDto A

Jf e e oo
HANDLE OpenBoard(void)

{

HANDLE hDevice;

hDevice = DaOpen(3345, 0x0001, 0);
return hDevice;

}
I T ——

void CLOSE DTOA(void)

{

char *pString;

pString = "/R";

spawnl(P_WAIT,"dadrvi.exe", pString, NULL);
}
i

void INITIAL_DTOA(void)

{

char *pString;

pString = "/B=1";
spawnl(P_WAIT,"dadrvi.exe", pString, NULL);
}
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Abstract-The design of hybrid controller consisting of PD
controller and sliding mode controller for inverted pendulum
system is proposed in this paper. The PD controller is applied
for controlling position of the cart to swing up the pendulum
from the natural pendent position to around the upright position.
The sliding mode controller is utilized for stabilizing the inverted
pendulum in the upright position. Root-locus method is applied
to tune the PD controller, while the sliding mode controller is
designed based on pole placement. The experimental results of
the proposed control system are also shown in this paper.

[ INTRODUCTION

In control area, the inverted pendulums are one of the most
commonly studied systems. Many variations of the inverted
pendulum often represent different kinds of the robotic arms
[1]. The inverted pendulum to be discussed i this paper is an
inverted pendulum on cart as depicted in Fig. 1. This inverted
pendulum consists of a cart and a pendulum hinged to the cart
via a pivot and only the cart is actuated. Swinging up and
stabilizing the inverted pendulum have many advantages in
theoretical study such as simple structure, nonlinear and
uncertain characteristics. Many control methods have been
implemented to control the inverted pendulums, for instance,
nonlinear control [2], energy-based method [3] and Qubit
neural network [4]. Though using these algorithms gives good
performance, they are complicated to design and implement.

In this paper, a controller designed by using hybrid PD
controller with sliding mode control algorithm to swing up the
pendulum from the natural pendent position to around the
upright position and to stabilize inverted pendulum in the
upright position is proposed. It composes of two parts. The
first part is the PD position control and the second part is the
sliding mode control. In the first part, a PD controller is
employed for swinging up the pendulum from the natural
pendent position to around the upright position. The gains of
the PD controller are assigned by root-locus method to obtain
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 traveling range of the cart. The cant
will be controlled to move to the opposite direction when the
angular velocity of the pendulum at the stop point of each
travel is zero. The cart movement will be repeated to next
assigned cart position until the inverted pendulum swings up
around the upright position. When this condition is reached,
the second part, which is a sliding mode controller, will be

switched to stabilize the inverted pendulum. In this paper, this
sliding mode controller is designed based on pole placement
method. The effectiveness and reliability of the proposed
method in actual experiments will be shown.

II. MATHEMATICAL MODEL

oo .
_

Figure |. Inverted pendulum on cart.

Fig. 1 shows the structure of the inverted pendulum on cart
system where variables @, x and F denote the pendulum
angle (rad), the cart position (m) and the force applied to the
cart (N) respectively. The system parameters include the mass
of the cart M (kg), the mass of the pendulum m (kg), the
distances from the turning center to the center of gravity of the
pendulum / (m), and the cart’s friction coefficient f (kg/s).

The mathematical model of the inverted pendulum can be
computed either by Newton's law or Lagrange’s equations
with respect to x and @ coordinates. If x, =0, x,=6,x =x
and x, =x are selected as state variables and applying force

F is denoted by input #(¢), the nonlinear state space model
of the system can be then obtained as

I o= x
- fi = m'hx] cos
(M‘ Siarh mcosx (u fx(‘;(_:r:;= cos x; sinx; )

- m

4 mlcos? n

DN CERT

-m
)

¥y =y

3 . 2
u=-fu o+ ) my cos x; sin x; — mixy 5o x

iy . .
(M *M)_:‘-I"I :osz.-l
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In this case, the input u(r) or the force F is generated by DC
motor. The state vector x'()=[x v, 1, 1] =[0éx :‘r]r will
be subsequentially used for shortening mathematical notation.

Concerning to the angle of the pendulum, the inverted
pendulum system has two distinct equilibrium points. The
first one is at the upright position and it is naturally unstable.
The other one is at the hanging position and it is stable.

For designing the swinging up PD controller, the model of
the inverted pendulum will be linearized at the natural pendent
position. Corresponding to this equilibrium pomt, the control
input n(r) and state variables x(r) are considered at v,(r)=0

and x, (1) =[x 000]" . The linear stale equations can be
obtained as (2)

x(#) = Ax(r)+Bu(r). (2)
when
0 10 0 i 1
'3(‘“'")"* 0 Inf -3n
Al (M s m) - Jor'| And{ M e m) =301 Gl M om) 'l
A= 0 00 1 JB= 0
Joe 00 ! : '
A({Mvm}A;m) [Him)-;m (M.,,)_gm

As the main interest of this part is to control the position x of
the cart, the following output equation can be given in (3)
where C=[0010].

M)=Cx{r) 3

Nevertheless, in order to design the sliding mode controller
for stabilizing the inverted pendulum, the model of the
inverted pendulum system is also needed to be linearized at
the upright position. The linearization is therefore calculated
al uy(f)=0 andx, (1)=[0000f . The resulting linear state
equations can be similarly obtained as (2) but with

0 10 0 0
J(Mlm}m o ~3mf  m
Aml(M +m)-3or'l Ami( M + m)-3m’l (M ) J’l
A= 0 00 1 B= 0
= 7y 0 - 3 ;1
5 Mim)- ) s
4{[“&;»} 4,;) ( Un) 4m (Him) Am ;

IIT. HYBRID CONTROL SYSTEM STRUCTURE

The overall structure of the proposed control system is
shown in Fig. 2. It is composed of a PD controller and a
sliding mode controller. The PD controller is employed to
control the inverted pendulum around its upright position
while the sliding mode controller is used for stabilizing the
inverted pendulum in upright position.
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Figure 2. Overall structure of the proposed control system.

A PD Controller for Position Control

The PD controller is used to control the position of the cart.
According to the movement of the cart, the mverted pendulum
will be swung up from the natural pendent position to around
the upright position. The output command signal (1) due to
the PD controller is given by

w(r)= A’Pe(r)+K,,—:;e(:) 4

where K, is the proportional gain, K, is the derivative gain
and (1) is the error of the cart position. The PD controller is
tuned to achieve fast response without overshoot based on
root-locus method. The designed controller will control the
cart to move back and forth successively according to the pre-
assigned cant position of which the pendulum staying at the
naturzl pendent position is excited. The occurance of back
and forth movement of the cart is proceeded when the angular
velocity of pendulum is zero until the pendulum can be swung
up around the upright position where the sliding mode
controller will be switched to stabilize the pendulum.

B.  Sliding Mode Controller for Stabilizing

Sliding mode control, often referred as Variable Structure
Control, is a high-speed switching feedback control that
switches between two values based upon some rule [S]. [6).
The control theory uses a high-speed switching law to drive
the nonlinear plant’s state trajectory onto a specified surface in
the state space. This surface is called the “sliding or switching
surface”. A sliding mode will exist for a system, if in the
vicinity of the switching surface the state velocity vector is
directed towards the surface. Consider the system

x(1)= Ax(r)+Blu(r)+ f(x,0)] (3)

where x(f) is state vector, u(¢) is a scalar control and f(x.f)
is a nonlinear perturbation with known upper bound f,(x,1)
with assumption that the sliding surface is chosen [7] as

s(x,6)=B'x(1) + (1). (6)
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when z(7) is governed by an additional first order dynamic
subsystem

#() = -B" Ax(r)— (B"B)u, (1), z(0) = ~B x(0). Q)
Let the control u(r) in (5) be the discontinuous function
u(t) = -M(x,r)sign s(x.1), (8)

where M(x,t) is the magnitude of the control input u(r).

The motion projection on the one-dimensional s-space can be
computed by (5), (6) and (7) and it is governed by

$(x,0) = (B'B)(ul(t) + f(x,0)—u (1)) (9)

From (8) and (9), the condition for the existence of a sliding
mode (ss < 0) is corresponding to

M(x, 1) 2 |, (0] + £(x,1). (10)
The shding mode arises at the initial instant because 5(0) = 0.
The solution to the algebraic equation s(x,f) =0 with respect
to wu(r) should be substituted into (5) to obtain the sliding
mode equation in the plane s(x,#) =0 and it is
£(1) = Ax(r) + Bu_ (1) . (11)
Therefore if the linear control u,(r) = -Kx(r) is designed in
compliance with pole-placement method, the system behavior
in the presence of an unknown perturbation f(x,f) is

described by the linear time-invariant equation (12) with the
assigned poles of the system.

X(4) = (A -BK)x(r) (12)

If the magnitude of control input take only two values M,

and -M, , the magnitude of control M, should satisfy (10),
which means that initial conditions and the perturbation
should be bounded.

In summary, the steps for designing the sliding mode
controller of the inverted pendulum are as

(1) Choose the desired closed-loop poles of the feedback
system (12). The linear control u (r) =-Kx() is
found accordingly by pole placement method.

(2) The dynamic part of the controller (7) is designed and
the equation of the discontinuity plane s =0 is [ound
by (6).

(3) The discontinuous control governed by (6), (8) and
(10) is designed.
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IV. EXPERIMENTAL RESULTS

In this section, the proposed hybrid PD-sliding mode
controller for swinging up and stabilizing the inverted
pendulum on cart will be implemented. The parameter values
of the inverted pendulum system are shown in Table 1.

TABLE |
PARAMLTCR VALULS OF INVERTLD PLNDULUM
M (kg) m (kg) I (m) f (kg/s)
0.642 0.123 0.25 0.165

The linear models of the inverted pendulum on cart (2) can be
obtained where

0 10 0 0
-3343 0 0 074 -4
2 and B= (13)
0 00 1
13 0 0 -025 149

for equilibrium point at natural pendent position and where

0 1 0 0 0
4 0 -0.74 4.46
L and B= (14)
0 00
134 0 0 -0.25 1.49

for equilibrium point at the upright position.

The PD position control can now be designed based on the
root-locus method to bring the inverted pendulum up around
the upright position as fast as possible. In this case, the
dominant poles are chosen at s = -8 + j8.39 which correspond
to 0.5 sec for settling time and 5% for percent overshoot
respectively. The desired proportional gain K, and derivative
gain K, are respectively obtained as 97.205 and 12.54. The

sequential travelling positions of cart are assigned to be
10,-16, 17,-17and 3.8 cm respectively.  Zero angular
velocity condition occurred at the stop point of the present
position will be used as a criterion for moving the cart to the
next assigned position.

For sliding mode controller, system matrix A and input
vector B in (14) are employed. The gain matrix K in (12)
can be found by assigning the values of percent overshoot and
the settling time as 15 % and 5 seconds, respectively. Hence,
the closed-loop poles of the inverted pendulum system are at
s=-081% /1324, -10and-11. This yields K =[173.001
27.816 -24.609 -21.792]. The discontinuous control is then
derived by assigning the values of f,(x,r) is 2.

For the experiment with simultaneous control of the
inverted pendulum from swinging up control to stabilizing
control will be investigated. The initial value of the cart
position x(0) is set at zero and the pendulum angle £(0) is at
natural pendent position. The stabilizing control will be
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switched when the pendulum is around the upright position.
The switching condition is selected as |¢]<0.04 rad and

|9l <0.1 rads.

The experimental results obtained from a real machine are
shown in Fig. 4 (a), (b) and (c). It is seen from Fig. 4 (a) and
(b) that the PD controller can swing pendulum up to around
the upright position about 4.42 sec, then the system is
switched to stabilizing control mode and it can stabilize the
pendulum at its upright position and the cart position at zero.
The control input signal for swinging up and stabilizing the
inverted pendulum is shown in Fig. 4(c).

V. CONCLUSIONS

The hybrid PD controller with sliding mode control
algorithm consists of the PD position control for swinging up
the pendulum from the natural pendent position to around the
upright position and the sliding mode control for stabilizing
the inverted pendulum in its upright position has been
proposed in this paper. According to the cooperative tasks of
PD and sliding mode controller, the experimental results show
that the proposed controller can swing the inverted pendulum
to the upright position in a short period of time and the
controller has good performance in controlling the cart
position and pendulum angle at zero line.
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Figure 4. Experimental results of the inverted pendulum system.
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