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Abstract

This research is about a stabilizing control of the moving
robot, the mechanism of which is Wheeled Mobile Robot
(WMR) without any casters to support its body. The main
result shows an improvement of stabilization by using an
observer that estimates external forces added to this
mechanism. As well as computer simulation, we
experimented in several situations. We found the control
performance has been remarkably improved by
compensating the estimated external force.
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Fig 1.1: Structure of WMR without casters
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Fig 2.1: Model of WMR without casters
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Table 2.1: Parameters of the experimental system

01 [rad]

02 [rad]

m; [kal 0.273
mo [kal 2.776

I [m] 0.06

r [m] 0.15

g [m/ s?2] 9.8

J1 [kgm?] 2.7

J> [kgm?] 4,98

fr [kg m?/s] 2.0x 10+
K, [Nm/A] 2.1167
Ke [Vs/rad] 3.30

R [Q] 8.633
Vin [V]

F [N]
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Fig 3.1: Block diagram of control system
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Fig 4.1: Experiment scene about movement on slope
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Fig 4.2: Simulation result on slope
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Fig 4.5: Experiment scene about stabilization with disturbance




15

,
05 : \
i o] ‘_—Wv!%_—‘
) 5 10 15 20 2%
: ‘°f \ | § / it i)
s i e
s \\ ]I
25 : ~y
Lo " e
(@) angle of wheels
1 ! :
= A 5 10 15 20 25
Z 1
'E -2 actual external force
‘g A ——estimated external force
W S . ,v‘ '
] H l :
‘ A
B l tlimalﬂc]

(b) external force

Fig 4.6: Simulation result with disturbance
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Fig A.1: Motor circuit
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Fig B.1: Prototype in this reseach




Fig B.2: Motor

Table B.1: Spec of motor
3[W]
DC12[V]
150
37 [r/min]
0.77 [N m]
400 [g]




Fig B.3: Rotary encoder

Table B.2: Spec of rotary encoder
DC 5 12[V]

1500 [ I ]
A B Z

100 [KHz]




Fig B.4: Tri-axis accelerometer module

Table B.3: Spec of tri-axis accelerometer module

25 55[V]

3(xyz)

+ 2.0 [g]

660 [mV/g]

3.3[V]

1.65 [V]

3.3[V]

0 1500 [Hz] (xy)
0 1500 [HZ] (2)




Fig B.4: Battery
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Fig B.5: Control circuit
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OpenGL 3D

#define WIN32_LEAN_AND_MEAN

/I Windows

#include <windows.h>
#include <iostream.h>
#include<stdio.h>
#include<math.h>
#include <conio.h>

#include <time.h>

#include <GL/gl.h>
#include <GL/glut.h>

/I C
#include <stdlib.h>
#include <malloc.h>

#include <memory.h>

/I Windows




#include <tchar.n>

#define pi  3.14159265358979323846
#defineg 9.8

void ErrorHandler(char *message, DWORD error);

void move();

double euler(double X[5], double OX][5], double OG[5][2], double A[5][5], double B[5]);
double runge_kutta(double X[5]);
double observer(double X[5], double OX[5], double OGJ[5][2], double A[5][5], double B[5]);

void Matrix_addition(double A[5], double B[5], double C[5], double d);
void Matrix_55(double A[5][5], double B[5], double C[5]);

void F(double X[5], double f[2]);

void V(double X[5], double v[2]);

void OY/(double X[5], double OX[5], double OG[5][2], double oy[5]);

static int width = 640, height = 240; I

static double draw_count = 0;

double i, j;

static long t = 0;

static long field = 10; I
static double alpha = 0.08314; I
static double r = 0.15; I
static double th1 =0; I

static double dthl =0; I




static double | = 0.06;

static double th2 = 0;

static double dth2 = 0;

static double phi = 0.0;

static double dt = 0.01;

static double wid = 0.15;

static double x = 0.0, y =0.0, z=0.0;

static double Px, Py;

static double m1 =0.273;
static double m2 = 2.776;

static double fr = 0.0002;

static double J1, J2;

static double Kt = 2.1167;

static double Ke =3.3;

static double R = 8.633;

static double Vin;

static double tau;

static double fo =0;

static double thiref, dthiref;

FILE *fp;
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GLfloat mat_shininess[] = {1.0}; I

GLfloat light_position[] = {0.0, -10.0, 0.0, 1.0}; I

void color(double red, double green, double blue)

{

GLfloat mat_ambient[] = {red, green, blue, 1.0};

GLfloat mat_diffuse[] = {red, green, blue, 1.0};

GLfloat mat_specular[] = {red, green, blue, 1.0};
glMaterialfv(GL_FRONT, GL_AMBIENT, mat_ambient);
glMaterialfv(GL_FRONT, GL_DIFFUSE, mat_diffuse);
glMaterialfv(GL_FRONT, GL_SPECULAR, mat_specular);
glMaterialfv(GL_FRONT, GL_SHININESS, mat_shininess);

void init(void)

{

glClearColor(1.0, 1.0, 1.0, 0.0);
glShadeModel(GL_SMOOTH);

color(1.0, 1.0, 1.0);

glLightfv(GL_LIGHTO, GL_POSITION, light_position);
glEnable(GL_LIGHTING);

glEnable(GL_LIGHTO);

glEnable(GL_DEPTH_TEST);

void cube(int mode, double x, double y, double z)

{

glPushMatrix();
if(mode == 1){glTranslated(x/2, 0.0, 0.0);}
if(mode == 2){glTranslated(0.0, y/2, 0.0);}
if(mode == 3){glTranslated(0.0, 0.0, z/2);}




glScaled(x, V, 2);
glutSolidCube(1.0);
glPopMatrix();

void wire_sphere(double x, double y, double z)

{
glPushMatrix();
glScaled(x, v, 2);
glutWireSphere(1, 12, 2);
glPopMatrix();
}
/
/
void clip()
{
glScalef(3, 3, 3);
* */

I*y */

color(0.0, 1.0, 1.0);

glLineWidth(0.02);

glBegin(GL_LINES);

glColor3d(0.0, 1.0, 0.0);

for(i = 0; i <= field; i +=0.5){
gl\Vertex3f((field/2 - i)*cos(alpha), field/2, (field/2 - i)*sin(alpha));
gl\Vertex3f((field/2 - i)*cos(alpha), -field/2, (field/2 - i)*sin(alpha));
}

glEnd();




/*

/*

I*x */
color(0.0, 1.0, 1.0);
glBegin(GL_LINES);
glColor3d(0.0, 1.0, 0.0);
for(i = 0; i <= field; i +=0.5){

gl\Vertex3f(field/2*cos(alpha), field/2 - i, field/2*sin(alpha));
gl\Vertex3f(-field/2*cos(alpha), field/2 - i, -field/2*sin(alpha));

}
gIEnd();

*/
glPushMatrix();

glTranslated(x, y, r+z);

glPushMatrix();
color(0.0, 1.0, 0.0);
glRotated(180, 0.0, 1.0, 0.0);
glRotated(th2/pi*180, 0.0, 1.0, 0.0);
cube(3, 0.02, wid, 0.12);

glPopMatrix();

*/

glPushMatrix();
color(0.0, 0.0, 0.0);
glTranslated(0.0, 0.5*wid, 0.0);
glRotated(90, 1, 0, 0);
glRotated(-th1*180/pi, 0, 0, 1);
glutWireTorus(0.01, r, 20, 50);
wire_sphere(r, r, 0.01);

glPopMatrix();

glPushMatrix();




color(0.0, 0.0, 0.0);

glTranslated(0.0, -0.5*wid, 0.0);

glRotated(90, 1, 0, 0);

glRotated(-th1*180/pi, 0, 0, 1);

glutWireTorus(0.01, r, 20, 50);

wire_sphere(r, r, 0.01);
glPopMatrix();

glPopMatrix();

* */
glPushMatrix();
glTranslated(th1ref*r*cos(alpha), O, 0.15+thlref*r*sin(alpha));
color(1.0, 0.0, 0.0);
glScaled(1, 1, 1);
glutSolidCube(0.02);
glPopMatrix();

void draw(void)
{
glClear(GL_COLOR_BUFFER_BIT | GL_DEPTH_BUFFER_BIT);
glPushMatrix();
glColor3d(0.0, 0.0, 0.0);
clipQ;
glPopMatrix();
glutSwapBuffers();
glFlush();

void reshape(int width, int height){




glViewport(0, 0, (GLsizei)width, (GLsizei)height);
glMatrixMode(GL_PROJECTION);

glLoadldentity();

gluPerspective(60.0, (GLfloat)width / (GLfloat)height, 1.0, 200.0);
glMatrixMode(GL_MODELVIEW);

glLoadldentity();

gluLookAt(0, -1.6, 0.7,0, 0.3, 0, 0.0, 0, 1);

void target(){
I

if(t*dt < 4){
thlref = 0.25*t*dt*t*dt;
dthiref = 0.5*t*dt;
}
else if(t*dt < 8){
thiref = 8-0.25%(8-t*dt)*(8-t*dt);
dthlref = 0.5*(8-t*dt);

}
else{
thlref=8;
dthiref =0;
}

fo = -(2*m1+m2)*g*sin(alpha);




1*
1l

if(t*dt < 6){fo = 0;}
else if(t*dt < 11){fo =-0.3*q;}
else{fo =0;}
alpha=0;
*/

void move(void){

static double A[5][5]; 1l
static double B[5];

static double FG[5]; 1l
static double OG[5][2]; 1l
static double X[5]; 116
static double OX[5]; 1l
static double Xref[5]; 1l
J1 =ml*r*r/2; 1
J2 = m2**1*4/3; I

target();




I

X[0] =th1;
X[1] =th2;
X[2] = dth1;
X[3] = dth2;
X[4] = fo;

Xref[0] = thiref;
Xref[1] =0;
Xref[2] = dthlref;
Xref[3] =0;
Xref[4] =0;

A[0][0] =0; A[0][1]=0; A[0][2]=1; A0][3]=0;
A[L][0]=0; A[1][1]1=0; A[1][2]=0; A[L][3]=1;

Al2][0] = 0;

A[2][1] = -32.3155;
Al2][2] = 2.1364;
A[2][3] = -2.1364;
A[2][4] =5.7413;
Al3][0] = 0;

A[3][1] = -104.6240;
A[3][2] = 71.7034;
A[3][3] = -71.7034;
A[3][4] = 12.5841;

A[4][0]=0; A[4][1]1=0; A[4][2]=0; A[4][3]=0;

B[0] =0;

B[1] =0;

B[2] = -0.6472;
B[3] = -21.7229;
B[4] =0;

A[0][4] =0;
A[1][4]=0;

Al4][4] = 0;




I

/I QQ=diag([1,1,1,1,10000]);, rr=diag([10,10]);
OG[0][0]=4.3868;  OGI0][1]= 4.2405;
OG[L][0]=4.2405;  OGI[1][1]= 4.5963;
OG[2][0]=18.5630;  OG[2][1]=21.6434;
OG[3][0]=16.4498;  OG[3][1]=19.5042;
OG[4][0]=20.7915;  OG[4][1]=23.8267;

1l
OX[5] = abserver(X, OX, OG A, B);

"
FG[0] = 2.0000; FG[1] = -16.3227; FG[2] = 0.5451; FG[3] = -0.3850;
/1Q=diag([4,240,1,1]);, r=1;
" FG[0] = 2.0000; FG[1] = -8.3415; FG[2] = 0.4003; FG[3] = -0.2763;
/1Q=diag([4,20,1,1]);, r=1;

FG[4] = - (2*FG[1]/(m2*g*]) - RI2*KD)*r;
I
Vin = FG[O]*(Xref[0] - OX[0]) + FG[L*(Xref[1] - OX[L]) + FG[2]*(Xref[2] - OX[2]) +
FG[3]*(Xref[3] - OX[3]) + FGA]*(Xref[4] - OX[4]):
I
I Vin = FG[O]*(Xref[0] - OX[0]) + FG[L]*(Xref[1] - OX[L]) + FG[2]*(Xref[2] - OX[2]) +

FG[3*(Xref[3] - OX[3]);

1

X[5] = runge_kutta(X);

thl = X[0];




th2 = X[1];
dthl = X[2];
dth2 = X[3];

x =1 *thl * cos(alpha);

z =r * thl * sin(alpha);

tau = Kt*(Vin - Ke*(X[2]-X[3]))/R;

printf("%6lf 9ol %lf %lf
%lf %lf %lf %lf

OX[L], X[2], OX[2], X[3], OX[3], X[4], OX[4], Vin);
forintf(fp, %It %lf %lf
%lf %lf %lf %lf

%lf %lf %lf %lf
%If¥n", t¥dt, thiref, X[0], OX[0], X[1],

%l f %l f %l f %l f

%lf %Ifn", trdt, thiref, X]O],

OX[0], X[1], OX[1], X[2], OX[2], X[3], OX[3], X[4], OX[4], Vin);

t++;

Il
draw_count += dt;
if(draw_count >=0.04){
draw();
reshape(width, height);
draw_count = 0;
}
}

void ErrorHandler(char *message, DWORD error){
cout << message << endl;
cout << " =" <<error << endl;

ExitProcess(1);




void timer(int value){

glutTimerFunc(1000*dt , timer , 0);

move();

int main(){

fp=fopen("'pc-jusin.xls","w");

srand((unsigned)time(NULL));

glutInitDisplayMode(GLUT_DOUBLE | GLUT_RGB | GLUT_DEPTH);
glutInitWindowSize(width, height);

glutInitWindowPasition(560, 120);

glutCreateWindow("gl");

init();

glutReshapeFunc(reshape);

glutDisplayFunc(draw);

glutTimerFunc(100 , timer , 0);

glutMainLoop();

fclose(fp);

return O;




void F(double X[5], double f[2]){

fl0] = («(g*pow(l,2)*pow(m2,2)*r*R*cos(X[1])*sin(X[1])) + (J2 + pow(l,2)*m2)*
(*R*X[4] - 2*(Ke*Kt + fr*R)*(X[2] - X[3])) + I*m2*r*cos(X[1])*(r*R*X[4] +
2*(Ke*Kt + fr*R)*(X[2] - X[3])) - I*m2*(J2 + pow(l,2)*m2)*r*R*sin(X[1])*pow(X[3],2))/
(@2 +  pow(,2*m2)*(2*J1 + (2*ml1 + m2)*pow(r,2))*R
pow(l,2)*pow(m2,2)*pow(r,2)*R*pow(cos(X[1]),2));

f[1] = ((2*31 + (2*m1 + m2)*pow(r,2))*(r*R*X[4] - g*I*m2*R*sin(X[1]) + 2*(Ke*Kt +
freR)*(X[2] - X[3])) - I*m2*r*cos(X[1])*(-(r*R*X[4]) + 2*(Ke*Kt + fr*R)*(X[2] - X[3]) +
I*m2*r*R*sin(X[1])*pow(X[3],2)))/(R*((J2 + pow(l,2)*m2)*(2*J1 + (2*ml + m2)*pow(r,2)) -
pow(l,2)*pow(m2,2)*pow(r,2)*pow(cos(X[1]),2)));

void V(double X[5], double v[2]){

v[0] = (2*Kt*Vin*(J2 + pow(l,2)*m2 - I*m2*r*cos(X[1])))/
(G2 + pow(1,2*m2)*(2*J1 + (2*ml + m2)*pow(r,2))*R -
pow(l,2)*pow(m2,2)*pow(r,2)*R*pow(cos(X[1]),2));

V[1] = (-2*Kt*Vin*(2*J1 + (2*m1 + m2)*pow(r,2) - I*m2*r*cos(X[1])))/

(G2 + pow(1,2*m2)*(2*J1 + (2*ml + m2)*pow(r,2))*R -
pow(l,2)*pow(m2,2)*pow(r,2)*R*pow(cos(X[1]),2));

void Matrix_addition(double A[5], double B[5], double C[5], double d){




inti;

for(i = 0;i <5;i++){
C[i] = AJi] + d*BJi];

void Matrix_55(double A[5][5], double B[5], double C[5]){

inti, j;

C[0]=0; C[1]=0; C[2]=0; C[3]=0; C[4]=0;

for(i = 0;i <5;i++){

for(j = 0;j <5; j++){
Cli] += ALIGI*BOT;

double runge_kutta(double X[5]){

double k1[5], k2[5], k3[5], k4[5];
double X2[5], X3[5], X4[5];
double f1[2], v1[2], f2[2], v2[2], f3[2], v3[2], f4[2], vA[2];




F(X, f1);

V(X v1);

k1[0] = X[2]*dlt;

k1[1] = X[3]*dt;

k1[2] = (f1[0] + v1[O])*dt;
K1[3] = (fL[1] + vi[1])*dt;
k1[4]1=0;

Matrix_addition(X, k1, X2, 0.5);
F(X2, f2);

V(X2, v2);

k2[0] = (X[2] + 0.5*k1[2])*dt;
k2[1] = (X[3] + 0.5*k1[3])*dt;
k2[2] = (f2[0] + v2[0])*dt;

k2[3] = (f2[1] + v2[1])*dt;
k2[4]1=0;

Matrix_addition(X, k2, X3, 0.5);
F(X3, f3);

V(X3, v3);

k3[0] = (X[2] + 0.5*k2[2])*dt;
k3[1] = (X[3] + 0.5*k2[3])*dt;
k3[2] = (f3[0] + v3[0])*dt;

k3[3] = (f3[1] + v3[1])*dt;
k3[4]=0;

Matrix_addition(X, k3, X4, 1);
F(X4, f4);

V(X4, vd);

k4[0] = (X[2] + k3[2])*dt;
KA[1] = (X[3] + k3[3])*dt;
k4[2] = (f4[0] + vA[O])*dt;




KA4[3] = (FA[1] + VA[L])*dt;
ka[4] =0;

X[0] = X[0] + (k1[0] + 2*k2[0] + 2*k3[0] + k4[0])/6;
X[1] = X[1] + (K1[1] + 2*k2[1] + 2*k3[1] + k4[1])/6;
X[2] = X[2] + (k1[2] + 2*k2[2] + 2*k3[2] + k4[2])/6;
X[3] = X[3] + (k1[3] + 2*k2[3] + 2*k3[3] + k4[3])/6;
X[4] = X[4];

return X[5];

void OY/(double X[5], double OX[5], double OG[5][2], double oy[5]){

oy[0] = OG[0][0]*(X[0] - OX[0]) + OG[O][1J*(X[1] - OX[1]);
oy[1] = OG[1][0]*(X[0] - OX[0]) + OG[1][1J*(X[1] - OX[1]);
oy[2] = OG[2][0]*(X[0] - OX[0]) + OG[2][1J*(X[1] - OX[1]);
oy[3] = OG[3][0]*(X[0] - OX[0]) + OG[3][1J*(X[1] - OX[1]);
oy[4] = OG[4][0]*(X[0] - OX[0]) + OG[A][1]*(X[1] - OX[1]);

double observer(double X[5], double OX[5], double OG[5][2], double A[5][5], double B[5]){

double k1[5], k2[5], k3[5], k4[5];
double OX2[5], OX3[5], OX4[5];
double A_OX[5], A_OX2[5], A_OX3[5], A_OX4[5];




double oy1[5], oy2[5], oy3[5], oy4[5];

Matrix_55(A, OX, A_OX);

OY(X, OX, OG oyl);

k1[0] = (oy1[0] + A_OX[0])*dt;

k1[1] = (oyl[1] + A_OX[1])*dt;

k1[2] = (oyl[2] + A_OX[2] + B[2]*Vin)*dt;
k1[3] = (oyl[3] + A_OX[3] + B[3]*Vin)*dt;
k1[4] = (oy1[4] + A_OX[4])*dt;

Matrix_addition(OX, k1, OX2, 0.5);
Matrix_55(A, OX2, A_0X2);

OY(X, OX2, OG oy2);

k2[0] = (oy2[0] + A_OX2[0])*dt;

k2[1] = (oy2[1] + A_OX2[1])*dt;

k2[2] = (0y2[2] + A_OX2[2] + B[2]*Vin)*dt;
k2[3] = (0y2[3] + A_OX2[3] + B[3]*Vin)*dt;
k2[4] = (oy2[4] + A_OX2[4])*dt;

Matrix_addition(OX, k2, OX3, 0.5);
Matrix_55(A, OX3, A_0X3);

OY(X, OX3, OG, oy3);

k3[0] = (oy3[0] + A_OX3[0])*dt;

k3[1] = (oy3[1] + A_OX3[1])*dt;

k3[2] = (0y3[2] + A_OX3[2] + B[2]*Vin)*dt;
k3[3] = (0y3[3] + A_OX3[3] + B[3]*Vin)*dt;
k3[4] = (oy3[4] + A_OX3[4])*dt;

Matrix_addition(OX, k3, OX4, 1);
Matrix_55(A, OX4, A_OX4);
OY(X, OX4, OG oy4);

k4[0] = (oy4[0] + A_OX4[0])*dt;




k4[1] = (oy4[1] + A_OX4[1])*dt;
k4[2] = (oy4[2] + A_OX4[2] + B[2]*Vin)*dt;
k4[3] = (oy4[3] + A_OX4[3] + B[3]*Vin)*dt;
ka[4] = (oy4[4] + A_OX4[4])*dt;

OX[0] = OX[0] + (K1[0] + 2*k2[0] + 2*k3[0] + k4[0])/6;
OX[L] = OX[1] + (K1[1] + 2*k2[1] + 2*K3[1] + KA[1])/6;
OX[2] = OX[2] + (K1[2] + 2*k2[2] + 2*K3[2] + k4[2])/6;
OX[3] = OX[3] + (K1[3] + 2*k2[3] + 2*K3[3] + k4[3])/6;
OX[4] = OX[4] + (K1[4] + 2*k2[4] + 2*K3[4] + KA4[4])/6;

return OX[5];




