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FEEDBACK CONTROL OF A THREE-AXIS INDUSTRIAL MANIPULATOR ARM
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ABSTRACT

Position control of the manipulator arm tip is the mador
consideration of the control design system. The motion of the
tool tip is point-to-point position control. PID
(Propoftional—Integral—Derivative) technique is used for
designing of the feedback control. Linearized and decoupled
mathematical model can be obtained under the assumption that each
link will not move fast. So, the effects due to the centrifugal
force and coliolis force can be neglected. The experimental
robot is a three-joint polar coordinate manipulator arm. Each
revolute Joint is powered by a permanet magnet d.c. servomotor.
The controller is implemented in the 16-bit microcomputer. At
each joint, a potentiometer is used as the position sensor and a
tachometer is used as the velocity sensor. Informations from the
sensors are sent to microcomputer via microcomputer bus by

converting them into the digital informations.
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SPECIFICATIONS _ MODELS
S i, 7 F e |, ESBME

Rated Voltage  V, , v 120 : 36
NO-LOAD SPEED atV, N, rpm 3750 | 6200
MAX. RATED | at STALL |, A . 44 4.6
STALLTORQUE atl, T, ' o ozin]| ' 100 29
MAX. PULSE CURRENT I A 250 24.0
TORQUE CONSTANT K ' 0z-in/A 27 7.8
VOLTAGE CONSTANT K, " volts/krpm 20 58
TERMINAL RESISTANCE = R, - Nat 25°C 18 11
Armature Mom. Inertia ~~ Jp, oz-in-s2 |  32x102 5.5x103
Rotational Loss Constant  Kjq " 0z-in/krpm | - 068 0.10
Static Friction Torque Ty C ot 0z-in 70 30
Thermal Resistance Arm./Amb. Ry  °C/W 28 5.0
ARMATURE INDUCTANCE L, - mH 6.7 2.3
ELECTRICAL Time Constant 7, - ms| - 37 %L iy
MECHANICAL Time Constant 7y ms|. 100 14.0
TACH. Voltage Gradient = K, Vikrpm 210 14.2
TACH. Terminal Resistance R, nat 25°C 800 720
TACH. Armature Inductance L, mH 255 - 138
TACH. Load Resistance (optimum) - R, - n| - 10.000 5000
Ripple Amplitude _ %opk-pk 5.0 5.0
LINEARITY % 0.2 0.2
Temperature Coefficient %/°C -0.05 -0.05
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aARUIN 1.
G-Matrix Lagrangian formulation

mawnmwdiiig lnfinnudsainsiid ‘:’Jm':mmiﬁu{'amm*maﬂaé LmIn
uaen s Twane s Lunnions tﬁaam*nmjamn‘lumwmvwﬁuﬁué UAEAEAINAONTT
dwmrdmeuisrei e e lfimafeamn @ Tu Teafivear SeauaeTunon
fonuaniEnT Q wumin TEAe Benlunsed 1-auaeidimein il uandeiaase

TABLE1
. MANTPULATOR KINEMATICS
Nusmber of degrees-of-lreedom (DOF). ; Ir=
; Y..Z R;;itu cartesian axes defining the ith coordinate frame (at the jth link). v
,}". it " Position four-vector of a point o line £, in the ith coordinate frame: 7, = [ren ndl-.
" Kinematic Link Parameters '

) -Angle® between links (7 — 1) and §; 6, is the joint coordinate il joint i is revolute,
A  Distance® betwedn finks (7 — 1) and 7: A, is the joint eoordinate if joint i is prismatic.
. ‘Lewgtt? of link 7; g, = O il joint { is prismatic.

a; Twist” of link £. .

L3

Homogeneous Transformations

gmogeneous (4 X 4) coordinate transformation m:attix. Jrom the ith coordinate
4 :Lme 1o the (i — .1)st coordinate frame; A,.vc!nchusdc!‘mcd completely by the four
kipematic link parameters (6, 4, o, and a,), is -

oos(l,) '-—m(u,’]siu(ﬁ,) _liﬂ(tl.-);iﬂ(ﬁ,-i a,em(a,)‘
sin(§) cos(a)cos(6,) ~sin(a ) cos(8,) -a,sin(4;)

4= m

2l 9 sin (&)  cos(a) 8,

0 0 0 1

. pmogencous (4 X 4) coordinate transformation matrix from the kth coordinate
n. gpmclo'the' pth coordinate frame; ?7, is calculate according to
- .’r.,' "|A’+= "'J*_‘A*, - forﬂqp-:k‘ﬂ (2)
and '
T, AL

- Poﬂ'l.l'd solution hmmms“ X 4) coordinate lramroriu;aﬁon matrix) from .
T the end-ct(e:mt { .'(\;Lte'h.) coordinate frame to the base (zeroth) coordinate frame.

. "Angle, distence, Iength, and twist follow the definitions in [21}



TABLE I
) MANTPULATOR DYNAMICS
. TA® Dynamic Link Parameters
Pscudo-inertia (4 X-4) matrix of link iz J = [y, (557 | dm,.
Center of mass four-vector of link i, in the ith coordinate frame: 7 = [7,7,7,1)".
M”;of link i.

E P K
=

i

Gravity Vector )
- Gravily four-vectorin the base coordinate frame: g = [g.2,2,01".
Diflerential Kinematics
* PY),, Firsipartial- denvame(:i x 4) matrix o{’T,‘ wuh n:specl 10 q; "U,, is calculated
according to

; 277,
U, - ;’:'q: =Ty @¥ ", . for0gp<ig<ksN. ()

-

Uy jm Sevond partial-derivative (4 X 4) mateix of *7, with respect 10 g, and g.,; U,
: (whch equals’U,_, ,,!) is calculated according 10

a"r

-’Tu-uo“ Vim0l fr0<p<j<m<k< N (@)

Q, = Bejczy constant (4 X 4) Q-marrix for joint it

= s

0 -1 0-0
G=0Cr= ; 3 g g for a revolute { th joint, and
0. 0 0 o]
[0 0 0 0
Q=0r= g g g ? for a prismatic i th joint.
P .0 0 0 0]
TABLE H!
* Dynamic RoBoT MODEL
. D(c)f + C(g.4) + G(g) = F(1) : (5a)
): dyiy+ E ): §ep(Day + G, = F(1),  fori=12- N (5b)
J=1 Fo1 k=1 ;
23 « Joint Coordmnles

;(q,. 3) Generalized j joint coordinate (velocity, acceleration) of joint iz g; = §, if joint i is
revolute; and ¢, = d, il joint { is prismatic.
q{§,@d)  Generalized joint coordinate (velocity, acceleration) N-vector. :

. Parameters
C(g,4) Cenirifugal and Coriolis force N-vector with elements
_ . G=q"Cli)d. ®
C(i) Coupling (¥ X N) matrix for joint # with elements
- N . .
S = L - DPULLLUL),  wherepd minGijko =L, @)
memax(l, f, k) ,
. D(g) Inertial mrram(.-v X N') matrix with elements *
dy = Z‘, Tr{'u., PUly,  where p & min(i, j) - L (8)

. k=max(/, /)
Gig) . Gravitational force N-vector with elements*
” .
G = - E m g OV, R ®
A=i
F(n) Generalized external joint force N-vector with elements F(r)
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Q-matrix Lagrangian formulation
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g = =
indimtfi s w1 U, 18

v, = °ra°T,
“v,, = |-sc,, -, -§5, -a,5C, -8,50C,dcC,
cc, -S, G5, 8CC,*CC-ds, |...17
o ° o e
o ) o 0
%y, 7= -s.C__ . cc,, o o
. -c, TR e o
-5.S., e:s. e o
-8, SC -asC-dC aCC +aCC-dS 9 0
v, = °ra’t,
W, = | €5, 0 65, wE5,
—Stsa- 9 s:c:o_ S S
Caa 0 S, 20,
e © 0 0 see18
9,0, =
[-J"“S‘Ca.-l‘“,C‘ 1,..5,5,,mx.(asSC +aS$s C . td,C )]
E1 4. 5.Can s sCo 10y 5,S,a MY, (8,5 C, +8.S C +d C )]
:~;_“_slca.—:',.c‘—o.‘_s‘s’,—m 2,(a,5,C, +a.5 C +d.C )]
l:-—m."sic“-m_”c‘-m.z_sls"-m (a,§$,C _+8_S C_ +d C )]
€-J,,.C,C, -1, .S~ 1_ C,s  -mx (a CC, +a C,C+dS)100
£-1,..6,C..,,.5,71,,.C,S,, ™,¥,(8 C.C__+a CC +d S )10 0
t-1,..6,C, -1, .5,~9,..C,S, Mz (aC.C +aCC+dS)100
t-m,_.C,C,,-m, S, .C,S, -naCC, +aCC+dS)1 00

g ) 0. r ' =
e, 9%, " = 1S tmxdS, -1 _C, -mzdC

Any 23 2 8 » a9 -Ul as 2 2 3 II

my.a S _+mdays { se0l9

D _ =1 S__-1 C ,md_(x_ S -z.C“H-m.a.S:-(y'-l-d.)

19 Bay ?l Sy=m 38
" Twimesifeniwn o, -0 _ 16 _
D =1 +1_ S.S_+I ,C,C,#m_a_C, (2x C_ -2y S +a_C )+

L4 fyy ' 3Amx 3 3 Ay 2 2 a
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/% program simulation 14:50:15 11/14/1987 %/
#include "stdio.h"
float smp,vmx,amx,Kp[3],Ki[3],Kd{3],data[500][1&];_

main()
{

int chk,is

chk = 03
do {
edit_gain(&chk):
ctrl_sim(&chk);
graph_menu(chk) 3
crt_mode(2);
puts(" DO YOU WANT TEST CONTINUE 7 ");
do { i = key_getc();

Y while(i '= 5497 && i = 12654);
chy = 13 .
37 while(i != 12654};

crt_mode(2);
puts(" good bye ! ");
3

/REXXkX%X generate reference signal XXXxxkxxkx/
refsnl (zs,zf,nl)

float zs[3],zf[31; _ ; 2 ey
int Xnlg; :

{ .

extern float smp,amy,.vmi,sgrt(),fabs(),datal[]l[16]:

float ttevm,ztovm,d=z[3].Tam[3]1,Tvm[3]1, tt[qj Tnfm tts[3],
tmvi3],zve(3],tvcl3],time,,tme;

int i, l.md[3],

crt_srcp(l1,44,0);
puts(” No. ref. ");
Tafm = 03

ttovm = 0;



Sk f
while (amu
{ zt

tt
o3 13
for (i = 03 1 <
{
‘dz[i] = fa

ind dz,dt start to vmax %/
¥ttovm < wvmy)
ovm = am¥¥ttovmXttovm/2.0;
ovm += 0.001;

33 i++)

bs(zf[i]—zs[i]);

. Tam[i] = 4.0%dz[il/am¥;

Tam[i] S
Tvm[i] = 2

grt(Tam[i]):
LO%dz[i]/vmxs

/XX%%X set condition to mode of motion X% X%/

if (Tvm[il <= Tam[il)
¢ .
mdC{il] = 15
ttCil = Tam[il;
tmvli] = tt[i]/2.0;
zvc[i] = tvc[il = O
3 ;

else
{
md[i] = O3
tt[i] = ttovm¥2.0+(d=z[i]-2.0%ztovm)/vmx:
tmviil = vmx/amxgj
ztovm = amxXtmvI[i]¥tmv[il/Z2.0;
zvel[il = dz[i]-2.0%ztovm;
tvc[il = zvcl[il/vm;

R ;

/X%%% find time of motion XXXXx/

if (Tofm < ttL[i])

Tofm = tt[ils
b :

/¥XxXx create input.ref file XXXxx/

time = 03

1 =20;

while (time <= Tofm+5.0%Xsmp)

{ -

for{(i. = 03 i <‘3; i++)

{

“if (time <= tmv[il])

{ -

if (zs[i] <= zf[i])

{

data[11[i+i] = zs[i]+amxXtimeXtime/2.0;

gata[1][i+7] amx¥times;
. } 3 -
else
; St : :
datal[l]JCi+1] = zs[il-amxXxtimeXtime/2.0;
datafl][i+7] = —amx¥time;
¥y .5
i 3
else if (time <= tmv[il+tvc[i] && md[i] == 0)

{

if (zs[i] <= zf[i])

{

data[11[i+1] = zs[il+((time-tmv[il)*vmx+ztovm);

datafl]J[i+7]

3

VMM .

else



{ P
datafl][i+i] zslil—-((time—tmvii])Xvmx+ztovm) ;

datall][i+7) = —vmx;

I3

¥
else if (time <= tt[i])
{ ]
tts[i) = ttLij—~tvelils
tme = time—tvecl[il:
if (zs[i] <= =zf[i])
‘ L
- datalfll[i+1] = zs[il+(amxk(tts[il*tme-
tmextme/2.0-tts[il¥tts[i]1/4.0)+zvcli]);
.datal[l][i+7]1 = amxx(tts[i]l-tme);
3 .
else -
{ “- -
tts[i] = tt[il—-tvcl[il:
tme = time—tvelil;
datall][i+1] = zs[il—(amxX(tts[ilXtme—
tmextme/2.0-tts[il%tts[i]/4.0)+=vclil]);
datalll[i+7] = —amuX(tts[il—tme):
73 ‘
b
else
{
% dataCfl]JLi+1]
' datallJ[i+7]
33
¥3 /% end of for %X/
crt_srcp(1,74,0);
printf(" %4d ",1)s
time += smpy -1 += 1;
s /% end of 'while §/
¥nl = 1-1g

zfl[i];
0.03

P

/¥ control loop with P I D controller %/

float cal4],sal4]1,d[4].al4]),xbl[4],yb[4];

float Ixx[41,Iyy[4]1,1zz[4],Ixy(4],1Ixz2[4];
float zbl[4]1,ms[4]1,Iy=z[4],dzz[4];

float ml,motr,Ial,Ia2,Ia3;

ctrl_sim(chk)
int *chksg

{

extern float smp;vms,amx,Kp[J,Ki[J,Kd[],datal][16];
float pi = 3.1415927;

int i,1,1nk,nl,n[3]; ;

float zs[31,f[4],time,err[3],itgerr[3].Km[3]:xactl7];

/% spec. of motor X/
nf[0] = Q0; nfil] = 20; n[2]1 = 1003
Km[O] = 0.0741; Km[1] = 0.0741; Km[2] = 0.05; /%

L]

nl = Xchk; _
itgerr[Ol=itgerr[il=itgerr[2]=0;
time = 03 1 = 03



for{l=0;1<3;1++)
{ xactli2Zx1+1] = datalO]lCl1+1];
xact[2%1+2] = datal[0][1+7]; .
2 AR : : :
/%%% control loop %%x%x/
for(l=031<=nl-1;1++) /% No. of cycle %/
{ crt_srcp(1,74,0);
printf(™¥ad “,1}3
datafl][0] = times
for(Ink=0;1nk<33lnk++)

e ¢ i :
err[lnk]=datall+1][Ink+1]-data[l11[ink+41;
itgerr[lnk] += smpXerr[lnk]; ;
fLlnk+1] = KpLlnklXerr[lnk]+Ki[lnklxitgerr{lnkl+

KdlInk]¥dataflJLlnk
fllnk+1] = Km{lnk]*f[1nk+1]*n[1nk]/2 QO: /¥ assume
datal[l]l[lnk+13] = f[lnk+1],

} /% end of each link %/
xactf[0] =0; f[O] = 03 :
& rnmechtb,&time;xact,smp.fJ;
for(lnk=0;1Ink<3;lnk++)
{ datall+11[1nk+4] = xact[Z¥lnk+1] 3
datal1+1][1Ink+10] = xact[2%¥1nk+2];
S
Y /% end of control loop %/
datalnl][0] = time;
fnr(lnk O3 1nP<3,1nk++)
zstlnk] = datalnlJL[1lnk+41%57. 2957795,
crt_srcp(18,31,0);
printf("“%7.2f",25[0]1);
crt_srcp(18,446,0);
printf("47.2f",zs[1])s
crt_srcp(18,61,0)3
printf!“Z?,Zf“,zs{E]);
putchar(’\007.');

crt_srcp(22,25,0);
puts(" PRESS ANY KEY TO CONTINUE ")3
i-= key getc(),

3
{******* Runge—?utta sixth—order t***ttt/
#define NDfE & '

. romech (nnfe,x,v.h,f)

int nofes = i
fluat_tx,y[],f[],h;

{
int ij;
float kl[MDfE+1] k2[NufE+1] k3[NofE+1],k4[NofE+1], xfcn,
float kS[NoTE+1], kthnfE+1],ydnt[NofE+1],yfcn[anE+1],

ki[0] =" k2[0] = k3[0] = 0O;
k4{0] = k5L0]1 = k&[0O] = O3
ydot[0] = yfcn[Q]l = 03
for (i = 13 1 < nofe+l; i++)
yfcn[i]—y[i],
wfon=%Xxj; -~
fcn (nufe &xfcn,yfcn,ydnt )3



for (i = 1; 1 £ nofe+ly i++)
ki[iJ=h*ydotl[i]; ;
for (i = 13 i < nofe+l; i++)
. yfen[ild=y[1]+k1[1i1/4.90;
xfon=%¥x+h/74.0;
fcn (nofe, &xfcn,yfcn,ydct f);
for (i = 13 i < nofe+l} i++)
- k2[0i] = h¥ydotlil;
for (i = 1; i < nofe+l; i++)
chnfll-Y[i]+k1[1]/B 0+k“[i]X8 0,
xfocn=xx+h/4.0; s _ :
fcn (nofe,&xfcn,yfcn,ydot,f);
for (i = 13 i.< nofe+l; i++)
k3[il=h%ydotli];
for (i = 13 i < nofe+l; i++)
yfen[il=y[il-k2[i]/2. 0+k3{i],
xfen=%Xx+h/72.0;
“fen (nofe, &ufcn,yfcn,ydut,f),

for (1 = 13 i < nofe+l; i++)
k4[il=hxydot[il;
for (i = 13 i < nofe+l; i++)

yfen[il=y[i1+k1[i]%3.0/16.0+k4[1]%7.0/16.03
Xfecn=%Xx+hx0.75;
fecn (nofe,&xfen,yfenyydot, f);

for (i = 13 i < nofe+l; i++)
ES[iJ=hi%ydot[i]; . i
for (i = 15 i < nofe+lj it++)

yfen[il=yL[i]l— (k1[13*3.0+k2[1]*2 0+k¢[1]*12 o-
K4[iJ%x12.0+kN[i1%8.0)/7.0;
kfen=%x+h;
‘- fen (nofe, &%fcn,yfcn,ydot )3
for (i = 13 i < nofe+l; {++)
kbLil= h*ydnttll, :
for (i = 1; 4 < nnfe+1- 1%+)
y[i]—y[i]+(7 OXki[i]+32. OkkI[i]+12. 0*k4[1]+42 O*kﬁ[z]
+7.0%kk&601])/790.03
Xx=%x+h; -
b ]

/%  complex form cf fcn() X/

#define ROW 4
. #define CLM 4
#define N _'3

fcn (nofe, time, xfcn,xdnt )
int nofe;
_flnat ttime xfcn[] det[];f[]s

£ ! 7 -

extern int fclose(): 3

‘extern float sin(),cos(); :

extern float ca£N+1],§a[N+1] dIN+1],alN+1],xb[N+1i], ybIN+113
extern float IxNXI[N+1],Iyy[N+1],Izz[N+11, Ixy[N+1] Ixz[N+1].
extern float zb[N+11, ms[N+1] Tyz[N+11, Jzz[N+1]; .
extern float ml,motr,lai,la2,Ia3;

float A[N][RDN][CLM] T[N]EN+1][R0W][CLM359-

float TG[N][N][RDN][CLM] QLROWILCLM] yszIN+1] ,cz[N+11;



float U[N][N+1][N+1][PDW][CLHJ D[N+1][N+1],

float UC[N][N+1][N+1][N+1][RUN][CLM3,

float JIN+1J[ROWILCLM], JU[N][N+1][N+1][RGH][CLM] rtr,
float RIN+1]1[ROW],qgUR, B[N+1] D[N+1]£N+1][N+1],QU[RUN].
_flcat”xbn[N+1]-Ybn[N+1];zbn[N+1];Jxx[N+1],JyV[N+1]l

float hafN+1J[N+L],1lalN+LJ[N+1],palN+1J[N+1],ga[N+1IJ[N+1]3;
float VFIN+L1J[N+11[N+1],UFCN+1IEN+1] . wa,wb,wc,wm;
e 3.k, l,pymymaxij, mxnij maxijk mlnijk'

FILE *spc,

/**** upen file fnr read dafa t#**/
spc = NULL3
if (xtime == 0) : ' 4
{ if ((spc=fopen("spec. dat" ") y==NULL)
{ printf("cannot open spec.dat \n");

exit(1);
¥ . - ;

for (i=13 i < N+1i; i++) /XXX read sin(alpha) X*x/

; fscanf(spc," %f ",&safil):, g

for (i=13 i < N+1; i++) . /X%%% read cos(alpha) Xxx/
fscanf(spc," %f ",&calil)s

for (i=13; 1 < N+1l; i++) o LkXX read d(i) Xxx/
fscanf(spc,” %f ",&d[ifd; ' :

for (i=1l3 i < N#iz i+3+) ; FXX%X read a(i) %Xxx%x/
fscanf(spc," %f " &a[x]}, | '

for (d=13 1 < N+1i3ii++) ; X% read mass(i) X%x%x/

. fscanf(spc,” %Zf ",&ms[i]);. _

for (i=13 i < N+1l; i++) . /XXX read CB.of x—axis Xxx/

- fscanf(spc,” %f ",&xb{i]); = :

for (i=13 i < N+1; i++) /XXX read CG.of y—asis XX%/

fscanf(spc," “4f " &yb(i]),
- for (i=13; i < N+1; i++} ' /X%%X read CG.of z—axis XXX/

fscanf(spc," %Zf ",&zb[i]); : :

for (i=1; i < N+l i++) /%%%X read Iuxx Xxx%x/

 fscanf(spc," %f ", &Ixx[§1);: -
for (i=13; i < N+1j3 i++) . /x%x%x read Iyy *xx/
i fscanf(spc," %f “,&Iyy[il); - _
for (i=13 1 < N+1j; i++) /XXX read Izz %XXx%x/

fscanf(spc," Zf " kIzz[41); ;
fscanf(spc,"%f %f %f",&lal,kla2, &Ia3); /% gear inertia X/
fscanf(spc,"%f %f “y&motr,&ml); /X% motor mass payload X/

/%xXx move cg. for paylpad Xx%x/
xbn[3] = ms[31%xxb[3]1/(ms[3J+ml); -
ybn[3] = ms[3]*yb[31/(ms[3I])+ml);
zbn[3] = ms[31%zb[31/(ms[3]4ml); ;
IxxL31=Ixx[31+ms[31%((ybn[3I]1-yb[31)%(ybn[3]-yb[31)+(zbn[3]
—zb[31)X(zbn[31-2b[3]) )+ml % (ybn[31xybn[3]+zbn[(31%zbn[3]) ;"
1yy[3]=Iyy[3]1+ms[31*((xbn[3]-xb[3])X(xbn[3]-xb[31)+(zbn[3]
—=zb[31)X(zbn[3]1-2b[3]) )+ml % (xbn[31%xbn{3]+zbn[31%zbn[3]);
1zz[3]1=1zz[3]1+ms[3I1%( (xbn[31—-xb[31)*(xbn[3]1-xb[3]1)+(ybn[3]
—yb[3]1)¥(ybn[3]1-yb[3]1))+mlX{xbn[31%xxbn[31+ybn[31¥ybn[3]1);
ms[3] = ms[3]+m1-

xb[3] = xbn[31; -
ybl3] = ybn[3]:
- zbn[3];

zb[3]



/E%X%X move ©g. for motor mass k¥¥kx/

xbn[21 = ms{21*xb[2)/ (ms[2)+motr)j

ybn[2] = ms[2]1%yb[2]/(ms{2]+motr}}

czBh[2] = m&L2]1%=zb[2]1/(ms[2]+motr)

Ixu[2]= Ixx{23+m5[2]*(fon[E]-yb[Z])*(Ybn[Z]—yb[Z])*(’bn[“]
~zbL21)X(zbn[2]—-2zb[2]) )+motrk{ybn{2]Xybn[2]1+zbn[2]1%zbn(2]);
Iyy[2]1=1yy[2]+ms[2]1%((xbn[2]—-xb[2])*(xbn[2]-xb[2])+(zbn[2]
—zb[2])%(zbn[2]~zb[2]) )+motrk(xbn[2]1%xbn[2]1+zbn[2]1%=zbn[2]);
I1zz[21=1zz[2)+msl21%{({(xbn[2]—xbL2]))%x{(xbn[2]1-%bl[21)+(ybn[2]
~ybt2])*(ybn[2]—yb[2]]]+mctr#[xbn[2]*xbn[2]+ybn[2]*ybn[2)),
msE21 = ms[2]+motr;

®b[2] = xbnl[2];
yb{2] = ybn([27;
2zb[2] = =zbn[2]:;
for (i=1; i<N+1i; i++)
{ JIxxC[il = (—Ixx[il+Iyy[il+1zz[il)/2.0;
Jyy[il = (Ixx[i]-Iyy[il+I=zz2[i])/2.0;
Jzz[i] = (Ixx[il+1yy[il-1z=z[i])/2.0;
Ixy[i] = Ixz[i] = fyz[i] = 03
33

Y /% if time for open ¥/
if(spc) fclose(spc);
222333 assemble g(1l,4) X¥RE¥¥%/
g = 9.81;
/XXKXk%X%%X assemble ﬂ-matrical (33282323 94
FRxX ALD] = AL X%xx/

for(i = 13 i < N+1j; i++)

£ sz2[i] = 51n(xfcn[2*i~1])i czli] = com(nten[2¥4-11)}
ALLi—-1]1L0J[0] =.cz[il; ACL-1]C0J[L]) = ~ca[i])¥sz[il;
ACi-1][01[2] = salfilxsz[i]ly ALLi-1][{0][3) = n[i]icz[ilp
ACi-1][1100] = sz[il} ACL-11[4]04) = cp:iimtm
ACi-1703102]) = -saCfil¥cz[i]l; ACL-L7C€L3(3] = Alij¥sz[il;
AfCL-11[2][0] = O; ACLi-1L]C23FL) = pali]y
ALL1-1102]102] = caril; - _ ACL-11L2)(3]) = dfids

CACI-L1L3100] = ALL-11[3I01] = ATL-L1{3][2] » 0O}
ACLA—-LILIILIE] = 13

3
i /I!#*** asqpmble rt(4) 111111178
for (4 = 43 § < Nvy) 4+¥) .
' § R{IE0] = xbE4dy  RLLIL1] = ybLil;
R[11[2] = zb[i);  RLLi1[3] = 1y

}-
ey l*t#!!t* assepple J-matrix x**tixt/
for (i = 43 i < N¥1; §++)
{
JLi1C01L0] Jux[ids JL43col1r1l
JLiJC11C01] = Jyy(idy JELJLOIC2]
JLi1[21L2] = Jzz[4]3 J;1]:1][23
JLi]1[3IL3] = mslil]s

JCAIC11L0] = Iny[ily
JL11021[01 = Ixz[il;
JLilC2104] = Iyz[ily

1I o
I

"JLiJ[0JL3] = JCi3L3IL0Q] = ms[iJ¥xb[ily
JLi1CL103] = JLA)E3304] = ms[ilxyblids
JLi1023(3] = JLil[31C2] = ms[i1x=bli]}
33

JRRRARKERR assemble I—matrix RXRREXERE/
for (k= 03 k < Nj k++)
{ for (i = 03 i € 4; i++)
{ for (j = 03 j < 4; j++)
' if (i == j)
"TCkICKICLIC3] = 13



glse
TEkj[k][i][JJ = Qj
13 ' : -
i
/********#* agsemble G-matrix FRXKXRRXKEKK/
for (i = 03 i < 43 i++) - :
{ for (j = 03 3 < 43 j++)

AT (l =20 && § =m.})
- QLilC[3] = —13
else { if (i == 1 && j == 0)
GLi1C3] = 1
else
QLiJ[ji] = O3
¥ ;

13
JXRXXXXkkKX compute T—matrices f¥kkx¥kkx%/
for (p = 03 p £ N3 p++)’ &
{ for (k = p; k < Nj k++) ; ‘
N Mtxmul (T[p][k],A[k],4,4,4,T[p][kfl]);
33
/XKXKK KX KKK compute Uij-matrices XXxkkkkx/
for (p = 03 p < Nj pt++)
' { for (i = p3'i <INg i++)
Mtxmul (TCp}Cil,Q,4,4,4,TACPICi]);
I3 :

for (p = 03 p < N3 p++)
{.for (i = p+ijy i < N+l; itt)
" f for (k = ij-k < N¥ls k++)
Mt%mul (TQLp1Li- L] T[1~1][k] 4,4,4 U[p][k][x}),
J's
¥3
] /******** compute Uijk-matrices XXXXEx¥xx/
for (p = 0; p < N; ‘p+) .
' £ for (i = p+13 § < N¥l; j++)

X { for (m = j; m < N+1i; m++)
{ for (k = m; k < N+1j; k++)
{ .
Mtxmul (TRCpI[i-1],ULj~11Ck]IL[m],4,4,4,UCLpICkICLiILm])s
it ¢3 '=m)

for (i=0; i<ROW; i++)
for (1=0; 1<CLMj 1++)
UC[p][k][m][j][i][l] = UCEpILKILIIImICilLC1]s
33
B8 5
73
75 ‘ : ;
JRRRKARX¥ compute Dij Xxkkkk¥Xxx/
for (p = 03 p < Nj p++) ' :
" { for (i = p+l3 i < N+1j3 i++)
{ for (K = i3 k < N+13 k++)
{ Tsp (ULplCkILil);
- Mtxmul (JCk1,UCpICkIL11,4,4,4 JU[pJ[k][l]}’
Tsp (ULplCkICLil)s: .
3! 33 '
73
33 ‘
for (i =.03 1 < N+1lz i++)
for (j.= 03 § < N+l; j++)
DLilC3i] = O3



for (1 =-13 1 < N+1lj i++)
{ for (3 = 133 %< N+Lisz-3++)
{ rtr = 03
if (L < 3) { maxij =

else { maxij =
minij = j; H
for (k = maxij: k < N+ij; k++)
" { p = minij—1;
Trace (ULpJLk1Li]. JU[pJ[k][lJ 4.4, 8rtr);
: DLil[j] +=rktr;
e
D[j][i] = DCilCil:
>3 y

73

ZRRRRERAX compute Dijk kkkkkkkk/
for (i = 03 i < N+1j; i++)
for (j = 03 j < N+1j; j++)°
for (k = 03 k < N+l; k++)
: CLilL3ilLk] = O3
for (i = 13 i < N+ij; i++)

L for (F = 4§53 <€ Ntlg j++)

f~for (k = j; k< N+1l: k++)

{ rtr = 0
it (1 < 3). { maxij = i3
: minij = i3 k
glse { maxij = ij;
minij = j; 33
if (maxij < k) maxijik = kg
' else maxijk = maxij;

<if (minij < k) mindijik = minij;
‘else minijk = k3. 2
for (m = maxijk; m < N+1; m++)
{ p= minijk—1;
: Trace (UCCpIImILiICk]I.JULPIImMICi].4,4,% tr);
- C[l][JJ[k] += rtr,
: %3
CLilCkIL5] = CLilCi1Ck1s
35 ok
33 '

FRERRRX cnmpute Gi XXkkkXX/
for (i=0j; i<N+1; i++J
GLi] = O3 -
for (i = 13 i < N+1; i++)
- { gUrR = 03" -
for (k = i3 k.< N#ij k++)
~{ for (j = 03 j < ROW; j++)
{.
QULCi] = gXULOILKICLIC2IL5];
gUR += gULJI¥RCkICid;
¥3 - ey :
GLi] += -ms[klI¥gUR3;
T3
13 : :
FXX%X% creat function xdot = f(xfcn,time) XXX%X/
DL3]C11%DL2]1L2]1+D[31C11%x1a2-DL3IIC2]1%DL2]1C1];

wa =

wb = D[3J[11*%DC2][1]-DL3II[(2I%DL1IC1]I-DL3II(2]%Ial;

we = DL3][21%xD[3IC2]-DL3ICIIXDL2I[2]1-DI2]I[2]1%1a3
—DL3IIL[3]%kIa2-1a2%xIa3;

. wWm DL3I[21%DPL3]C1)-DI3IL31%DL2]01]~-DL2J[1]%Ia%;



for (i=1j; i<N+1: i++)
for (i=ij; J<N+1;3 j++)
{halil[i] = D[SIEZJ*CEIJELJEJ] DL2IC1JI*xCL3IC04i1C03]s
Af (i = 3)
hafil[j] = 2.0#ha£1][33,
33 .

for (i=1; i<N+1l; i++)
for (j=ij; J<N+1; 3j++)

{
lalil{j) = DLII[2IX%CL2ICil0[5I~(DL2IC2]+1a2)%CL3ICil1Li];
if (i != 3j)
1afil[§] = 2.0%1afill(il;
o '

for (i=13; i<N+1; i++)
] for (j=i3 J<N+1; j++):
{palilli] = DE3JI2]*C[1][11[J] DL3IICLIXCL2I04i305]5-
if (1 !'= j)
palilli] = 2.0%palillil;:
T3

for (i=1j; i<N+1j3; i++)
for (Jd=ij; J<N+1; j++)

{ .
qalfilli]l = (DL3IL3I+Ia3)¥CL21[iI[31-DL3II[21%CL3IL4iIL3];
if (i !'= j)
qafillji] = 2.0%galilljls
13

NVFL11LOIEO] = wakwm—wbXwc;
for(i=13; i<N+13 i++)
for(j=i; J4N+1; j++)
VFLLILil0j] = (halfilLil¥%wc—1alill[iJ*%wm)/VFL11L[0O]1[0];

CUFLCL1I1C1] = DL3IL21%wc/VELLICOILOT;
UFL1]1[2] = -DL33I[2]1%wm/VF[1]J[0J[0]; .
UFLC11L3] = ((DL2][2]+1a2)%wm—-DL2]JC11%wc)/VFL1]1[01[0];

VFL21[0]1[0] = wb*wc—wa*wm,
for (i=1; i<N+1; i++)
: for (J=i; j<N+1; j++) _
VFL21[il[i] = (Pafllle*wm—qafll[J]*wb)/VF[ZJ[GJ[OJs
UFL2]C1] = D[3][2]*wm/VF[2][0][O],
UFL2]1L2] -((0[3][3]+I33)twb+D[3][1]*wm)/UF[2][0][0],
UFL2]1L31] D[SJ[Z]#wb/VFE2][Q]E0], -

VFL3IIL01[0] = watwm—wb*wc;
for (i=1j; i<N+1l; i++)
for (j=i3 j<N+1; j++)
VFLIILL1L3i] = (ha[iJ[JJ*wa—la[i][i]*wb)/vFEZJEOJEOJ,
UFL3101] DL3JC21*was/VFL3IIL01L0];
UFL31C2] = -DL3I[21*wb/VFL3IIL[01[0];
© UFL31C3] = ((DL2][2]+Ia2)%wb-DL2][11%wa)/VFL31L01[0];

i

Cfor (k=1; k<N+1; k++)
{ xdot[2%k-1] = 03
. xdot[2%k] =-0j; -
for (i=1; i<N+1i; i++)
{ xdot[2%k] += UF[kJ[l]*(f[i]~G[iJJ.
for (j=ij; Jj<N+1; j++)



 wdot[2%k] += VFLKILi1CiIXxfenC2%il¥xfcnl2%37;

o
e

xdot[2%k=1] = xfcn[2%k]1;

JRXKEXXXX Transpose a(m,n)t XXx¥xiokxk/
Tsp (a) : e

float allCCLMI;

{ : : -
int i,j; i
float temp[ROWILCLMI:

for (i = 05 i < CLM: i++) .
{ Afor (3 =03 3 ﬁ ROW; J++)
temp[illj] = alilCil;

b
for (i = 03 i < CLM; i++)
{ for (j = 03 j < ROW; j++)
alil(il = tempLjl[il;
. 33 ' §
3 ) :
/XXXXXXX alm,n)¥b(n,i) = c(m,i) XXXKKXXK/
Mtxmul (a,b.m.n,j.c) '

float al1[CLMI, bLILCLMI, c[3ILCLMI:

{
int clu, row, 1z
float cijs - . : :

for (clu = 03 clu«<€ j 3§ clu++)
{ for (row = 0; row < m; rowt+)
{ cij = 03 ;
for (I =03 1 < n3 1++)

cij += alrowl[11%b[1]JC[clul;
; clrowllclul = cijg;
T3 =
¥

/XXXXXKRX Tria(m,n)Xb(n,m)] = tr XXXXXRXXK/
Trace (a,bym,n,tr)

int.my ng
float alJlCCLM], bLJLCLMI, Xtrg

{
int row, 1;
float cij;

¥tr = O3
for (row = 03 row < mj; rowt+)
{ cij = 03
for (1 = 03 1 £ n3 1++) :
cij += afrowl(1Ixb(1Jfrow]s
Xtr += cijj
¥
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/% model control 11:10:07 11/9/1987

#include "stdio.h" .

X/

float smp,vmx,amy,KpL31,Ki[3]1,Kd[3]1,datal5001[19],zetals].

main()

{

int chk,i}

extern float smp,vmx,amx,Kp[31,Ki[1, kdL1, datall}[19],zetall;
flnat pos[3];

chk = 13 :

smp = .01 vmx = 0.5; amy = 0,253

Kp[Ol = 315; Kp[1]l = 5833 Kp[2] = 275;

Ki[0Q] = 145; Kif1]l = 273y Ki[2] = 12353

Kd[0] = 33 Kd[1]l = 73 . Kd[2]1 = 23

zetal[0] = zetal3] = 903 zptal(ll] = zetal4] = ES;‘

zetal2] = zetal[5] = 70;

- printf("Enter maxout[0..2] :");
scanf(" Zf AT 4Lf",Zmaxout[Q], &maxnutfl) &maxout[ZJ),

do {

zerof();
edit_gain(&chk);
crt_srcp(22,25,0);
printf(" MOVE ARM TO BTART PDEITIDN ")'
for(i=03i<3;i++)
posCi] = data[01[i+11}
go_desire(pos);
crt_srcp(22,25,0);
printf(" MOVE ARM NITH THE FROGRAM ") 3
control(&chk);
crt_srcp(22,25,0);

printf(" MOVE ARM TO HOME POSITION "); -
pos[0] = 1.571; pns[t] w §,4835; pus[Z]

Qo _ desire(pos),

graph menu(chk),

zero();

crt_mode(2); :

puts(® DO YOU WANT TEST CDNTINUE ? "3

do { i = key_getc()y - ;
Y while(i != 5497 & 4 !¥ 126*4),

chk = 1:

3 while(i != 1265354);
crt_mode(2): ’
puts(" good bye ! “)3

¥

= 1.2217;



edit_gain(chck)
int *chck;
A

extern float smp,vmx,amx,Kp[1,Ki[]l,Kd[]l,zetall;
float =zs[31,zf[3]1,valli3];
unsigned int pvlus
int chk;nl,lnk,i,ii,iiij;
chk = Xchcks
crt:mode(2);
block2(0,0,23,79);
crt_srcp(1,20,0);
puts(" Test manipulator arm by FID controller ")j;
.crt_srcp(4,10,0); : o -
puts({" Moving data ");
crt_srcpl4,24,0);
puts(" vmx = ")j
crt_srcp(4,31,0)3
if(chk==0) scanf(" %f ",&vmu)}
crt_srcp(4,31,0);
printf("47.2f",vmx);
crt_srcp(4,39,0);
puts(" amx 1 ")3
crt_srcp(4,446,0)3
if(chk==0) scanf(" %Zf ", ,&amx);
crt_srcp(4,86,0);
printf ("4Z7.2f" ,amx) ;
crt_srcp(4,54,0);
puts(" smp = ")3
crt_srcp(4,61,0); <
if(chk==0) scanf(" %f ",&smp);
crt_srcp(4,61,0); .
if(chk!=0) smp = smpX1000;
printf("47.2f",smp);
crt_srcp(7,.25,0);
puts(" PID controller gain ");
crt_srcp(?,10,0); .
puts(" Waist ")j
crt_srcp(10,10,0);
puts(" Shoulder "):
crt_srcp(11,10,0);
‘puts(” Elbow ")
for(Ink=031nk<3;1nk++)
{ : :
crt_srcp(?+1nk,25,0);
puts(" Kp 3 ")j;
crt_srcp(9+1nk,31,0);
if(chk==0) scanf(" %f ",&Kpl[Ink]l);
.ert_srcp(9+1nk,31,0); ;
printf("47.2f" ,Kp[1lnk]);
crt_srcp(9+1nk.40,0);
puts(" Ki = ")
crt_srcp(9+1nk,46,0);
if(chk==0) scanf(" %Zf ",&Ki[lnk]);
crt_srcp(9+1nk ,46,0);
printf("47.2f",Killnk]1);
crt_srcp(9+1nk,.55,0) 3




spats{" Kd 5 ")

crt_srcp(9+lnk,61,0); R

if(chk==0) scanf(" Zf " &Kd[lnkl);

crt_srcp(9+lnk,461,0) 5

printf("%7.2f",Kdl[1nk]):

R CF
crt_srcp(22,4,0); -
printf(" Use move cursor to change data FRESS
crt_srep(22,9,0); k
printf{"i4c Zc "' NO33 L, NOER" )3
val[0] = O3 '
for(lnk=031nk<3:1lnk++) 2

{ i = 4+1nk; -ii = S+1lnk; iii = 6+1nk:
val[i+2¥%1Ink] = Kpllnkls vallii+2%1nk] = Ki[lnkl;
val[iii+2%1nk] = Kd[1lnk]; . :

¥ wvalll] = vmx; vall2] = amx; vall3] = smp;

adj_data(val,;1);
for(lnk=0;1nk{3I;lnk++) -

{ i = 4+Inks ii = 5+lnky iii = &6+1lnk; : _
KpLlnk] = valli+2%1lnk]; Killnk]l = vallii+2%1nk]:
Kd[lnk] = vall[iii+2Xx1lnk];

¥ vmx = vall[ll; amx = vallZ2l: smp = vall3];

smp = smp/1000;
‘ert_srcp(22,4,0);
printf("

crt_srcp(22,25,0) 3 :
puts(" INPUT FOSITION TO MOVE QRM b I
putchar( \007");
crt_srcp(14,25,0) ;"
puts("” Position of motion (deg) "")3
crt_srcp(16,10,0);
puts(" Move from ");
crt_srcp(17,10,0);
puts(" TD ")'
crt_srcp(18,10,0);
puts(": Stop at ");
for(lnk=0;1nk<3;1nk++)
- : _
crt_srcp(lé6+1ink,.25,0);
puts(" wa : ");
crt_srcp(l6+1lnk,31,0); .
if(lnk==0) printf(" (>0) ");
if(lnk==1) printf(" (<180) ") =
crt_srcp(lé6+1lnk,40,0)3
puts("” sh s ");- .
crt_srcp(1é+1nk,46,0); ‘
if(lnk==0) prlntf(“ (:X0) ")
if(lnk==1) printf(" (<165) "):
crt_srcp(ié+lnk, 55 :0)s
puts(” el = ")3
:rt_srcp(16+lnk 61,0); ;
if(lnk==0) printf(" (>0) ");
if(ink==1) printf(" (£145) ");
3 :
crt_srcp(i6,31,0); .
if(chk==0) scanf(" %4f ",&zetal0]):

if(zeta[01<0 i zeta[0]>180) { putchar(’'\007°); zetal0]

crt_srcp(lée,31.0)s .
printf(*%47.2f",zetal0]);
crt_srcp(16,46,0);



if(chk==0) scanf(" “Zf ",&&8tal1]):
if(zetal[l1]<0 |} zeta[1]1>165)

{ putchar(’'\007"); zetafl1]l = 85; 3}
crt_srcp(16,44,0); ;
printf("L7.2f",zetall1]);
crt_srcp(l6,61,0);
if(chk==90) scanf(" %Zf ",&zetal[2]):
if(zetal2]<0 || zetal[2]>145)

{ putchar(’\007°"); zetafl = 755 1}
crt_srcp(16,61,0);
printf("%7.2f" ,zetal2]);
crt_srcp(17,31,0); )
if(chk==0) scanf(" “Lf ",&zetal3l);
if(zetal3]<0 i zetal3]>180)

{ putchar(’'\0Q07" ); zeta[3] = zetal0l; 2}
crt_srcp(i7,31,0)3; '
printf("%47.2f" ,zetal3]);
crt._srcp(17,46,0); 5
if(chk==0) scanf(" “f ",&zetal4]);
if(zetafd4]1<0 |} zetal[4]>165) Py

{ putchar({’'\007'); zeta[4] = zetalll; 3
crt_srcp(l17,46,0);3 :
printf("47.2f",zetal41);
crt_srcp(l7,61,0); ,
if(chk==0) scanf(" %“Zf ",%zetalS5]);
if(zetal31<0 {: zetal3]>1465) .

{ putchar( " \NOO7°); zeta[5] = zetal[2]; 3
crt_srcp(l7,61,0); '
printf("47.2f",zetal3]);
crt_srcp(22,4,0); :
printf(" Use move cursor to change data
crt_srcp(22,9,0);
printf(“%Zc %c ", \033°,'\032');
for(lnk=0j31lnk<bjlnk++)

val[i+1nk] = zeta[lnk];
adj_data(val,2);
fnrtlnk—o Ink<bé31lnk++)

zetallnk] = val[lnk+1];

et /% generate input singal X/
for (1Ink=0; 1nk<3 Ink++)

..I'

zs[lnk] = zeta[lnk]*O 0174532923 /% rad %/
zf[lnk] = zetal[lnk+31%0.017453292;
¥

crt_srcp(22,4,0);

printf(" :

crt_srcp(22,25,0);

puts(" Creating Referance s

refsnl (zs,zf &nl),
¥chck = nl;
putchar( \C07" )3
crt_srcp(22,25,0);
puts(" PRESS ANY KEY TO MOVE ARM ");
i = key_getc();
putchar (" \007" );

¥
adj_ﬂata(vafue,sec)

int secy
float valuel];

FRESS .



{

extern key_getc();

extern double atof()j

int jscheck,dachk,i,index,point, 5ect;
char s_ﬂatatlﬁj,

double temp,old_temp,valf13];

sect = secy
for(i=13;3i<133j++)
valLil = valuelil;
point = 0Oj;
indéx = 1j
i =.0j
cursar_pns(;ndex sect),
s_datalfi] = "\0’;
old_temp = temp = val[index],
do
{ 3 .
check = key_getc();
switch(check) -
{

case 19200 : /% left arrow %X/
if (i==0)
" vallindex] = temp = old temp
cursor_pos(index,sect);
printf("47.21",temp); .
if (index ==-1 && sect == 1)

if (index == % && sect == 2)
‘index——j;

old_temp = temp = vallindex];
cursor_pos(index,sect);
point = i = 03
break; -

case 19712 : /% right arrow X/
if (i==0)"

vallindex] = temp = old temp

cursnr_pas(xndex,sect),
printf("4Z7.2¢",temp) ;

if (indexr == 12 && sect == 1)
-if (index == & && sect == 2)
index++;

old_temp = temp = vallindex];
cursor_pos(index,sect);
point = i = 0|
break;

case 7181 /% Return %/
if (i==0)

vallindex] = temp = old_temp

cursor_pos(index,sect)j
printf("%47.2f",temp);
cursor_pos(index,sect);.
old_temp = temp; :
point = i = 03

break;
. '
dachk = check << B3
dachk = dachk >> 83
if (dachk <=57 && dachk >=48 |, dachk

{ :
if (1 == 0)

index

am

index =

o X
ad

N

index = O3

index = 03

[ ]

]

== 46)



{ 2
printf(" - %)

cursor_pos(index,sect);
3 o

s_datafi] = dachk;
s_data[i+l] = "\O';
printf("%Zc",s_datalil):
1f (point > 0O) point++;
i+#; .

temp = atof(s_data);
vallindex] = temp;

3 R - ~

} while(check '= 14624); /X Space X/
for(i=1;3i<13;j++)
valuelil = vallils;

3 ' '

cursor_pos{index,sect)
int -index,sect;
:

int ryc,i,j,chk,idex,secy;

if (sect == 1)
{

if(index>0 && index<4) r =43
if(index>3 && index<7) r = 9:
if(index>6 && index<10) r = 103
if(index>9? &%& index<13) r = 11:

for(i=1;3j<=3;j++)
.{ chk = j; ;
for{i=13i<=4;i++) :
{ if(index == chk) c = 16+15%;5;
~ chk += 33
i i
"y
else

{ if(index>0 index<4) r

&R = 163

if(index>3 && index<7) r = 17;
if(index == 1 || index == 4) c = 31;
if(index == 2 }}.index == 5) c = 4b3
if(index == 3 || index == 6) c = 613

¥
crt_srcp(r,c,0)73

ccntrol(chkf

int %chkj;

<

extern float fabs(),smp,vmix,amx,Kp[3]1,Ki[3],Kd[3],datal].

" float pi = 3.1415927; v

unsigned int pvlu,vvlu,dtoa,selc;

int dl,dly,i,l,1lnk,nl,n[3],reset;

float zs[3]1,zf[3],time,verr(3],err(3]1,itgerri3],0pvo,Kml3]

»

zero();



nl = xchk; dly = (smp—-8.355)/0.022 ;
itgerr[Ol=itgerr{lil=itgerr[2]=0;
time = 03 1 = 03 | reset = 1;
/X%% control loop %¥%X%x/
for (1=0;1<nljl++) /X No. of cycle %/
{ data[l][O] = time;
for(dl=0;dl<=dly;dl++); /% for delay %/
for (1nk=0;1nk<3;1nk++}
£ :
in(13+1nk,&pviu); /% read actual position (rad)
if(lnk == 0) datal[l][4] 0.00136%9%pviu—-1.110758

*x/

; 5

if(lnk == 1) . datall][5] = _4.140573-0.001367Xpv]iu ;
3

c

nu

if(lnk == 2) datalll[é6] = 4.954108-0.001376%pviu
in(o+lnky;&vvlu); /% read actual velocity (rad/se
if(lnk == 0) datalll[10] 0.002268%vviu—4.746;
if(lnk == 1) datall1][11] 0.002268%vviu—4.714;
if(lnk == 2) dataf11[12] 0.0027351%vv1iu—46.000;
verr{lnk]l=datal{l+1]1[1nk+7]-datalll[1lnk+10];
errflnk]l=datalfl+1]1[1lnk¥1]-datafll{1lnk+4];
itgerrClnk] += smpXerrliink]: :
1f{data[1+1][lnk+1] == data[l][lnk+1] &8 reset == 1)
{ itgerrllnk] = 03 reset = 03 }
datalfllllnk+13]= Kp[lnk]*err{1nk]+Ki[1nk]*1tgerr[1nk]
+Kd[Ink)*verr[1lnk];
opvo = datall]l[lnk+13]:

)

-y

if(lnk ==.1) dtoa = opvoX57.365913+2057.543 /X amp
if(lnk == 0) dtoa = opvo*69.209770+2053.23; /X amp
if(lnk == 2) dtoa = opvo%&9. 209770+2053 233y /% amp

if{dtoa < ©) dtoa 5,
if(dtoa > 4093) dtoa = 40903
sele = 4 >> 2-1nk 3
out(selc,dtoa);
¥ /% end of each link %/
time += smp;
3 /% end of control lunp X/
hern(),
putchar(’\007")
/%% read stop position (a/d ch13 13) %%/
in(13,&pviu); /% waist %/
zs[0] = 0.078B429%pv1u—43.641750 ;
in(14,&pviu); /% shoulder %/
zs[l1] = 237.237335-0.078343%pv1u
in(15,&pvlu); /% elbow X/
zs[2] = 283.849487-0.078855%pviu 3
crt_srcp(i8,31,0);
cprintf("L7.2f",zs[01)3
crt srcp(18,46,0);
printf("%7.2f",zs[11);
crt_srcp(18,61,0);
printf("%7. 2f".zs[2]),
data[nl][O] = time;

datalnl][4] = zs[01%pi/180;

datalnl]J[S] = 2zs[11%pi/180;

datalnl]l[é6] = zs[2]%pi/1B0O;

datalnl][10] = datalnl]C{11] = datalnll[12] = O3
hold_sh()g; '

zero();

putchar( \007");

crt_srep(22,25,0)3

puts(" PRESS ANY KEY TO CONTINUE ");:
i = key_getc();

3



/% a/d in routine %/
in (chnl,value)
unsigned int chnl,%valuey

{ -
unsigned int i,a,b,c;

outportb(635,0); /% clear A/D regiter x/
outportb(4632,chnl); /% select A/D channel %/

for (i=1;i<=73i++) -
a = inportb(&6348);

far (i=1;i<=73i++)

) a = inportb(s637);

b =inportb(s634);
c =inportb(&33);

a= b << 12;
b= a >> 43
¥value = b+cj

g d/a out routine x/
out (lnkslc,value)
unsigned int lnkslc,.value;

{ : ;
unsigned int i,a,b,c¢j

b = value >> 8

a = value << 8

c=a2>>» 8B ; _
outportb(638,c) /% d/a out X/
outportb(63?,b); ' B

- outportb(638,c);

outportb(639,b); : - . .

outportb(888, lnkslc); /% link selected %/~

for(i=0;i<=103i++); : -

outportb(888,0);

wn we

J }-

/% exit routine X/ -
zero() : ‘ ;
{

unsigned int lnk,dtoa,selc;

for{1lnk=0; 1nk<3;1lnk++)
{

if(lnk == 0) dtoa = 2053; /% amp 40/2 w %/
if(lnk == 1) dtoa = 20373 /% amp 150 w %/ -
if(lnk == 2) dtpa = 20533 /% amp 40 w X/

selc = 4 >> 2-1nk 3
out(selc,dtoa);
3

~hold_sh();



hold_sh()
{

extern float fabs(),cos();
‘unsigned int pvlu,dtoa,selcs
int-dig
float A5[3],npvn c2,c23,d2.hvs !
/% read actual posltlan (rad) x/
in(i4,&pviu); zs[1] = 4.140357-0. GOlQé?*pvlu &
in(iﬁ,&pvlu]; 2s[2]1 ='4.95411-0.001376%pv1u;
c2 =.cn5(—0.1308997—25[1]);
€23 = cos(—-zs[1]+1.05-2s[21);
d2 = 9.3187%c2+1.34456%Xc23;
apvo = d2/2.35;
dtoa = opvoX19.036495+2028.65;: ./% ampZ sw 120 %/
if(dtoa < 0 |} dtoa > 4095) zero();
selc = 2 ; g
out(selc,dtoa):
¥

go_desire(zd)
float zd[]:

{ !

extern int key_scan();

extern float fabs(),vmx.Kp(l,Ki[],Kd{].maxoutl[1;

float zt[3l,mvo[3]l,err(3],itgerr[3],0pvo,vell[3],0ldpl3].verr
unsigned int pvlu,dtoa, selc,

int lnk,chk;

float smp = 0.015;

. itgerr[0] = itgerr(1i] = itgerr(2] = 0;
da { .
for (lnk=0;3;1nk<3;lnk++)

,r
1n(13+1nk &pvlu], /% read actual position (rad) %/

if(lnk == 0) zt[0] = 0.00136F%pviu—~1.110758 ;
if(lnk == 1) zt[1] = 4.140573-0.001F67%pviu ;
if(lnk == 2) zt[2] = 4.954108-0.001376&6%pv]iu ;

vel[lnk] = (zt[lnk]l—oldpllnkl)/smp;

oldpllnk] = zt[lnk];

verr[lnk} = 0—ve1[1nk],

errfClnkl=zdl1lnk]-zt[1lnk];

if(fabs(err{lnk]l)>0.03) ™~ itgerr{lnk] = 03

‘itgerrllnk] += smp¥err[1nkJ;
mvn[lnk]*Kp[lnk]*err[1nk]+h1[lnkj*ltgerr[1nP]+FdE1nPJ*verr

if{mvollnk]>0 && mvollnk]l*maxoutllinkl)

"mvollnk] = maxout{lnkls
if(mvollnk]<0 && mvollnk]l<—1.0%maxoutflnk])

mvc[lnk] = ~1.Okmaxout[lnk]l;
opvo = mvollnk]; ' - !
if(lnk == 0) dtoa npvo*69.209770+2053.23; /% amp

if(1lnk 1) dtoa opvoXx57.3659713+2057.543 /% amp
if(lnk 2) dtoa opvoXb9.209770+2033.23; /%X amp
if(dtoa < QO {; dtoa > 4093) zero();
selc =4 >> 2-1nk :
out{selc,dtoa);
Y /% end of each link %/
chk = key_scan(): -
if(chk '= -1)  { err[0] = err[l1l] = err(2] = 0; 7
jwhile(fabs(err[0]1)>0.001 ;! fabs(err[11)>0.001
] H fabs(err[2])>0.001) 3

i
i
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smp -~ ¢ sampling period
vmx 1 meximum velocity 3 ~

amx t  maximum acceleration

KpLpl 1 .prpporbicnal gain.pf waist
K![ii. ¢ integral gain afIShoulder

Kdr2l @ delivative gaih of elbow

datallCi]1

i -time

]
=
-

i = 1-3 t reference position
1 = 4-6 1 ectual position

i = 7-9 1 reference velocity

1i@—12 + actual velocity

-
1}

13-15 ¢ drived torque
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