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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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X(£)= Ax(¢)+Blu(t)+ f(x,1)] T (3.2)
y(@)=Cx ' ' (3.3)
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&
fl

u(t) e dysmaiugy
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y(t) A9 AYYIBe NN
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Y

f(x,0) ap dyanusunui linsusualve s

)

B

a 4
A AD IUNINHITUD VU XA

&

a  da
B B LINTINFOUNH YA nx]
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a J 4
C AB WNINWBINUA YU Ixn

[ a o w 9 d’l a da 4 di’ =
nananmIvesa loads Inua ludwuusndeseonuuuiuiialasas 5(X,1) FIHUNMTUBINUAD

aladAansdaauns (3.4)
s(x,5) =BTx(1) + z(¢) /a ' (3.4)

o q Yo a g oa A v o Y
‘ﬂ’lﬂﬂg]ﬂ’liﬂ')ﬂﬂN%gﬂ'](lﬁﬂjllﬂﬁﬁﬂTug‘ll@Qi3UU'J\3W’]‘”’]5$U’]U'CT‘1§Q§’NH Uﬁg'ﬂ\ﬂﬂ‘uclﬂ'.]ﬂﬂﬂ'luzﬂ\?

¥ 4 b
sguuiurItinaeanm Inowaiaves z() mwsom nnaunisee i

£(t) =-BTAx(t)— (B"B)u, (1), 2(0) = -B"x(0) (3.5)

[

A' :i o A a 9 d' é =S 1 o
deeginsanlunmseenuuuie AYYIUAURNFUTY 2, (7) Tuaun1sf (3.5) Fealaurii

u,(f) = -Kx() (3.6)

o K=[k & .. k] duemindsasmootlounduans (State feedback gain matrix)
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Fomo i}
u(t) =—M(x,1)sign s(x,t) (3.7

[] o - )
Taohi M(x,1) fovnavesdaqnauniugy u(r) §ai Motion projection §(x,7) Nl¥Fmsudmua

v 14
sz laddannlSgiianurannsom Wonauns 3.2) G.4) s G.5) Faannsouaaeldgadi
$(x,1) = (B"BY((t) + £ (x,1) —u, (1)) (3.8)

nnaunsi (3.7) g (3.8) denlvdmumstedvesalasaslnua s(x,0)5(x,t) <0 szdouiiulyl

- aweENmMIn (3.9) dune Ui
M(x,0) 2 [u, ()] + f(x,5) (3.9)
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Tﬂuﬂwnmiwmsmwﬁmmmmﬂ'mnuma‘lmwu‘m s(x,))=0 mma”lﬂu
%(1) = Ax(t) + Bu, () (3.10)
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(3.10) uu annsoeenuuy1ana1edT W Tueafens (LQR) aﬁmimﬂwmﬂuﬁu luineiinug

nwmz‘lmﬁmimﬂwam%:‘lﬂﬂanm"lﬂ



20

3.3 myvenuuussuuileundudiedznis1elna

ﬂ'li’t)ﬂﬂu‘Ullﬂ'lﬁ‘ﬂ'i‘)‘uﬂ’ﬁ‘llﬂ’JEJ’J‘ﬁﬂ'li’)NIWﬁﬁi?Jﬂ'liﬂ'lﬂuﬂI‘Wﬁ (Pole aSSIgnment) 3J’Jﬁﬂ'l§'ﬂ

2 o

ﬂmﬂﬂmﬂ‘umsaemmuTﬂﬂ‘lﬂfmﬂumaumqsm cnﬂwmﬂmmﬁ:umqﬂﬂm%nmn“lﬂaﬂ“lu

duvdendeamsla mumsaammumﬂnmnnTwauummmmﬂwamﬂummiwuu“lﬁ@ﬂ‘lu
Munsaiidesns ldodesass Taefidenluh uuuuumammmmamﬂmmuﬂsmmmwaiwiu
msﬂauﬂﬁu”lﬂ me‘ﬂuSW‘IJUL‘NLETH‘Vi'hJLLﬂSmNL’Jﬁ‘I (Linear time invariant system) LiJi’J‘W%'lSmﬁw‘U‘ll
mupuualadds Inuad 1dna1 T tuiaded 30 WuhmmsedhimsesnuuuA NI ATSA

[ d' o da a n’l‘ ar 4
Hounduaniue K w“l%’“lumﬁmﬁumvumﬁ"laﬂmﬁ'smﬁmimﬂwaIﬂﬂﬁmumaumﬁ
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a58AUAN 1A (Controllable canonical form) Tngorrenisuasnnmesaaug z =T x(t) wld

'y
@ A

Al
) 0 0 ] To]
0 1 A\ 0 0
z=T'ATz+T Bu,()=| + : : : Doz () (3.11)
0 0 0 1 0
| —a, -a, —a, AV (P

v - g a d ¥
lngim3ndnisilas  (Transformation  matrix) T=MW i M fAommsndaiunyld

(Controllability matrix)

M=[B : AB i .. I A™B]
uazaf;a
[_al a, a,, 1]
a, a I 0
W :
a, 0 0
10 0 0]

P
lavh a,,a,, ... a

n-1

4 Q - - .
D ﬁuﬂﬁzﬁmmmwnumﬂmaﬂym: (Characteristic polynomial) ¥84aUn1I

Auan¥aszuuIua
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Isl —Al=s"+a,_ 5" +..+ as+a,=0

ua‘"mnﬁmmmmnﬂuiuﬁumiw (3.6) mmmumuﬂmﬂmemmu“ x=Tz "l]“"l

Tyaun UL
Tmsvausaniue z mu

A

u,()=-KTz=-[k & . o |2 (3.12)

wldsznuflounduvesszuy (3.11) foglugiuvyiygRamsaniuguld (Controllable canonical
form) i1y

[0 1 0 0 ]
0 0 1 0
=T'ATz+T " Bu, ()= ; J : " z
0 0 0 1
_—(a0+120) —(al+l€,) —(az+l€2) e —(a,_ +k "l
Taofioumsgudnyazdail
|s1—T“AT+T*’BKT]
' (3.13)
=s"+(a,, +k B +(a0+k) 0



UNH 4

NTRBNUVLAINIVAN

3 v F4 ‘
Tuuwﬁﬂ:ﬂanﬁqmseammuﬁ'sﬂ'mmmmmaﬁuua“snmmm)smwmm5°'1J1Jﬂunas

mwuﬂauuumiw IﬂEJGI‘Hﬁ']il'lSﬂL‘Vf’JEN!W‘L!@ﬁ?Jil'lﬂi]ﬂﬂl!ﬂﬁﬁ'l\i‘uuﬁﬂﬂﬂllﬂﬁ‘uuuﬁ iﬂ‘kl'lllﬁll

Q

A

wdgsnw a gaugaun3ig & mmuaumnanu wilszneudwdmuguiiafieenuun Tasmaiin

9

Lf’f'umasmcﬁwwﬁmﬁiﬁm‘%mmuﬂﬁ’mdiyu ey mmmmmua"laﬂmTﬁmwaammuTﬂa“lmﬁms
e Twadane ‘m‘nmsﬂmaunmmwuﬂau“l'ﬁmﬁnaﬁmw U A TUAAVY mmmnmam%wwmu
smnuiﬂa“lamauylmm'szﬂaﬂuuﬂmmsvmmmmmmvﬂu cm“lumﬂuusﬂm"lwmﬂfmﬂnms
mwwumamwamummmﬂ%ﬂauﬂamwudaﬂﬁmauuﬂau umwﬂaﬂumhmmmu
' smm"hnﬂﬂwmwasﬂmmuﬂaﬂwmﬂnaimw 4 ATUAAUY TmaﬁsNmmsvuvmmmmum

nufmmm'uﬂmmilﬁ"laﬂmTwmuﬁm"lﬂmsﬂ‘w 4.1

Switching
Condition [*°
S ' Swinging up Controller b;
et point -+ A
Selection PD ———1 h Q" y
% = A -
‘r Switch (1) = Ax() +Bu(t > (1) = Cx(t) o>
Sliding Mode ’ Inverted Pendulum|System
Control 3
-' Stabilizing Controller & x(2)

31 4.1 Tassadressunauguiiuaue

4.1 msaammuﬁ’amuﬂumsmﬁ'ﬂﬁummmuﬂé’u

[y

mmmmwamﬁmaEmmmmmuﬂmm %w“lwaﬂmwmmsﬂ'mﬂmumuwmmuﬂau

<
TmmmuiwmmmaeumnE)fmmzmzmuﬂu1”lﬂmulumﬂ‘ummmu'lwmmgmmmua”mmm

LY

FayUvOUNUYTY ﬂuﬂﬁzmmusﬂaugmmawullﬂmummﬂﬁmauu eAAIDEUFY 5031998
Lﬂﬁﬂuﬂnmmmﬂmzmuqamuw'ﬁﬁq'lﬂmmzmmamumm"lﬂﬂmmua A3ndesegludumis

dduiiniluns ﬂ:nmﬁ'Jmimsuwwuﬂauﬂmmmmua uazludnymz@oadu dr3neznldon
éhxmmmnmuﬁmmﬂumm"lﬂmmzmmmﬂwmn"1ﬂﬂmmm¢'|'3'mﬂmazﬂuﬁumﬁaﬁwﬁuﬁﬁm

d a ar Y ' a o v ° ] @ [
UaEATUTIYWYDUNUGFUAD U F U mafavudumisvessanindumisilaginluds



23

o ' @ 9 & o v 3 a v @ ! Cor
Aumadaly v 1dGeu ludunysvessasie LASANUI TNV UNUGTURINa 1) Tasa1ves
AN DA 199 ﬂlmmimﬁauﬁmmﬁamw1'lﬁ’mﬂmﬁamﬁﬂamgﬂﬁmzum?q (o9 InszuLdY

o o I . = &2 A Vo 3t o v 2
L'J@ﬁﬂlwu@ﬂuﬂuﬁﬂlﬂu5$'1J‘U‘D'uﬂ 1 ﬁ]\?&ﬂﬂﬂi‘ﬁﬂ')ﬂ?‘ﬂﬂNWﬂ‘l‘Hﬂ’l'iﬂ'J'UﬂMﬁTLLﬂUQﬂJﬂﬂiﬂTN“ﬁQ

1
oY

ponuuy laamadaduniesin ninlassaivesssuumvguitanuans ¥lugud 3.1 wasauntsh

91
(Y

(3.1) ﬁw‘lﬁ’fﬁﬂaﬁ%udwUiammﬁaﬂwﬂuﬁ fail
Ge()=K,(T;s+1) ‘ 4.1)

a 4 @ ~ Jo 1 @ A P
tosssuuBuneIINUgaL s N lifadFudwTouvesssuudah Iduans Bluaumsd (2.20)
Y A
{39
6.09s* +179.04

G (s)= 4.2
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.1 Tiliunsuf'ﬂ%'ﬁm%’nmm?r’uma51mmszw%unasdmwu@é’wumsn

(dsunsunuaudil)

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
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3 s
.2 Tlsunsummnnfimesveaiinauny P dredtidumann

(Tsunsuuueudl)

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 = -ww+(wd*j);

Gp= po]yval(num,sl)/pélyval(den,sl);
Phi = pi-angle(Gp)

x = wd/tan(Phi)

Z=wWw+x

Td=1/z

Kp = 1/(abs(Td*s1+1)*abs(Gp))
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a d LY .
.3 TlsunsummafimesveaiinugualadasTmuadae3insneina

(dsunsuuuaudy)

close all

cle

M =0.642; m=0.123; 1= 0.25; £ = 0.165; g ~ 9.8;

A2l = (3*(M+m)*m*g)/((4*m*l*(M+m))-(3*m*m*l));

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

A41 = (3*m*g)/(4*((M+m)-(0.75*m)));

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

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

- B41 = (I)A(M+m)-(0.75*m));

A=[0100;A2100A24;0001; A4l 00A44];B=[0B210B41];C=[001 0J;
D=[0000];

Qca.l =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;0500;0050;0005];

SIA=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;0.2453100;1000]
T = Qca*W;

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

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

Alpha = conv(conv(conv([1 0.8+j*1.325],[1 0.8-*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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d' 5 2 ! L4
MATﬂsunﬁuﬂau@un1nﬁaﬂamuuazsnyuaﬁﬂﬁn1wmaassuu%unaéﬂnwu@anuusaim

(sunsumun)

/*

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

61

reserved. ===

*/

#include  <stdio.h>  // for enoder

#include  <biosh> // for enoder

#include  <conio.h>  // for enoder

#include  <stdlibh>  //for D to A

#include  <stringh> //forDto A

#include  <time.h> //forDto A

#include  <dos.h>  //forDto A

#include <process.h>//forDto A

#include <mathh> //forDto A

#include "DA.H" //forDto 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" // open file (name is final.m)
#define cls(l); { short i; for(i=l; i<25 ; i++) lineclr(i); } // for D to A
#define Locate(x,y) printf("\x1b[%d;%dH", (y)+1, x)}+1) //forDto A
#define lineclr(l)  printf("\x1b[s\x1b[%d;1H\x 1b[0K\x1b[u", 1+1)// for D to A
#define range DA 10V // forD to A
#define IRQ3 0x0B /* IRQ3 address */

PCI_CONFIG PciData; // for enoder

DASMPLCHREQ SmplChReq[2]; //forD to A

DABOARDSPEC BoardSpec; // for Dto A



HANDLE OpenBoard(void);
void INITIAL_DTOA(void);
void CLOSE_DTOA (void);
int hexout = 2047;

float volt=0.0;

WORD DaData[1];

int swith=1;
intkey = 0;
intkey 1=0;

long count =.0;

float time_r = 0.0;

. HANDLE hDevice;
float £ hat=0.0;

float 52 = 0.13;

float fc2 = 0.097;

float fs1 = 0.19;

float fc1 = 0.136;

// parameters of encoder
int adr0,adr1,bus_info = 0.0;
int IByte = 0.0;

int mByte = 0.0;

int hByte = 0.0;

long dwCoqnterl =0.0;
long dwCounter2 = 0.0;
long dwCounter3 = 0.0;
int direction_1 = 0.0;

int direction_2 = 0.0;

// parameters of controller
float distane = 0.00;
float step_time = 0.001;
float eer = 0.00;

float eer_old = 0.00;

// forD to A
//forDto A
//forDto A
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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;

PR Parameters of Sliding Mode Controller ####Hii# 1 */

float a1l = 0.00;

float a12 = 1.00;

float a13 = 0.00;

float a14 = 0.00;

float a21 = 33.43;

float a22 = 0.00;

float a23 = 0.00;

float a24 = -0.74;

float a31 = 0.00;

float 232 = 0.00;

float a33 = 0.00;

float a34 = 1.00;

float a41 = 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 b31 = 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;

// 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;
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float setpoint = 0.0;
float step[5];

float di=0;
mtn=0;

int nn = 250;

14

// Function void main ()

1

int main(void) {

// open file
FILE *data_fout;

- clrser ();

data_fout = fopen (file_out,"wt+"):
fprintfidata_fout,"sm = [\n");

/

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

hDevice = OpenBoard();

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

SmplChReq[0].ulRange = range;

1/
// Initial Encoder PCI Card (PCI-6201E)

PciGetConfigRegEx(1, 0x1147, 6201, 0x1 147, 0x0011, &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
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/
/] - START PROGRAM

/"

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);
It

// In data of encoder 1 (distant)
outp(adr0+0x0c,0xAA);
IByte=inp(adr0+0x00);
mByte=inp(adr0+0x00);
hByte=inp(adr0+0x00);
dwCounter]= IByte+(( long)mByte << 8)+(( long)hByte<<16);
It

// Modofly data of encoder 2 (th 1)
if (dwCounter2 > 0x 7£ffff)

{

direction_1 =2;

dwCounter2 = Oxffffff - dwCounter2;
}

else
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{

direétion_l =1;

}

while (dwCounter2 > 8000)

{
dwCounter2 = dwCounter? - 8000;

}
if (direction_1 ==2)
{

dwCounter2 = 8000 - dwCounter2;

}
. dwCounter2 = dwCounter? - 4000;

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

if (th 1<0)

{
/lth_1=360+th_1;
}

th_ 1=th_1*0.017453;
i

// Modofly data of encoder_1 (Distane)
if (dwCounterl > Ox7£fff ) ’

{
dwCounter] = Oxffffff - dwCounterl;

}
else
{

dwCounterl = dwCounterl *-1;

}
distane = dwCounterl *0.0000083437;

/!

printf{" distane : %061X ", dwCounter1);

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

}

if (th_1<0)

{

th 1=th 1*-1;
}

th 1 _old=th 1,

x_old = distane;
oldlrq3 = 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;

}

if (key == 0)

{

goto out 3;

}
while(key == 1)

{
I

/ Modofly data of encoder 2 (th 1)
if (dwCounter2 > 0x7£ffff)

{

direction_1 =2;

dwCounter2 = Oxffffff - dwCounter2;
}

else

{

direction 1=1;



}
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)
{
/ith 1=360+th_1;
}

th_1=th_1*0.017453;
// Modofly data of encoder 3 (Distane)
if (dwCounter1 > Ox7fffff)

{
dwCounter] = Ox{fffff - dwCounterl;

}

else

{

dwCounterl = dwCounter] *-1;

}
distane = dwCounter1*0.0000083437;

x = distane;

I

/! Controller

1
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 = -f¢2;

}

volt=u+{ hat;

/4

// Modifly volt output
V4

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

volt=-10;

// out data (volt)
volt = voli*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;
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) -
{

- gotoout 1;

}

else

{

goto out;

}

}

else

{
if(di=2)

{

goto out_1I;

}

else

{

goto out;
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goto out;

} _

out 1:

if ((setpoint*x) > 0)
{

if (th_1 dot>0)

{

n=n+l;

if (m>4)

{ ~

e =
' 1l
>

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 I;
I

/l'keep data (time_r , distane , th_1, th_2) in H/D

/Hprintf{data_fout,"%4.4f %d4.4f %4.4f %4.4f \n", time_r, distane, volt, th 1/0.0175);
fprintfidata_fout,"%4.8f %4.8f %4.8f %4.8f %4.8f %4 .8f %4.8f %4.8F

\n" ,time_r,Un,x,x_dbt,th_l ;th 1 dot,Ua,volt);

- /fprintf{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);
/ffprintf(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;

/4

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

// set key off

key =0;
count = 0;
/
}
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);



hByte=inp(adr0+0x01);
dwCounter2= 1Byte+(( long)mByte << 8H(( long)hByte<<16);
Vi

// In data of encoder 1 (distant)

outp(adr0+0x0c,0xAA);

IByte=inp(adr0+0x00);

mByte=inp(adr0+0x00);

hByte=inp(adr0+0x00);

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

// Modofly data of ehcoder_z (th 1)

* if ( dwCounter2 > 0x7fffff)

{

direction_1=2;

dwCounter2 = Oxffffff - dwCounter2;
}

else

{

direction_1=1;

}

while (dwCounter2 > 8000)

{

dwCounter2 = dwCounter2 - 8000;
}

if (direction_1 ==2)

{

dwCounter2 = 8000 - dwCounter2;
}

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

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

I

// Modofly data of encoder 1 (Distane)
if (dwCounter1 > 0x7£ffff)

{
dwCounter1 = Ox{fffff - dwCounterl;

}

else

{

- dwCounterl = dwCounterl*-1 ;

}
distane = dwCounter1*0.0000083437,

X = distane;

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

x_old = distane;

setpoint = 0.0;

out 5:

while(key == 1)

{
4

// Modofly data of encoder_2 (th_1)
if (dwCounter2 > Ox7{ffff)

{

direction 1=2;

dwCounter2 = Oxffffff - dwCounter?2;
}

else
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direction 1=1;
}
while (dwCounter2 > 8000)

{
dwCounter2 = dwCounter2 - 8000;

}

if (direction_1==2)

{

dwCounter2 = 8000 - dwCounter?2;

b
dwCounter2 = dwCounter2 - 4000;

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

if(th 1<0)

{

/fth 1=360+th 1;
-

th 1=th 1 *0.017453;
I

- // Modofly data of encoder 3 (Distane)
{
dwCounter] = Oxftffff - dwCounterl;

}

else

{

dwCounterl = dwCounter1*-1;

}

distane = dwCounter1*0.0000083437;
x = distane;

/*

/* Sliding Mode Controller
/*

nn=nn-1;

*/
*/
*/
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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 =(-b11*al1)-(b21*a21)-(b31*a31)-(b41*a41);

H2 = (-b11*al12)-(b21*a22)-(b31*a32)-(b41*a42);

H3 = (-b11*a13)-(b21*a23)-(b31*a33)-(b41*a43);

H4 = (-b11*al14)-(b21*a24)-(b31*a34)-(b41*ad4);

H5 = (b11*¥b11)+(b21*b21)+(b31¥b31)+(b41*b41);

Q=(H1 *th_1)+(H2*ih_1_dot)+(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 + { hat*0.00;
volt = (volt/0.35)*0.275;

/ivolt =Un + £ 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==0)

{if @>=0)

f hat=1sl; -

else

* f hat=-fs2;

1

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 1;

}

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]);
/]

_ /'keep data (time_r, distane , th_1, th_2) in H/D
/fprintf{data_fout,"%4.4f %4.4f %4.4f %4.4 \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);

/printf(data_fout,"%4.4f %4.4f %4.4f %4.4f % \n", time_1,th_1,th 1 dot, x);

time_r=time r+ step_time;

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

// set key off
key = 0;
count = 0Q;

}
1/

out 3:

1

if (count <= Oxffffff)
{

count = count + 1;
goto label;

}

else

{

setvect(IRQ3, oldIrq3);

outportb(0x21, (inportb(0x21) | 0x08)); // disable IRQ3
fprintfldata_fout,"];\n"); // end of file with "]"
outp(drive port,0);

DaClose(hDeviée);
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CLOSE_DTOA();
,

1/
return(0);

}

/"
// This ISR should execute each time IRQ3 goes high
1

void interrupt countToggle(void)

{
disable();

- // In data of encoder_3 (th_2)

outp(adr0+0x0c, 0xAA);

IByte=inp(adr0+0x02);

mByte=inp(adr0-+0x02);

hByte=inp(adr0+0x02);

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

// 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

* // In data of encoder 1 (distant)

outp(adr0+0x0c, 0xAA);

IByte=inp(adr0+0x00);

mByte=inp(adr0+0x00);

hByte=inp(adr0+0x00);

dwCounter1= [Byte+(( long)mByte << 8)+(( long)hByte<<16);
1
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key=1;

outpdrtb(OxZO, 0x20); // send EOI signal
enable();

}

I

// Function forDto A

I

HANDLE OpenBoard(void)
{

HANDLE =  hDevice;

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

- return hDevice;

}
"

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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Hybrid PD - Sliding Mode Controller Designed for
Inverted Pendulum System

Sepetleslnl Paaya', Joreka Nomuwivit', Tawom Besijensraguh!,
Songinoung Nundraywang' and Norivaki Komine 2
! Feculty of Englureaying =nd ReCCIT, King Monplut's Insfitute of Tedmelogy Ladlrabens, Beanalol, Theiland
{Tel: +652-739-2405, E-mail: knjon eha@hmitlec 1)
2 Shoal of Tnfommation Szience and Tealmalegy, Toksl University, Kanagews, Ixpan

{Tel: +81-483-38-1211, E-mail:

Absroct-The <d:zign of hybrid sontruller conxisting of PO
cantroller and sliding mode contraler for inverinl petidhihing
ssten 35 propesed in this pajer. Tlhe PD comroller & appilisd
Tor contralling position of ihe corf to swing up the pendulum
from the naturad pendent pesilion 1o arounid tie upright Feaiiion,
The slitding mode cantroler is wilized for stalilzing the inverted
pendudum dn the upright posifion.  Ront-docus method B applisd
o tune the PD contwller; while fhe Aiding mmle coniraller &
dasignal hased on pale placement. The expriimental reaulis of
ke progased control systen are slso shown in this paper.

L rronucion

In control ares, fie iivertad pondilims e gne of the most
commeonly stulied systems. Magy variztions of the nvertad
pendulam offen sepreset different kinds of the robotic sims
{13 The iwvered peadulin o be diseussed in i FEper 5 an
inverd pendulon on cast s depicted in Fig. 1. Thiz wertad
pendilum consists of's cartant o penduliy Tinged 10 the cen
via & pivot aud caly the cast is sxtusted. Swinging up end
stabilizing fhe bnvented pendulam Jawe many advantages in
Georeticel sudy swh a5 simpl swwtre, sonlinesr end
uncestain clarmeraistis. Many comtiol methods lave boen
implemented 1 contral the inverted pendutuny, for instnce,
salinezr contrel {23, enerpy-basod methesd 131 ant Qubin
noural wetwark 41 Thowgh using these slgeritlms sives pood
pesformance, ey sre complicated b desin s implemet.

In this peper, s conwaller desipned by using hyhid PD
controller with shiding mede oootrol alorithm to swingup de
penddum Fem the naters] pendent position i zrownd e
uprleht pasition end o stebifize invopted pendulam dx fe
upright position & proposed. Tt canpesns of two paE. The
fhstpast & the FD positicn. contrel and the seoond jan is the
sliding mode cowtsal. In fhe fisst pant, a PD coutrller 5
employed for svinging wp fe pendulum from e nubiral
pendant position to amamd he wxight pesition. The gains of
the FD controller are sssigred by yootJocns methed © abizjn
fest sep respopse with sl oversheot  The PD contraller
cantrols the motion of the pendulun by moving the oot beok
s fortls witiin a Naited wraveling renge of the can, The cap
will ke ontrelled to move t the epposite. drection when the
asgular velocity of he pendulam st fe st point of esch
travel s zero. The cat movemant will be tepestod to navt
assipned cart position until the invernd pendifom swings up
stonnd the waisht position.  When tiis condition is reached,
O socond pest, which & o shiding mode conwraller, will b

hominc@heyskicon-toks sajp)

switched w stabiilize fie inverted yresstation. I Qs jraper, this
shiding mode controller & desipned besod on pale pheement
petied, The effectivencss ang telishility of the proposed
methad in actwe] evperimznt will be shown, '

I Manmsatieas Mone

Tignre I fovemad peadation on copt.

Fig. 1 shows e staenge of e ivered pentaluin on cant
system where variables 8, ¢ and F donote {le pembulon
angle (rady, e cart position fim) ad the foson appdisd to e
cart (N3 seapectively. The system pasameters include fhe mnsss
of T cant 3¢ (e, the mess of the penduhum o gk, te
distaross fiom the firnine center o thie cettizrol gravity of the
pendulun I {ny, and the cart’s friction cooffizient  (kafsh.

The malemztica] medel of the fwarted panitulum can be
computed either by Novasn's Isw or Laprenge’s eqmtions
with s25post © ¥ and 8 coordinaies. I x, =0, x, =B,z = x
end xy =14 e selected as stote varishles and applying foroa
F is denoked by dnpat wi6); the nonlitear state sace mnxdel

of the systein can be then olMsinad &
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In this case, the impat 80 ar the froce ¥ b gemerased by INC
modor The shie vastor a7r= [y 12, 3 ]r m{a Px f]T will
Be seisequentially used for shartening mofematicd nalztan,

Cancaning 4o the angle of ths penddlum, fhe imeried
pendakim system has. two disfingd eqrillfniam samtzs. The
firsl ome & af dhe xupdght posifon ond B is oy amebk.
The athar oz & 2t ths lnnging nosiion and, it i shblk.

For designimg ths swingmg un D condolar, ths modsd of
the imvested pendalion will bs Tearired o fhe mataral pandant
pmitiom. Comeganding to this equilifriam paing, ths comimal
gt uff) ond whts varizbles Y{F) ovs camsidared ot =0

and x,’{z‘) =fx000f . The Fmeor sirts egmlmx cn He
ainnimed @52

‘)= An(e)e madr } £
whan
l‘ o i o N
=5{M + reYevr - Sk Ny
K] k¢ - % g 3y .
Sl berm)- 2 2l i e - 52 tmx_sfm]-s?:‘?
A [/} [ I0] i L B 0 :
Fvg — 00 - . 1
] i[{ﬂ#wj—?ﬂj l:ﬁfil{l-:m [ 5+ —én

Az themain inienest of ilis partis fa contsal fhe pasition x of
the cari, the folknwing auimat eqmufion. can he gven i {3}
whers C=f001 0],

Heh=Cxi {3

Neveriheless, In coder do dexign dhe sliding mods comtroller
far sbbiiring fhe Dreeded pendalam, dhe mods] of the
mverted pendalam syufern 35 2lwo mredsd % be Ynemized at
fhe agright positon. The inmrdmitn . tharefre caloahied
at (5 =0 andx, (3 ={0 008] . Tho resalting Enscr shte
eqmiims can de Smiluly obisined as {2} butwith

[ ] [} 1 ‘ 0
3)}“&5‘3:{3 } ‘3?5‘ : Ser
e e | ey e
Aw ¢ ¢ i B 2
i o0 = ] 1
‘ i[‘_ﬂ'-vw]—éwj ]:Xf+m — {5 om) 'é”

HI. BRxIDooyTsol SYSTRS SERCTHRE
The overall strctare of the anoposed comizal syskem &
shown in Fizg. 2. ® & commored of @ PD comiroller ond o
sliding mods controlier. Ths P13 contoller ix emplayed 4
cantval the nverded pendulom smomnd i gt posifion
wiils the =3iding mods contraller s wed for shiizing the
Invered pendulum I apighipositon,

iFongmeny Lauvbn

.

A PO Contralior for Poxidm Lol

The PI contraller & msed fo woniml the poziticn of ihe cart,
HAccarding o fhe movement of fhe oo, the inveriad pendukim
will hs swung up Fom the nokml pendant: posifion % aroand
the ammight posifion. The maiput commnand sigm) @ dus jo
the P controller & given by

o= Kpe(s 8, 2-at) &

where £ ix the prmrtional goin, &, & te darhative gin
and &t} in the moor of the @nt posttion. The PD comtroDer &
tmed {o nchiieve {2 response withomt overshoot Based m
noobdocs method. The designed comirolla will comnal fhe
catt do move ok and farth sucoessively avcording torthe pre-
awdgned wori posifion of which the pendtiton shying at the
stazd sendent swion is excded. The accanmea of ek
and forth mmvement of e at i procesdad whenths angule
velodity of pendatam is w0 omtd the pendulam cm Be SRang
@ anmaw] ithe uwight poxiicn whers ths wliding mode
contraller willhe svitched toshhilvs the peaddum.

B Soding Made Coviro oG Sibiliing

Slding mods ], ofen mefored os Vodahle Stractare
Cenizm], & 2 highspeeol switching fedhack combad that
suiiches. between iwo vabes basod wpom woms mle 5%, (4]
Tie conial theory wes 2 bigh-geed sodicling bw to dive
e oz plot’s st injectory oo specified sxfics
ths shis rmos. This surfice s called the “<Hdingor awiicling
sadace”. A sBding mods will exist b a systemm, if in the
vidzity of dhe swiching sicfacs fhe shis »elocity veclor &
dirended fowands ths surbes. Consider fie systam

Ay =Axf Bl e fes ) 5%

where a{fy & slwis vechor, =) & a sealer control md Fixt)
& o mmlinear pertwivdon with Imown agper beand FAL ¥
with esmzrtion that the Bdingnurface fo.chasen fTas

23y =By ). @
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when 2(7) 35 governed by an addiom) finst arder dynomic
sahaysiam

Hey=-B A% ~(B"Bln, 0k 200) =—8"x(0).
Let dhe comtral wf#} in(S) be hadiscomtimons. finctiom
i) =~ sl sl ) )

where Mix,#} & fhe mognitsde of the comtnol imrat aify.
The moticn pmjzcton on e medimension] s:5mca can b
cammpatsd by (5, (Ghand {Th and 7t is govemed by

3.0 (BTBYRE + £ Cx, ~a_). &

Fram @) and {9, s condiiiem For the mistence of sliding
e {2 <9} I correpanding 4o

Mix 2 el finy. 110}
The sliding movds axises ot the mital dnetant hecrams 0y = 6.
The solution 3o 2 olgebmeia equafon #x,1) =0 with Tesnact
to alf) shoadd be substitsted o {53 to obirm ihe sliding
mnds equation & dhe plane wx,03 =0 andit ik

By =Av@) +Bu ) REH
Therefare if the Mnexr oondral (= ~Kx{f 1 Jesigned i
campbance with pakephcestent mefhod, the systam behavior
in the gresemce of o unloown potrbdion fix$ b
deserived by tha lineor Smedmariing equation €123 with the
axdigmad pales of e system.

Ty = (A - BKin £

i

1 the wxgnitsds of comm] mpat fake anly two valoms XL,
and & | e mognitads of comizol *, sherald matisfy {30,
wlich seam tiet Witn] condiims amd e petrioton
shoad b bozmded,
In manmary, O skpe for dedigning the abding mode
cemtmller aof the avested pendilam are 23
(1} Chooes the desined cdaed-doop poles of the feedazck:
systemn €12} Th= linezar comizal uiy=-Kzi) &
Foand accardingly by pols ploconsnt mathod.

(2} Thedymmicport of the contralier {75 s desizgnad ond
ihs equation of the disconitingity phoe x = i foad.

37 The decovimoas contol governed By (9, 8 xod
10y B desigmed.

V. Fyrmsasiesmal #EsU1TS
In Mz ==cfion, ths aroposed haydwid PD03ding mode:
comtroller for swinging @ and sttYilxing fthe mveried
pendztum on, card will ba oo lemeniad. The prrameter valaes
af the mverizd pandaton systemare shown. in Tahle 1.

TATE]
_ Pmmm’ix}m OF MR TS DT T DINARA )
2 (g} at g} ¥ e} £ egh)
R 5] wriy 02E PRI

The Bnear modals of fhe mwertsd pendatom on ot {2} ccm be

- aitainzd whers
S R B O [ 67
3348 00 6 jed 48
A= o 06 i anll!-: 5 (13}
1134 D D «nx| feap |
Tor expibiwinem poizd ot miaral penderd pesiiom md where
Fo t o o] T al
B w0 oenm| 44 .
»i-- P AN - o - s {34y
234 D O =ik 1t49]

for expilitriam pointot the meright poediom.

The I posdifion cominal can mow Be dasigned tosed on the
soed=locrs method So fring the dmveried pendulam ap aroand
e upmight poxition o fod = wezible. In tios cixe, the
doninand poles ave chiceen ot 2 = <& 2835 wiich carnepod.
i 05 sec for setlimg Hme amd 5% for peToent avershoot
respectively. The devized pragorfiome] goin & ¢ 3 dezivative
grin X, ore mespecdively ohbmed ox 97305 omd 1254, The
sspentid tmvelling posifons. of cord ove mwigned io be
Welf, (T-17and 38 om repecfively. Fem mgdlar
wehecily condifon oomomed ot ths stop pomt of e present
position will be wed os 2 oitdon for moving the cart to- e
et meigmed position.

For wxBding mods oootrolle, syslem matrix & and gt
veclor B in {13) are emplonded.  The goin matrix K W {13)
can ds femd by essigning ths vehes of perentoverithoot and
the seliling fme ox 15 % and 5 seconds, respectively. Henos,
the clased-dom: poles of the mvested penddom ssdem ans 3t
sk 1324, —~1and-11. Tis ¥ields K ~[173001
0216 - 20609 ~21797L The diswmiinucs contral i dhen,
derivad by axdguing tha valass of fi(x,) 52

Far the experiment with smalfmecss comtol of s
fmvesiad pendakon from: sednging up canbol to shtilixing
oantrol will b imesfisoted. The W¥ix] wate of the cord
pasitkm xifiy ismed 2 zero ond S pendotom angle 0y feat
mbiml pendent podfion.  The sinbilizing conbal will be

The 007 FOT Efemaiiond Colsronce
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swikched when jhe pendulum 3z oo fhe wpright aesifion,
The switcling condiffon iz selected as [0 rad and

lez 0l rads

The experimental realls obinined fom e real mochines ore
showm i Fig. £ {2}, (B} and {h. 1 is seen Bom Fig. ik ond
() that the PD contmBlzr cam. swing, pendukimoas to mosmd
the prighl pxsikm chomi $42 sec, then fhe myslem e
sadsched 4o shhilzing comtno]l mods md # can dhhilim M
pendulam ot it noright podtion and the ot posiiicn at wem.
The comiro] inpmt signal for swinging up ond shhilizing the
verted pendulzm s shown in Fig. 41

W CONCTUSI0S

The hybrid P comboller with sBdimg mode comfood
algarithm camtt of the T pasition contral for swingmg un
the pendd:am from e mterad pendent position & cvound tha
smighl. podifiom and the J3ding mods canmtaal for shhitizing
fis doverted pendulam in ik mpright ooadion s heen
govpeead in this paner.  Acoording o the carperatve tmds of
PDand sbling mods controdks, fhe experimentt] resm¥x show
that &= propassed comimBer can mwing the mwvered pendulron
L the mright peeifon W = shont period of Sme a2ud e
caraler los good perfomenve I wotoling fhe ot
pasition and pendulom ample ot meralime.
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