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Apéncie A — Rotina dos microcontroladores

Abaixo € apresentada a rotina implementada no microcontrolador

PIC18F2431 com o compilador C CCS. Apenas o programa da junta 1 é

apresentado. As rotinas das outras juntas sdo iguais, somente alguns parametros

do controle mudam. Estes parametros podem ser encontrados na Tabela 6.

//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
//

Controle de Motor de Passo

Compilador C CCS

PD com aceleracao e Velocidade Limitada
Malha Fechada com Encoder

Leitura do Encoder com QEI

Entrada: STEP/DIR

Saida: STEP/DIR

Hardware: PIC18F2431

Autor: William Cardozo

Data: 8/12/11

Junta 1

Motor em meio passo
Encoder: 2000inc/volta
Redutor do motor: 20:1

Multiplicador do Encoder: 3:1

#include "18F2431.h"
#use delay(clock=20000000)

#use fast_io(a)

//#use fast_io(b)

//#use fast_io(c)

#fuses HS,NOLVP, NOWDT

//#fuses NOMCLR , HS, NOWDT, NOPUT, NOBROWNOUT, NOLVP, PWMPIN

//#use rs232 (baud = 19200, xmit = PIN_C6, rcv = PIN_C7)

//

Implementa registradores (SFRs)

#byte TRISC = 0xf3

#byte TRISB = 0xf93
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#byte
#byte
#byte
#byte
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TRISA = 0xf92
PORTC = 0xf82
PORTB = 0xf81
PORTA = 0x£f80

//Definicdo de Pinos de Saida

#bit dir_out = portc.6

#bit step_out = portc.7

//Definicdo de Pinos de Entrada

#bit dir_in = portc.4

#bit step_in = portc.3

//Definicdo dos Estados de Saida

#define PULSE_ON O

#define PULSE_OFF 1

#define DIR_ON 1

#define DIR_OFF O

//configuracoes QEI

#byte
#byte
#byte
posigao
#byte
posicao
int16
#byte
posigao
intl6
#byte
#byte
#byte

QEICON = 0xFB6 // Registrador do QEI
DFLTCON = 0xF60 // Registrador do Filtro
POSCNTH = 0xF67 // Registrador do byte Alto da
POSCNTL = 0OxF66 // Registrador do byte Baixo da
POSCNT; // Posicdo atual
POSCNT = 0xF66 // Registrador do byte Baixo da
MAXCNT;
MAXCNT = 0xFo64
MAXCNTH = 0xF65
MAXCNTL = 0xFo64

//Varidveis e Constantes

signed long int pd=0; //Saida PD

signed long int pd_max=0; //Saida PD maxima dentro do

limite de aceleracao

signed long int pd_min=0; //Saida PD minima dentro do

limite de desaceleracao

signed long int erro=0; //erro
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signed long int erro_ult=0; // utlimo erro
signed long int dv=0; // erro_atual-erro_utlimo
long int pos_d = 10000; // posicdo desejada inicial

(arbitrado como 0.5*MAXCNT)

long int alfa_max = 50; // aceleracdo maxima*0.01

#define vel_d_min 25 // Velocidade minima imposta ao
motor

#define vel_d_max 1000 // Velocidade maxima imposta ao
motor

intle vel_d; // usado para calcular o
periodo

intl6 i_int_vel; // contador de interrupcéo

intl6 const_t_vel; // quando o contador for maior

que isto->calc vel

intl dir_change=0; // flag registra se direcéo
mudou

intl RUN=0; // flag registra se motor deve
girar

int inc_pos=0; // 1incremento na posicdo

desejada (0->-1 e 1->1)

//PD

int8 kp=13;

// Junta2:kp=10 Junta3:kp=15 Juntad:kp=6 Juntabe6:kp=10
int8 kd=2; // kd/dt

//PD se erro pequeno

int8 kp_c=2;

// Periodo do Timer 1

// T = (65536-XXXX)/(20M/4/1)

intl6 const_t1;

#define CONST_T1_MAX 64286 // Resulta em 250us
#define CONST_T1_MIN 15536 // Resulta em 10ms

#priority int_extl,timerl

// Interrupcdo timerl

// gerar pulsos com frequencia varidvel
// loop de controle a cada 0.01s
#int_timerl

void leitura ()
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// Se o controle esta em RUN -> gerar pulso
if ((step_out==PULSE_ON))
step_out = PULSE_OFF;

else
{
if( RUN )
step_out = PULSE_ON;
}
if (i_int_vel>=const_t_vel) // a cada 0.01s calcular

velocidade de saida

{
if (dir_in==1)
{
pos_d = pos_d+get_timer0(); // soma pulsos contados
da pos_desejada

set_timer0(0);

else

pos_d = pos_d-get_timer0(); // subtrai pulsos
contados da pos_desejada

set_timer0 (0);

if (RUN)
Vel = pd;
else

Vel=0;
erro_ult = erro; // ultimo erro
erro = pos_d-POSCNT; // erro atual
dv = erro-erro_ult; // diferenca

pd=erro*kp+kd*dv; // céclulo PD

// Se a junta estiver préxima a posicdo desejada:

// Executa PD com menores const. por causa do backlash

if ((erro<=10)&& (erro>=-10))
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pd=erro*kp_c; //+kd_c*dv;

//Admite |erro|<=1
if ((erro<=1l) && (erro>=-1))

pd=0; //+kd_c*dv;

pd_max=Vel+alfa_max; // calcula vel. maxima
limite de acel.
pd_min=Vel-alfa_max; // calcula vel. minima

limite de acel.

if (pd<pd_min)
pd=pd_min;

if (pd>pd_max)
pd=pd_max;

1if ((pd<0)&& (pd>-vel_d_min))
pd=-vel_d_min;

if ((pd>0) && (pd<vel_d_min))

pd=vel_d_min;

if (pd<-vel_d_max)

pd=-vel_d_max;

if (pd>vel_d_max)

pd=vel_d_max;

// determina se o pulso de direcdo da saida
// deve estar em nivel alto ou baixo
if (pd>=0)
{
if (dir_out==DIR_ON)
{
dir_change=1;

vel_d=0;

else

dir_change=0;

120

dentro do

dentro do
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vel_d = abs(pd);
}
dir_out = DIR_OFF;

if (pd<0)
{
if (dir_out==DIR_OFF)
{
dir_change=1;

vel_d=0;

else

dir_change=0;
vel _d = abs(pd);
}
dir_out = DIR_ON;

// se vel. na saida € nula: RUN=0 faz ndo gerar pulsos
// mas timer deve continuar a gerar interrupc¢des para
// o loop de controle
if(vel_d==0)
{

const_t1=CONST_T1_MIN;

const_t_vel=10; // =100ms

RUN=0;

else

// calcula quantas vez periodo de timerl é maior que
// periodo de controle
const_t_vel=4*vel_d;

const_t_vel=const_t_vel/100;

// calcular valor do timerl para frequencia desejada
const_tl=vel d;

const_t1=50000/const_t1;

const_tl=const_t1*25+1;

const_tl1=65536-const_t1;
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RUN=1;
}
i_int_vel=0;
}
i_int_vel=i_int_ vel+l;

set_timerl (const_tl+get_timerl());

// Interrupgdo para computar os pulsos
muda de estado
#int_extl
void isrext ()
{
inc_pos=dir_in;
if(dir_in==0) // logo estava em 1
{
pos_d = pos_d+get_timer0();
set_timer0(0);
ext_int_edge(1l,L_TO_H);
}
else // logo estava em 0
{
pos_d = pos_d-get_timer0();
set_timer0 (0);

ext_int_edge (1,H_TO_L);

void main ()

{
set_tris_b(0b00000000) ;
set_tris_c(0b00011000);

dir_out=DIR_OFF;

step_out=PULSE_OFF;

const_t1=CONST_T1_MAX;
const_t_vel=0;
i_int_vel=0; // contador interrupcéao

RUN=0;

122

quando a entrada dir
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// Configuracdes da QEI

setup_timer_5(T5_INTERNAL|T5_DIV_BY_1);

QEICON=0b10111000;
//0b10111000;VelocDisable, NoError, ForwardDir, 4xUpdate, IndxResetsPo
s,1:1

DFLTCON=0p01111011;
//NoiseFilterTCKI5, QEB, QEA, INDX, Noisel:128

MAXCNT = 20000; // maximo valor da medida do encoder

POSCNT pos_d; // inicialmente posicdo atual ¢é a

demanda

// configura e inicializa interrupcdes
setup_timer_1( T1_INTERNAL | T1_DIV_BY_ 1 );

set_timerl (const_tl);

setup_timer_0( RTCC_EXT_L_TO_H | RTCC_DIV_1);

set_timer0(0);

if (dir_in==0)
ext_int_edge (1,L_TO_H);
else

ext_int_edge (1,H_TO_L);

enable_interrupts (GLOBAL) ;
enable_interrupts (INT_IC2QETI);
enable_interrupts (int_timerl);

enable_interrupts (int_extl);

while (true)

{
//loop infinito
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Apéncie B — Cédigos do MATLAB

Funcao para simulacao do manipulador

function
[T1,T2,T73,T4,T5,T6,9e,r_01,r_02,r_03,r_04,r_05,r_06,%x_6,y_6,2z_6] =
Manipulador_dinamica (Thetal,DThetal,D2Thetal, Theta2,DTheta2,D2Thet
a2, Theta3,DTheta3, D2Theta3, Thetad4,DTheta4,D2Theta4, Theta5, DThetah,
D2Theta5, Theta6,DTheta6,D2Thetat)

% Parametro de DH

alfal=pi/2;

alfa2=0;

alfa3=pi/2;

alfad=-pi/2;

alfab=pi/2;

alfa6=0;

al=0.1;
a2=0.25;
a3=0;
ad=0;
a5=0;
a6=0;

dl=0;
d2=0;
d3=0;
d4=0.16;
d5=0;
d6=0.05;

% Matrizes de Transformacao

A_0Ol=[[cos(Thetal), —

sin(Thetal) *cos(alfal),sin(Thetal)*sin(alfal),al*cos(Thetal)]; [sin
(Thetal),cos (Thetal) *cos (alfal), -

cos (Thetal)*sin(alfal),al*sin(Thetal)]; [0,sin(alfal),cos(alfal),dl
1;10,0,0,111;

A_12=[[cos(Theta2), —

sin(Theta2) *cos(alfa2),sin(Theta2)*sin(alfa2),a2*cos(Theta2)]; [sin
(Theta?2),cos (Theta2) *cos (alfa?2), -

cos (Theta2)*sin(alfa2),a2*sin(Theta2)];[0,sin(alfa2),cos(alfa2),d2
1;10,0,0,111;

A_23=[[cos(Theta3), —

sin(Theta3) *cos(alfa3),sin(Theta3)*sin(alfa3),al3*cos(Theta3)]; [sin
(Theta3),cos (Theta3) *cos (alfa3l3), -

cos (Theta3)*sin(alfa3),a3*sin(Theta3)];[0,sin(alfa3),cos(alfa3),d3
1;10,0,0,111;

A_34=[[cos(Thetad), —

sin(Theta4) *cos(alfad4),sin(Thetad)*sin(alfad4),ad*cos(Thetad)]; [sin
(Thetad),cos (Thetad) *cos (alfad), -

cos (Thetad)*sin(alfad),ad*sin(Thetad)];[0,sin(alfad),cos(alfad),d4
1;10,0,0,111;
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A_45=[[cos (Thetab), -

sin(Thetab5) *cos(alfa5),sin(Theta5)*sin(alfab5),a5*cos (Theta5)]; [sin
(Thetab5),cos (Thetab) *cos (alfab), -

cos (Theta5)*sin(alfab5),ab5*sin(Theta5)];[0,sin(alfab),cos(alfa5),d5
1;10,0,0,111;

A_56=[[cos (Theta6), -

sin(Theta6) *cos(alfa6),sin(Theta6)*sin(alfa6),a6*cos(Theta6)]; [sin
(Theta6), cos (Theta6) *cos (alfa6), —

cos (Theta6) *sin(alfa6),a6*sin(Theta6)];[0,sin(alfa6),cos(alfa6),do6
1;10,0,0,111;

A_02=A_01*A_12;
A_03=A_01*A_12*A_23;
A_04=A_O01*A_12*A_23*A_34;
A_05=A_01*A_12*A_23*A_34*A_45;
A_06=A_01*A_12*A_23*A_34*A_A5*A_56;
A_13=A_12*A_23;
A_14=A_12*A_23*A_34;
A_15=A_12*A_23*A_34*A_45;
A_16=A_12*A_23*A_34*A_45*A_56;
A_24=A_ 23*A_34;
A_25=A_23*A_34*A_45;
A_26=A_23*A_34*A_45*A_56;
A_35=A_34*A_45;
A_36=A_34*A_45*A_56;
A_46=A_45*A_56;

ge=[A_06(1,4);A_06(2,4);A_06(3,4)]; % Posigao da Extremidade

% Matrizes de Rotacao
R_01=[[A_01(1,1),A_01(1,2),A_01¢(1,3)]1,;I[A_01(2,1),A_01(2,2),A_01(2
3)],[A_Ol(3,l),A_Ol(3,2),A 01(3,3)11;

R _12=[[A_12(1,1),A_12(1,2),A 12( ,3)1;[A_12(2,1),A_12(2,2),A_12(2,
3)1;[A_12(3,1),A_12(3,2),A_12(3,3)]11;
R_23=[[A_23(1,1),A_23(1,2),A 23( ,3)1; [A_23(2,1),A_23(2,2),A_23(2
3)1;[A_23(3,1),A_23(3,2),A_23(3,3)11;
R_34=[[A_34(1,1),A_34(1,2),A 34( ,3)1;[A_34(2,1),A_34(2,2),A_34(2
3)1;[A_34(3,1),A_34(3,2),A_34(3,3)11;
R_45=[[A_45(1,1),A_45(1,2),A 45( ,3)1;[A_45(2,1),A_45(2,2),A_45(2,
3)1;[A_45(3,1),A_45(3,2),A_45(3,3)11;

R _56=[[A_56(1,1),A_56(1,2),A 56( ,3)1;[A_56(2,1),A_56(2,2),A_56(2
3)1;[A_56(3,1),A_56(3,2),A_56(3,3)]11;
R_02=[[A_02(1,1),A_02(1,2),A_02(1,3)]1;I[A_02(2,1),A_02(2,2),A_02(2
3)1;[A_02(3,1),A_02(3,2),A_02(3,3)]11;

R_03=[[A_03(1,1),A_03(1,2),A 03( ,3)1;[A_03(2,1),A_03(2,2),A_03(2,
3)1;[A_03(3,1),A_03(3,2),A_03(3,3)]11;

R_04=[[A_04(1,1),A_04(1,2),A 04( ,3)1;[A_04(2,1),A_04(2,2),A_04(2
3)1;[A_04(3,1),A_04(3,2),A_04(3,3)11;
R_05=[[A_05(1,1),A_05(1,2),A 05( ,3)1;[A_05(2,1),A_05(2,2),A_05(2,
3)1;[A_05(3,1),A_05(3,2),A_05(3,3)]11;

R_06=[[A_0O6(1,1),A_06(1,2),A 06( ,3)1;[A_06(2,1),A_06(2,2),A_06(2,
3)1;[A_06(3,1),A_06(3,2),A_06(3,3)]11;

% Posicao de cada junta em relacdo ao sistema da base
r_01=[A_01¢(1,4);A_01(2,4);A_01(3,4)1;
r_02=[A_02(1,4);A_02(2,4);A_02(3,4)1;

r_03=[A_ 03(1,4) A_O3(2,4) A_03(3,4)1;
r_04=[A_04(1,4);A_04(2,4);A_04(3,4)]1;
r_05=[A_05(1,4);A_05(2,4);A_05(3,4)1;
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r_06=[A_06(1,4);A_06(2,4);A_06(3,4)1;

% Posicado de cada junta a frente em relacao ao sistema

r 12=[A_12(1,4);A _12(2,4);A_12(3,4)1;
r_13=[A_13(1,4);A_13(2,4);A_13(3,4)]1;
r 14:[A_14(1,4) A_14(2,4),A_14(3,4)],
r_15=[A_15(1,4);A _15(2,4);A_15(3,4)1;
r_16=[A_16(1,4);A _16(2,4);A_16(3,4)1;

sicdo de cada junta a frente em relagéo ao sistema
=[A_23(1,4);A_23(2,4);A_23(3,4)

[ ( );A_24(2,4);A_24(
=[A_25(1,4);A_25(2,4);A_25(

[ ( )iA_26(2,4); (
% Posigdo de cada junta a frente em relacdo ao sistema
r_34=[A_34(1,4);A_34(2,4);A_34(3,4)1;
r_35=[A_35(1,4);A_35(2,4);A_35(3,4)1;
r_36=[A_36(1,4);A_36(2,4);A_36(3,4)1;

o

Posicédo de cada junta a frente em relacdo ao sistema
r_45=[A_45(1,4);A_45(2,4);A_45(3,4)]1;
r_46=[A_46(1,4);A_46(2,4);A_46(3,4)1;

% Posicao de cada junta a frente em relacao ao sistema
r_56=[A_56(1,4);A_56(2,4);A_56(3,4)1;

% Eixos z de cada junta

z_0=10;0;11;
z_1=[A_01(1,3);A_01(2,3);A_01(3,3)1;
z_2=[A_02(1,3);A_02(2,3);A_02(3,3)1;
z_3=[A_03(1,3);A_03(2,3);A_03(3,3)1;
z_4=[A_04(1,3);A_04(2,3);A_04(3,3)1;
z_5=[A_05(1,3);A_05(2,3);A_05(3,3)1;
z_6=[A_06(1,3);A_06(2,3);A_06(3,3)1;
% Eixos x e y da extremidade (para grafico)
x_6=[A_06(1,1);A_06(2,1);A_06(3,1)1;
y_6= [A_O6(l,2);A_O6(2,2);A_O6(3,2)];

% Massa dos elos
ml=12.107;
m2=21.699;
m3=3.686;
md4=4.019;
m5=0.203;
m6=0.369;

% Posicao dos centros de massa das juntas em relacéao
% ao sistema fixo a junta
rcll=[-0.027228;-0.047041;0.04162];

rc22=[-0.3384;0.000384;-0.132453];
rc33=[0.001931;-0.031655;-0.113306];
rc44=[-0.000133;0.119374;0.00010317;
rc55=[0;0.000257;0.004616];
rc66=[0;0;0.012196];

[

% Matriz de Inércia do CM usando sistema fixa de cada

da junta

da junta

da junta

da junta

da junta

junta
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Igll=[[0.1314,-0.0178,0.0143];[-0.0178,0.1314,-0.025],;[0.0143, -
0.025,0.072711;
Ig22=[[0.06258,-0.0028,-0.005]1;[-0.0028,0.5190,-0.0002];[-0.0050, -
0.0002,0.541811;
Ig33=[[0.0222,0.0002,0];[0.0002,0.01959,0.0058];[0,0.0058,0.00591]1
Ig44=[[0.02809,0,0]1;[0,0.0044,0]1;[0,0,0.02611;
Ig55=[[0.0001,0,0];[0,0.00012,0];([0,0,0.0001111;
Ig66=[[0.00011,0,0];[0,0.00011,07; [0, ,0.00017]];
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o

o vetor que define a posigdo do centro de massa do elo i
em relacdo a origem do elo j-1

% escrito no sistema de coordenadas da base.
pOcl=r_01+R_0l*rcll;

pO0c2=r_02+R_01*R_12*rc22;

p0c3=r_03+R_01*R_12*R_23*rc33;
pOcéd4=r_04+R_01*R_12*R_23*R_34*rcéd4;
p0cS5=r_05+4R_01*R_12*R_23*R_34*R_45*rc55;
pO0c6=r_06+R_01*R_12*R_23*R_34*R_45*R_56*rc66;

o

plcl=[0;0;01];

plc2=r_12+R_12*rc22;
plc3=r_13+R_12*R_23*rc33;
plcd=r_14+R_12*R_23*R_34*rc44;
plcS=r_15+4R_12*R_23*R_34*R_45*rc55;
plc6o=r_16+R_12*R_23*R_34*R_45*R_56*rcb66;

p2cl=[0;0;01];

p2c2=[0;0;01];

p2c3=r_23+R_23*rc33;
p2cd=r_24+R_23*R_34*rc4d4;
p2cb5=r_25+R_23*R_34*R_45*rc55;
p2c6=r_26+R_23*R_34*R_45*R_56*rc66;

p3cl=[0;0;01];
p3c2=[0;0;01];
p3c3=[0;0;01];

p3céd=r_34+R_34*rcd4;
p3cb=r_35+R_34*R_45*rcb55;
p3c6=r_36+R_34*R_45*R_56*rcb66;

p4c57r_45+R_45*rc55;
pd4cb=r_46+R_45*R_56*rc66;

p5ch=[
pS5co=r 56+R 56*rc66

% sub-matriz Jacobiana associada a velocidade linear do centro de
massa
Jvl=[cross(z_0,p0cl),[0;0;0]
,[0;0;0] ,[0;0;011;

,[0;0;0] ,[0;0;0]


DBD
PUC-Rio - Certificação Digital Nº 1012012/CA


PUC-RIo - Certificacdo Digital N° 1012012/CA

128

Jv2=[cross(z_0,p0c2),cross(z_1,plc2),[0;0;0] , [0;0;0]
, [0;0;0] ,[0;0;011;
Jv3=[cross(z_0,p0c3),cross(z_1,plc3),cross(z_2,p2c3),[0;0;0]
,[0;0;0] ,[0;0;011;
Jvé4=[cross(z_0,p0c4),cross(z_1,plcéd),cross(z_2,p2c4),cross(z_3,p3cC
4),[0;0;0] ,[0;0;011;
JvbS=[cross(z_0,p0c5),cross(z_1,plc5),cross(z_2,p2c5),cross(z_3,p3c
5),cross(z_4,p4c5),10;0;011;
Jvé=[cross(z_0,p0c6),cross(z_1,plc6),cross(z_2,p2c6),cross(z_3,p3cC
6),cross(z_4,p4c6),cross(z_5,p5c6)];

4

[

% sub-matriz Jacobiana associada a velocidade angular
Jwl=[z_0,[0;0;01,0;0;01,(0;0;01,10;0;01,[0;0;011;

Jw2=[z_0,z_1 ,10;0;0],[0;0;01,[0;0;01,10;0;011;
Jw3=[z_0,z_1 ,Z_2 ,10;0;01,([0;0;01,[0;0;011;
Jwid=[z_0,z_1 ,Z_2 ,z_3 [0;0;01,[0;0;011;
JwS5=[z_0,z_1 , 22 ,Z2_3 ,z2_4 ,[0;0;01];
Jwe=[z_0,z_1 , Z_2 ,z_3 ,z_4 ,2_51;

[

% Rotacado das matrizes de inércia dos elos para sistema fixo
Igl=R_01*Igll*R_01"';
Ig2=R_02*Ig22*R_02"';
Ig3=R_03*Ig33*R_03"';
Ig4=R_04*Ig44*R_04";
Ig5=R_05*Ig55*R_05";
Ig6=R_06*Ig66*R_06";

g=[0;0;-9.81]; % vetor gravidade

% Matriz de Inércia do Manipulador
M=Jv1'*ml*Jv1i+Jwl'*Igl*Jwl + Jv2'*m2*Jv2+Jw2'*Ig2*Jw2 +
Jv3'*m3*Jv3+Jw3 ' *Ig3*IJw3 + Jv4'*md*Jvi+Jwd'*Igd*Jwd +
Jv5 ' *m5*Jv5+Jw5 ' *Ig5*Jw5 + Jv6'*m6*Jv6+Iw6 ' *I1g6*Jwé;

% Torques gravitacionais

Gl=—ml*g'*Jvl(:,1l)-m2*g'*Jv2(:,1l)m3*g'*Jv3(:,1)md*g'*Jvd(:,1)-
mS*g'*Jv5(:,1) m6* 'AJV6 (: ),
G2=-ml*g '*Jvl( 2)-m2*g '*Jv2( 2)-m3*g'*Jv3(:,2)-md*g'*Jv4(:,2) -
mS*g'*Jv5(:,2) m6* '*JV6 (: ),
G3=-ml*g '*Jvl( 3)-m2*g '*Jv2( 3)-m3*g'*Jv3(:,3)-méd*g'*Jv4(:,3) -
mS*g'*Jv5(:,3) m6* 'AJV6 (: ),
G477m1*g'*Jvl( 4) m2*g'*Jv2( 4) m3*g'*Jv3(:,4) mé*g'*Jvd(:,4)-
mS*g'*Jv5(:,4) m6* '*Jvo (: ),
G5=-ml*g '*Jvl( 5)-m2*g '*Jv2( 5)-m3*g'*Jv3(:,5)—mé4*g'*Jv4(:,5) -
mS*g'*Jv5(:,5) m6* '*Jvo (: ),
G6:7ml*g'*Jvl( 6) m2*g'*Jv2( 6)-m3*g'*Jv3(:,6)-md*g'*Jv4(:,6)-
mS*g'*Jv5(:,6) m6* '*AJV6 (: ),

Q

% Torque devido o momento de inércia

sum_M1j=M(1,1) *D2Thetal+M(1,2) *D2Theta2+M (1, 3)*D2Theta3+M (1, 4) *D2T
hetad4+M(1,5)*D2Theta5+M (1, 6) *D2Thetat;

sum_M2j=M(2,1) *D2Thetal+M(2, 2) *D2Theta2+M (2, 3) *D2Theta3+M (2, 4) *D2T
hetad4+M(2,5)*D2Theta5+M(2,6) *D2Thetat;

sum_M3j=M(3,1) *D2Thetal+M(3,2) *D2Theta2+M (3, 3) *D2Theta3+M (3, 4) *D2T
hetad4+M(3,5) *D2Theta5+M(3,6) *D2Thetat;

sum_M4j=M(4,1) *D2Thetal+M(4,2) *D2Theta2+M (4, 3) *D2Theta3+M (4, 4) *D2T
hetad4+M(4,5)*D2Theta5+M (4, 6) *D2Thetat;

sum_M59=M(5,1) *D2Thetal+M(5, 2) *D2Theta2+M (5, 3) *D2Theta3+M (5, 4) *D2T
hetad4+M(5,5) *D2Theta5+M (5, 6) *D2Thetat;
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sum_M6j=M(6,1) *D2Thetal+M(6,2) *D2Theta2+M (6, 3) *D2Thetal3+M (6, 4) *D2T
hetad4+M(6,5) *D2Theta5+M(6,6) *D2Thetat;

g=[Thetal, Theta2, Theta3, Theta4, Theta5, Theta6]; % Vetor posigao das
juntas

dg=[DThetal,DTheta2,DTheta3,DTheta4,DTheta5,DTheta6]; % Vetor
velocidade das juntas

Q

% Calculo numérico da derivada da metriz de inércia do manipulador

delta_theta=0.01; % incremento initessimal para calculo da
derivada aprox.

dM=zeros (6,6,6); % Inicializa matriz

Q

% Matriz com inc. em Thetal

dM(:,:,1)=M gen(Thetal+delta_theta, Theta2, Theta3, Theta4, Theta5, The
ta6);

% Matriz com inc. em Theta2

dM(:, :,2)=M_gen(Thetal, Theta2+delta_theta, Theta3, Theta4, Theta5, The
tab6);

% Matriz com inc. em Theta3

dM(:, :,3)=M_gen(Thetal, Theta2, Theta3+delta_theta, Theta4, Thetab, The
tab6);

% Matriz com inc. em Theta4

dM(:,:,4)=M _gen(Thetal, Theta2, Theta3, Thetad+delta_theta, Thetab, The
tab6);

% Matriz com inc. em Thetab

dM(:, :,5)=M_gen(Thetal, Theta2, Theta3, Theta4, Thetab+delta_theta, The
ta6);

% Matriz com inc. em Thetab
dM(:,:,6)=M_gen(Thetal, Theta2, Theta3, Theta4, Theta5, Thetab+delta_th

eta);

V1=0;
v2=0;
Vv3=0;
V4=0;
v5=0;
vV6=0;

Q

% Calculo Centrifugos e Coriolis

for j=1:6
for k=1:6
V1=V1+((dM(1l,j,k)-M(1,7))/delta_theta-0.5*(dM(7j,k,1)-
M(j,k))/delta_theta)*dqg(j)™* q( ;
V2=V2+ ((dM(2, j, k) -M(2 )/delta_theta70.5*(dM(j,k,Z)f

M(j,k))/delta_theta)*dq(')*dq(
V3=V3+ ((dM(3, 3, k)-M(3,

M(j,k))/delta_theta)*dqg(j) *dqg(
V4=Va+ ((dM (4,5, k) -M(4, ]

M(j,k))/delta_theta)*dqg(j)*dqg(k
V5=V5+ ( (dM(5, 3, k) -M(5, ]

M(j,k))/delta_theta)*dg(j)*dg(k
V6=V6+ ((dM (6,7, k) -M(6, I

M(j,k))/delta_theta)*dqg(j)*dqg(k

end
end

)/delta theta-0.5* (dM(7j,k,3) -
)/delta theta-0.5* (dM(j,k, 4) -
)/delta theta-0.5* (dM(7j,k,5) -

)/delta theta-0.5* (dM(Jj,k,6) -

% Calcula Torgque Total
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Tl=sum_M1j+V1+Gl;
T2=sum_M2j+V2+G2;
T3=sum_M3j+V3+G3;
T4=sum_M4]j+V4+G4;
T5=sum_M57+V5+G5;
T6=sum_M6]j+V6+G6;

Funcao para calculo da matriz de inércia

function [ M ] = M_gen( Thetal, Theta2, Theta3, Theta4, Thetah,
Theta6b )

% Parametro de DH

alfal=pi/2;

alfa2=0;

alfa3=pi/2;

alfad=-pi/2;

alfab=pi/2;

alfa6=0;

al=0.1;
a2=0.25;
a3=0;
ad=0;
ab=0;
a6=0;

dl=0;
d2=0;
d3=0;
d4=0.16;
d5=0;
d6=0.05;

% Matrizes de Transformacao

A_0l=[[cos (Thetal), -

sin(Thetal) *cos(alfal),sin(Thetal)*sin(alfal),al*cos(Thetal)]; [sin
(Thetal), cos(Thetal) *cos(alfal), -

cos (Thetal)*sin(alfal),al*sin(Thetal)]; [0,sin(alfal),cos(alfal),dl
1;10,0,0,111;

A_12=[[cos (Theta2), -

sin(Theta2) *cos(alfa2),sin(Theta2)*sin(alfa2),a2*cos(Theta2)]; [sin
(Theta2),cos(Theta2) *cos(alfa2), -

cos (Theta2)*sin(alfa2),a2*sin(Theta2)];[0,sin(alfa2),cos(alfa2),d2
1;10,0,0,111;

A_23=[[cos (Theta3), -

sin(Theta3) *cos(alfa3),sin(Theta3)*sin(alfa3),al3*cos(Theta3)]; [sin
(Theta3), cos(Theta3) *cos(alfa3), —

cos (Theta3)*sin(alfa3),a3*sin(Theta3)];[0,sin(alfa3),cos(alfa3),d3
1;10,0,0,111;

A_34=[[cos (Thetad), -

sin(Theta4) *cos(alfad4),sin(Thetad)*sin(alfa4),ad*cos(Thetad)]; [sin
(Thetad), cos(Thetad) *cos(alfad), -

cos (Thetad)*sin(alfad),ad*sin(Thetad)];[0,sin(alfad),cos(alfad),d4
1;10,0,0,111;

A_45=[[cos (Thetab), -

sin(Thetab) *cos(alfa5),sin(Thetab)*sin(alfab),ab*cos (Theta5)]; [sin
(Thetab5),cos (Thetab) *cos (alfab), -

cos (Thetab)*sin(alfab5),a5*sin(Theta5)];[0,sin(alfab5), cos(alfa5),d5
1;10,0,0,111;
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A_56=[[cos (Theta6), -

sin(Theta6) *cos(alfa6),sin(Theta6)*sin(alfa6),a6*cos(Theta6)]; [sin
(Theta6), cos(Thetat6b) *cos (alfa6), —

cos (Theta6)*sin(alfa6),a6*sin(Theta6)];[0,sin(alfa6),cos(alfa6),do6
1;10,0,0,111;

A_02=A_01*A_12;
A_03=A_01*A_12*A_23;
A_04=A_01*A_12*A_23*A_34;
A_05=A_01*A_12*A_23*A_34*A_45;
A_06=A_01*A_12*A_ 23*A_34*A_45*A_56;
A_13=A_12*A_23;

A_14=A 12*A_23*A_34;

A_15=A_ 12*A_23*A_34*A_45;
A_16=A_12*A_23*A_34*A_45*A_56;
A_24=A 23*A_34;

A_25=A 23*A_34*A_45;
A_26=A_23*A_34*A_45*A_56;
A_35=A_34*A_45;
A_36=A_34*A_45*A_56;
A_46=A_45*A_56;

% Matrizes de Rotacao
R_01=[[A_01(1,1),A_01(1,2),A_01¢(1,3)],;I[A_01(2,1),A_01(2,2),A_01(2
3)],[A_01(3,1),A_01(3,2),A 01(3,3)11;

R _12=[[A_12(1,1),A_12(1,2),A 12( ,3)1;[A_12(2,1),A_12(2,2),A_12(2,
3)1;[A_12(3,1),A_12(3,2),A_12(3,3)11;
R_23=[[A_23(1,1),A_23(1,2),A 23( ,3)1; [A_23(2,1),A_23(2,2),A_23(2
3)1;[A_23(3,1),A_23(3,2),A_23(3,3)11;

R _34=[[A_34(1,1),A_34(1,2),A 34( ,3)1;[A_34(2,1),A_34(2,2),A_34(2,
3)1;[A_34(3,1),A_34(3,2),A_34(3,3)11;

R_45=[[A_45(1,1),A_45(1,2),A 45( ,3)1;[A_45(2,1),A_45(2,2),A_45(2,
3)1;[A_45(3,1),A_45(3,2),A_45(3,3)11;

R _56=[[A_56(1,1),A_56(1,2),A 56( ,3)1;[A_56(2,1),A_56(2,2),A_56(2
3)1;[A_56(3,1),A_56(3,2),A_56(3,3)]11;
R_02=[[A_02(1,1),A_02(1,2),A_02(1,3)]1;I[A_02(2,1),A_02(2,2),A_02(2
3)1;[A_02(3,1),A_02(3,2),A_02(3,3)]11;

R_03=[[A_03(1,1),A_03(1,2),A 03( ,3)1;[A_03(2,1),A_03(2,2),A_03(2,
3)1;[A_03(3,1),A_03(3,2),A_03(3,3)11;

R_04=[[A_04(1,1),A_04(1,2),A 04( ,3)1;[A_04(2,1),A_04(2,2),A_04(2
3)1;[A_04(3,1),A_04(3,2),A_04(3,3)]11;

R_05=[[A_05(1,1),A_05(1,2),A 05( ,3)1;[A_05(2,1),A_05(2,2),A_05(2,
3)1;[A_05(3,1),A_05(3,2),A_05(3,3)]11;

R _06=[[A_06(1,1),A_06(1,2),A 06( ,3)1;[A_06(2,1),A_06(2,2),A_06(2
3)1;[A_06(3,1),A_06(3,2),A_06(3,3)]11;

% Posigao de cada junta

r_01=[A_01(1,4);A 01(2,4);A_01(3,4)]1;
r 02=[A_02(1 4) ;A 02(2,4),A_02(3,4)];
r_03=[A_03(1,4);A_03(2,4);A_03(3,4)1;
r_04=[A_04(1,4);A_04(2,4);A_04(3,4)]1;
r_05=[A_05(1,4);A_05(2,4);A_05(3,4)1;
r_06=[A_06(1,4);A_06(2,4);A_06(3,4)1;
r_12=[A_12(1,4);A_12(2,4);A_12(3,4)1;
r_13=[A_13(1,4);A_13(2,4);A_13(3,4)1;
r_14=[A_14(1,4);A_14(2,4);A_14(3,4)]1;
r_15=[A_15(1,4);A_15(2,4);A_15(3,4)1;
r_16=[A_16(1,4);A_16(2,4);A_16(3,4)1;
r_23=[A_23(1,4);A_23(2,4);A_23(3,4)1;
r_24=[A_24(1,4);A_24(2,4);A_24(3,4)]1;


DBD
PUC-Rio - Certificação Digital Nº 1012012/CA


PUC-RIo - Certificacdo Digital N° 1012012/CA

132

r_25=[A_25(1,4);A_25(2,4);A_25(3,4)]1;
r_26=[A_26(1,4);A _26(2,4);A_26(3,4)]1;
r_34=[A_34(1,4);A_34(2,4);A_34(3,4)1;
r_35=[A_35(1,4);A_35(2,4);A_35(3,4)1;
r_36=[A_36(1,4);A_36(2,4);A_36(3,4)1;
r_45=[A_45(1,4);A_45(2,4);A_45(3,4)1;
r_46=[A_46(1,4);A_46(2,4);A_46(3,4)]1;
r_56=[A_56(1,4);A_56(2,4);A_56(3,4)1;
% Eixos z de cada junta

z_0=[0;0;11;
z_1=[A_01(1,3);A_01(2,3);A_01(3,3)1;
z_2=[A_02(1,3);A_02(2,3);A_02(3,3)1;
z_3=[A_03(1,3);A_03(2,3);A_03(3,3)1;
z_4=[A_04(1,3);A_04(2,3);A_04(3,3)1;
z_5=[A_05(1,3);A_05(2,3);A_05(3,3)1;
z_6=[A_06(1,3);A_06(2,3);A_06(3,3)1;

% Massa dos elos
ml=12.107;
m2=21.699;
m3=3.686;
md4=4.019;
m5=0.203;
m6=0.369;

% Posigdo dos centros de massa das juntas em relacgao
% ao sistema fixo a junta
rcll=[-0.027228;-0.047041;0.041627;

rc22=[-0.3384;0.000384;-0.132453];
rc33=[0.001931;-0.031655;-0.113306];
rc44=[-0.000133;0.119374;0.0001031;
rc55=[0;0.000257;0.004616];
rc66=[0;0;0.012196];

% Matriz de Inércia do CM usando sistema fixa de cada junta
Igll=[[0.1314,-0.0178,0.0143];[-0.0178,0.1314,-0.025];10.0143, -
0.025,0.072711;
Ig22=[[0.06258,-0.0028,-0.0051;[-0.0028,0.5190,-0.0002]1;[-0.0050, -
0.0002,0.5418]11;
Ig33=[[0.0222,0.0002,0];[0.0002,0.01959,0.0058];10,0.0058,0.0059]1]
Ig44=[[0.02809,0,01;10,0.0044,01;1
Ig55=[[0.0001,0,01;10,0.00012,01;1

,0,0.026]];
; 0,0
Ig66=[[0.00011,0,01;[0,0.00011,0];

.000117]

0
0, 7
[0,0,0.0001711;

oe

o vetor que define a posigdo do centro de massa do elo i
em relacdo a origem do elo j-1

% escrito no sistema de coordenadas da base.
pOcl=r_01+R_01*rcll;

pO0c2=r_02+R_01*R_12*rc22;

p0c3=r_03+R_01*R_12*R_23*rc33;
pOcéd4=r_04+R_01*R_12*R_23*R_34*rcéd4;
p0cS5=r_05+R_01*R_12*R_23*R_34*R_45*rc55;
pOc6=r_06+R_01*R_12*R_23*R_34*R_45*R_56*rc66;

o\

plcl=[0;0;0];
plc2=r_12+R_12*rc22;
plc3=r_13+R_12*R_23*rc33;
plcd=r_14+R_12*R_23*R_34*rc44;
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plcS=r_15+4R_12*R_23*R_34*R_45*rc55;

plc6=r_16+R_12*R_23*R_34*R_45*R_56*rc66;

p2cl=[0;0;01;

p2c2=[0;0;01;

p2c3=r_23+R_23*rc33;
p2céd=r_24+R_23*R_34*rc4d4;
p2cS=r_25+R_23*R_34*R_45*rc55;
p2c6=r_26+R_23*R_34*R_45*R_56*rc66;

p3Cl:[O/ 0;0];
p3c2=[0;0;01;
p3c3=[0;0;01;
p3céd=r_34+R_34*rcd4;
p3cS=r_35+R_34*R_45*rc55;
p3c6=r_36+R_34*R_45*R_56*rcb66;

p4cbh= r_45+R_45*rc55;
pldc6=r_46+R_45*R_56*rc66;

4

;05
;05
;05
IOI
;05
p506 r_56+R_ 56*rc66

Q
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% sub-matriz Jacobiana associada a velocidade linear do centro de

,[0;0;0]

,[0;0;0]

z_1,plc4d),cross(z_2,p2c4),cross(z_3,p3cC

massa

Jvl=[cross(z_0,p0cl), [0;0;0] ,[0;0;0]

,[0;0;0] ,[0;0;011;
Jv2=[cross(z_0,p0c2),cross(z_1,plc2),[0;0;0]

, [0;0;0] ,[0;0;011;
Jv3=[cross(z_0,p0c3),cross(z_1,plc3),cross(z_2,p2c3),[0;0;0]
,[0;0;0] ,[0;0;011;

Jvé4=[cross(z_0,p0c4),cross

4),10;0;0] 0;0;0]

Jv5:[cross(z_0,pOc
5),cross(z_4,p4c5),[0;0;0]
Jvb=[cross(z_0,p0c6),cross
6),cross(z_4,p4c6),cross(z_5,p5c6)];

)
L
)
[

4

[

Jwl=[z_0,[0;0;0],[0;0;01,([0;0;01,[0;0;01,

Jw2=[z_0,z_1 ,[0;0;01,[0;0;01,[0;0;0]
Jw3=[z_0,z_1 ,Z_2 ,[0;0;01,[0;0;0]
Jwi=[z_0,z_1 , 22 ,Z2_3 [0;0;0]
JwS5=[z_0,z_1 , 22 ,Z2_3 ,2_4
Jwe=[z_0,z_1 ,Z_2 , 23 ,z_4

(

17
cross(z_1,plc5),cross(z_2,p2c5),cross(z_3,p3c

1

(

z_1,plc6),cross(z_2,p2c6),cross(z_3,p3cC

% sub-matriz Jacobiana associada a velocidade angular
[0;0;011;
0;0;011
0;0;011
0;0;011;
0;0;0711]

4

4

4

% Rotacado das matrizes de inércia dos elos para sistema fixo

Igl=R_01*Igll*R_01"';
Ig2=R_02*Ig22*R_02"';
Ig3=R_03*Ig33*R_03"';
Ig4=R_04*Ig44*R_04";
Ig5=R_05*Ig55*R_05";
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Ig6=R_06*Ig66*R_06";

% Matriz de Inércia do Manipulador
M=Jv1'*ml*Jv1i+Jwl'*Igl*Jwl + Jv2'*m2*Jv2+Jw2'*Ig2*Jw2 +
Jv3'*m3*Jv3+Jw3'*Ig3*Jw3 + Jv4'*md*Jvi+Jwd'*Igd*Jwd +
Jv5 ' *m5*Jv5+Jw5 ' *Ig5*Jw5 + Jv6'*m6*Jve+Iw6 ' *Ig6*Jw6;

end

Funcao para calculo da cinematica inversa

Q

% Cinemdtica Inversa

clear;
clc;

% Parametros de Denavit-Hartenberg
alfal=pi/2;

alfa2=0;

alfa3=pi/2;

alfad=-pi/2;

alfa5=pi/2;

alfa6=0;

al=0.1;
a2=0.25;
a3=0;
ad4=0;
ab=0;
a6=0;

d1l=0;
d2=0;
d3=0;
d4=0.16;
d5=0;
d6=0.05;

o

Posicédo desejada da extremidade

% g=[+0.25;-0.32;+0.20] % Posicado de Testes 1
% g=[+0.40;+0.00;-0.16] % Posigao de Testes 2
g=[+0.35;+0.30;-0.05] % Posigado de Testes 3
% Orientacao da Extremidade

u=[0; 0; 1]
v=[0;-1; 0]
w=[1; 0; 0]

[

% Célculo da Cinemdtica inversa
ax=q(1);
ay=q(2);
qz=q(3);

wx=w(l);
wy=w(2);
wz=w(3);
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ux=u(l);
uy=u(2);
uz=u(3);

vx=v(l);
vy=v(2);
vz=v(3);

p=[gx-d6*wx; qy-d6*wy; gz-d6*wz; 1];

px=p(1);
py=p(2);
pz=p(3);

[

Thetal=atan (py/px); % Solugcdo de Theta 1

cl=cos (Thetal);
sl=sin(Thetal);

kl=px"2+py"2+pz"2-2*al*px*cl-2*al*py*sl+al”*2-a272-d4"2;
k2=2*a2*d4;
Theta3=asin(k1l/k2); % Solucdo de Theta 3

c3=cos (Thetal);
s3=sin(Theta3l);

mil=a2+d4*s3;
mi2=-d4*c3;
gamal=px*cl+py*sl-al;
gamaz2=pz;

s2=(mil*gama2-mi2*gamal
c2=(mil*gamal+mi2*gamaZ2

Y/ (mil”2+mi2"2) ;

Y/ (mil”2+mi2"2) ;
Theta2=atan2(s2,c2); % Solucao de Theta 2
c2=cos (Theta?2);

s2=sin(Theta2);

s23=sin(Theta2+Theta3l);
c23=cos (Theta2+Theta3l);

Thetab=acos (wx*cl*s23+s51*s23*wy—-c23*wz) ;
c5=cos (Thetab);
s5=sin(Thetab);

oe

Solugcao de Theta 5

cd=(wx*cl*c23+wy*sl*c23+wz*s23)/s5;
sd=(wx*sl-wy*cl)/s5;

Thetad=atan2(s4,cd); % Solucao de Theta 4
cd=cos (Thetad);
s4=sin(Thetad);

cb=—(ux*cl*s23+uy*sl*s23-uz*c23)/s5;
S6=(vx*cl*s23+vy*sl*s23-vz*c23)/s5;

Theta6b=atan2(s6,c6); % Solucao de Theta 6
c6=cos (Thetab) ;
s6=sin(Thetab) ;
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[

% Resultados dos Thetas em graus
Theta_g=[Thetal*180/pi;Theta2*180/pi; Theta3*180/pi; Thetad4*180/pi;T
heta5*180/pi; Theta6*180/pi]

% Cinemdtica Direta para verificacéo

A_0Ol=[[cos(Thetal), —

sin(Thetal) *cos(alfal),sin(Thetal)*sin(alfal),al*cos(Thetal)]; [sin
(Thetal), cos(Thetal) *cos(alfal), -

cos (Thetal)*sin(alfal),al*sin(Thetal)]; [0,sin(alfal),cos(alfal),dl
1;10,0,0,111;

A_12=[[cos (Theta2), -

sin(Theta2) *cos(alfa2),sin(Theta2)*sin(alfa2),a2*cos(Theta2)]; [sin
(Theta2),cos(Theta2) *cos(alfa2), -

cos (Theta?)*sin(alfa2),a2*sin(Theta?2)];[0,sin(alfa2),cos(alfa?2),d2
1;10,0,0,111;

A_23=[[cos(Theta3), —

sin(Theta3) *cos(alfa3),sin(Theta3)*sin(alfa3),al3*cos(Theta3)]; [sin
(Theta3), cos(Theta3) *cos(alfa3), —

cos (Theta3)*sin(alfa3),a3*sin(Theta3)];[0,sin(alfa3),cos(alfa3),d3
1;10,0,0,111;

A_34=[[cos (Thetad), —

sin(Theta4) *cos(alfa4),sin(Thetad)*sin(alfa4),ad*cos(Thetad)]; [sin
(Thetad), cos(Thetad) *cos(alfad), -

cos (Thetad)*sin(alfad),ad*sin(Thetad)];[0,sin(alfad),cos(alfad),d4
1;10,0,0,111;

A_45=[[cos (Thetab), -

sin(Thetab) *cos(alfa5),sin(Theta5)*sin(alfab5),a5*cos (Theta5)]; [sin
(Thetab5),cos (Thetab) *cos (alfab), -

cos (Theta5)*sin(alfab),ab5*sin(Theta5)];[0,sin(alfab),cos(alfa5),d5
1;10,0,0,111;

A_56=[[cos (Theta6), —

sin(Theta6) *cos(alfa6),sin(Theta6)*sin(alfa6),a6*cos(Theta6)]; [sin
(Theta6), cos(Thetab6b) *cos(alfa6), —

cos (Theta6)*sin(alfa6),a6*sin(Theta6)];[0,sin(alfa6),cos(alfa6),do6
1;10,0,0,111;

A_06=A_01*A_12*A_ 23*A_34*A_45*A_56;

g d=[A_06(1,4);A_06(2,4);A_06(3,4)] % Posicao da Extremidade pela
direta

% Erro na extremidade entre sol. direta e inversa
erro=q_d-qg
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Apéndice C — Dados dos motores e redutores

Junta 1:

Redutor: GBPH-0902-NP-020-AA341-500

Motor: AK85H/3.75-1.8

Angulo de Passo (°) 1,8
Passo por volta 200
Num. de fases 2
Tensdo Nominal(V) 3,75
Corrente por fase (A) 5,0
Resisténcia por fase(Q) 0,75
Indutancia por fase (mH) 6,4
Holding Torque (kgf.cm) 52
Detent Torque (kgf.cm) 2,6
Inércia Total(kg.m2) 2,00x10
Coef. Atrito Total(kg.m/s) 5,00x107
Massa Motor (kg) 2,3
Massa Redutor (kg) 4,2
Relacdo de Transmissao 1/20
Fluxo mdagnético maximo(Vs) 0,019
Junta 2:
Conjunto 2

Redutor: GBPH-0902-NP-020-AA341-500

Motor: AK85H8/3.36-1.8

Angulo de Passo (°) 1,8
Passo por volta 200
Num. de fases 2
Tensdo Nominal(V) 3,36
Corrente por fase (A) 4,2
Resisténcia por fase(Q) 0,8
Indutancia por fase (mH) 3,5
Holding Torque (kgf.cm) 42
Detent Torque (kgf.cm) 2,1
Inércia Total(kg.m2) 2,00x107
Coef. Atrito Total(kg.m/s) 5,00x107
Massa Motor (kg) 2,3
Massa Redutor (kg) 4,2
Relagdo de Transmissdo 1/20
Fluxo magnético maximo(Vs) 0,014
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Junta 3

Motor com Redutor: AK57H/3G20-1.8

Angulo de Passo (°) 1,8
Passo por volta 200
Num. de fases 2
Tensdo Nominal(V) 2,4
Corrente por fase (A) 3,0
Resisténcia por fase(Q) 1,6
Indutancia por fase (mH) 4,0
Holding Torque (kgf.cm) 15
Detent Torque (kgf.cm) 0,6
Inércia Total(kg.m2) 1,57x107
Coef. Atrito Total(kg.m/s) 5,00x107
Massa Total (kg) 1,3
Relacdo de Transmissao 1/20
Fluxo mdagnético maximo(Vs) 0,01
Junta 4:

Motor com Redutor: AK57H/3G10-1.8

Angulo de Passo (°) 1,8
Passo por volta 200
Num. de fases 2
Tensdo Nominal(V) 2,4
Corrente por fase (A) 3,0
Resisténcia por fase(Q) 1,6
Indutancia por fase (mH) 4
Holding Torque (kgf.cm) 15
Detent Torque (kgf.cm) 0,25
Inércia Total(kg.m2) 1,57x10
Coef. Atrito Total(kg.m/s) 5,00x107
Massa Total (kg) 1,3
Relacdo de Transmissao 1/10
Fluxo magnético maximo(Vs) 0,010
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Junta 5:

Motor: AK56H/3-1.8

Redutor: 2 pares de Polias

Angulo de Passo (°) 1,8
Passo por volta 200
Num. de fases 2
Tensdo Nominal(V) 4,32
Corrente por fase (A) 2,4
Resisténcia por fase(Q) 3,6
Indutancia por fase (mH) 4,8
Holding Torque (kgf.cm) 7,6
Detent Torque (kgf.cm) 0,25
Inércia Rotor (kg.m2) 3,00x10°
Inércia Polias(kg.m?2) 1,90x10°
Inércia Total(kg.m2) 1,25x107
Coef. Atrito Total(kg.m/s) 5,00x107
Massa Motor (kg) 0,6
Relagdo de Transmissdo 1/10
Fluxo magnético maximo(Vs) 0,010
Junta 6:

Motor: AK56H/3-1.8

Redutor: 2 pares de Polias

Angulo de Passo (°) 1,8
Passo por volta 200
Num. de fases 2
Tensdo Nominal(V) 4,32
Corrente por fase (A) 2,4
Resisténcia por fase(Q) 3,6
Indutancia por fase (mH) 4,8
Holding Torque (kgf.cm) 7,6
Detent Torque (kgf.cm) 0,4
Inércia Rotor (kg.m?) 3,00x10°
Inércia Polias(kg.m?) 1,90x10°
Inércia Total(kg.m?) 1,25x107
Coef. Atrito Total(kg.m/s) 5,00x107
Massa Motor (kg) 0,6
Relagdo de Transmissdo 1/10
Fluxo magnético maximo(Vs) 0,0094
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Apéncie D — Rotina para calculo da cinematica inversa em
tempo real

Abaixo € apresentada a rotina implementada em C++ para calculo da
cinemadtica inversa em tempo real. Esta rotina € recompilada junto ao software

EMC?2 original.

/*****************************************************************

* Descricao: wérkins.c

* Cinemédtica do manipulador W6R560

* Os parémetros usados sao os colocados no HAL
*

* Derivado do trabalho de Fred Proctor

* Autor: William Cardozo
* License: GPL Version 2

* Sistema: Linux

* Copyright (c) 2004 All rights reserved.

* Ultima alteracdo: 5/02/2012

R g I b b Ih b b db b b SR Sb b S Sh b S SR Sh b S dh b b dR Sb b Sh b b SR Sh b S Ih b b SR Sh b S dh b b JE Sh b S db b b SR Ib b S Ib b db Sh b 4
*
*/
#include "rtapi_math.h"
#include "posemath.h"

#include "wé6rkins.h"

#include "kinematics.h" /* decla. da kinematicsForward, etc. */
#include "rtapi.h" /* RTAPI - realtime OS API */
#include "rtapi_app.h" /* RTAPI - decl. do médulo realtime */

#include "hal.h"

struct haldata {
hal _float_t *al, *a2, *d4, *do;
} *haldata = 0;
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#define
#define
#define
#define

W6R_A1L
W6R_AZ
W6R_D4
W6R_D6
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(* (haldata->al))
(* (haldata->a2))
(* (haldata—>d4))
(* (haldata->d6))

int kinematicsForward(const double * joint,

doubl
doubl
doubl
doubl
doubl

e sl,
e cl,
e s23;
e c23;
e tl,

EmcPose * world,
const KINEMATICS_FORWARD_FLAGS * fflags,
KINEMATICS_INVERSE_FLAGS * iflags)

s2, s3, s4, s5, s6;

c2, c3, c4, c5, cb6;

t2, t3, t4, t5;

PmHomogeneous hom;

PmPose worldPose;

PmRpy

ey

/* Calculo do seno de cada junta para uso futuro */

sl =
s2 =
s3 =
s4 =
s5 =
s6 =

sin(jo
sin(jo
sin(jo
sin(jo
sin(jo

sin(jo

int[0]*PM_PI/180);
int[1]*PM_PI/180);
int[2]*PM_PI/180);
int [3]*PM_PI/180);
int[4]*PM_PI/180);
int[5]*PM_PI/180);

/* Calculo do coseno de cada junta para uso futuro */

cl =
c2 =
c3 =
cd =
c5 =

cb =

s23 =
c23 =

cos (jo
cos (jo
cos (jo
cos (jo
cos (jo

cos (jo

c2*s3

c2*c3

int[0]*PM_PI/180);
int[1]*PM_PI/180);
int[2]*PM_PI/180);
int[3]1*PM_PI/180);
int[4]*PM_PI/180);
int [5]*PM_PI/180);

+ s2*C3;

— 82*s83;
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/* Calculo dos termos usados na definicdo da... */
/* primeira coluna da matriz de rotacdao */
tl = c4*c5*c6 - s4*s6;

t2 = s23*s5*co6;

t3 = s4*c5*%c6 + c4*s6;

td = c23*tl - t2;

t5 = c23*s5*co6;

/* Definig¢do da primeira coluna da matriz de rotagdo */
hom.rot.x.x = cl*td4 + s1*t3;

hom.rot.x.y = sl*t4d - cl*t3;

hom.rot.x.z = s23*tl + t5;

/* Calculao dos termos usados na definicdo da... */
/* segunda coluna da matriz de rotacao */
tl = cd4*c5*s6 + sd*co6;

t2 = s23*s5*s6;

t3 = s4*ch5*s6 - cd*co;

t4d = —-c23*tl + t2;

t5 = <c23*s5*s6;

/* Definicdo da segunda coluna da matriz de rotacdo */
hom.rot.y.x = cl*t4 - sl*t3;
hom.rot.y.y = sl*t4d + cl*t3;

hom.rot.y.z = -s23*tl - t5;
/* Calculao dos termos usados na definicdo da... */
/* terceira coluna da matriz de rotacdao */

tl = c23*c4*s5 + s23*c5;

/* Definicdo da terceira coluna da matriz de rotacdo */
hom.rot.z.x = cl*tl + sl*s4d*s5;

hom.rot.z.y = sl*tl - cl*s4d*s5;

hom.rot.z.z = s23*c4*s5 - c23*c5;
/* Cdlculo dos termos usados na definicdo do... */
/* vetor posicéo. */

tl = W6eR_Al + W6R_A2*c2 + W6R_D4*s23;
t2 = W6R_D6* (c23*c4*s5 + c5*s23);

t3 = s5*s4*W6R_D6;

td4d = W6R_A2*s2 — W6R_D4*c23;
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hom.

t5 = s23*c4*s5 - c23*c5;

/* Definicdo do vetor posicdo */
hom.tran.x = cl*(tl + t2) + sl*t3;
hom.tran.y = sl*(tl + t2) - cl*t3;

hom.tran.z t4d + WoR_D6*t5;

/* reset flags */

*iflags = 0;

/* coloca o flag de singularidade se necessdario */

/* & singular se Theta5=0 */
tl = hom.rot.z.x*sl — hom.rot.z.y*cl; // =s5*s4
t2 = hom.rot.z.x*cl*c23 + hom.rot.z.y*sl*c23

rot.z.z*s23; // =s5*c4

if (fabs(tl) < SINGULAR_FUZZ && fabs(t2) < SINGULAR FUZZ)

{
*iflags |= W6R_SINGULAR;

/* se ndo singular virar o punho se necessdrio */

elsef
if (! (fabs (joint [3]*PM_PI/180 - atan2 (t1, t2))
FLAG_FUZZ))
{
*iflags |= W6R_WRIST_FLIP;

/* converte hom.rot para world->quat */
pmHomPoseConvert (hom, &worldPose);
pmQuatRpyConvert (worldPose.rot, &rpy) ;
world->tran = worldPose.tran;

world->a = rpy.r*180.0/PM_PI;

world->b = rpy.p*180.0/PM_PI;

world->c rpy.y*180.0/PM_PI;

/* return 0 and exit */

return 0;
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double *
const KINEMATICS_INVERSE_FLAGS * iflags,
KINEMATICS_FORWARD_FLAGS * fflags)

PmHomogeneous hom;

PmPose worldPose;

int kinematicsInverse (const EmcPose * world,

joint,

PmRpy rpy;

int sin

double
doubl

double
double
double
double
double
double

double
double
double
double
double
double
double

/* rese

*fflags

/* conv
worldPo
rpy.r =
rpy.p =
rpy.y =

pmRpyQuatConvert (rpy, &worldPose.rot) ;

pmPoseH

gular;

tl, t2, t3;

€ px, Py, PZ;

thl;
th2;
th3;
th4;
th5;
tho;

sl, cl;
s2, c2;
s3, c3;
s23,c23;
sd4, c4;
c5;

s6, cb6;

t flags */
:O;

ert pose to hom */

se.tran = world->tran;
world->a*PM_PI/180.0;
world->b*PM _PI/180.0;
world->c*PM_PI/180.0;

omConvert (worldPose, &hom);
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/*
px
Py

thl

/*
sl
cl

/*
/*
tl

145

Junta 1 (Somente solucdo com ombro para frente) */
= hom.tran.x — W6R_D6*hom.rot.z.x;
= hom.tran.y - W6R_D6*hom.rot.z.y;

= hom.tran.z - W6R_D6*hom.rot.z.z;

= atan2( py, px );

calcula seno e cosseno de thl */
= sin(thl);
= cos(thl);

Junta 3 (Somente solucdo com cotovelo para cima) */
-pi/2 < Theta3 < pi/2 */
= pPX*px + py*py + pz*pz + WOR_AI*W6R_Al - W6R_A2*W6R_A2 -

W6R_DA*W6R_D4;

t2
t3
th3

/*
s3
c3

/*
tl
t2
t3

s2
c2
th2

s2
c2
s23
c23

/*
tl
t2

hom.rot

-2*W6R_Al* (px*cl - py*sl);
= 2*WoR_A2*WoR_D4;
= asin( (tl + t2) / t3);

calcula sen, cos */

sin(th3);
= cos (th3);

Junta 2 */
= W6R_A2 + W6R_D4*s3;

-W6R_D4*c3;
= px*cl + py*sl - W6R_A1;

= —t3*t2 + pz*tl;
= t3*tl + pz*t2;
= atan2(s2, c2);

sin(th2);
= cos (th2);
= sin(th2 + th3);
cos(th2 + th3);

Junta 4 */
= hom.rot.z.x*sl - hom.rot.z.y*cl; // =s5*s4
= hom.rot.z.x*cl*c23 + hom.rot.z.y*sl*c23 +

.2.2*s23; // =s5*c4
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if (fabs(tl) < SINGULAR_FUZZ && fabs(t2) < SINGULAR_FUZZ) {

singular = 1;

*fflags |= W6R_REACH;

th4 = joint[3]*PM_PI/180; /* ndo muda valor atual */
}
else{

singular = 0;

thd = atan2( tl1l, t2);

/* computa sin, cos */
s4 = sin(th4);
cd

cos (thd);

/* Junta 5*/
c5 = hom.rot.z.x*cl*s23 + hom.rot.z.y*sl*s23 -
hom.rot.z.z*c23;

th5 = acos(c5); //sempre serd entre 0 e pi

/* Junta 6 */
if (singular) {
tl = sl*hom.rot.x.x — cl*hom.rot.x.y;
t2 = cl*c23*hom.rot.x.x + sl*c23*hom.rot.x.y +

s23*hom.rot.x.z;

thé = atan2(tl, t2) - thi4;
}
else(
tl = hom.rot.y.x*cl*s23 + hom.rot.y.y*sl*s23 -

hom.rot.y.z*c23; //s6
t2 = —hom.rot.x.x*cl*s23 - hom.rot.x.y*sl*s23 +
hom.rot.x.z*c23; //c6
th6 = atan2(tl, t2);

if ( (th4>0) && (th5<0) )
{

th4 th4 + PM_PI;
thé = thé + PM_PI;
}
if ( (th4<=0) && (thb5<0) )

{
th4 = thd4 - PM_PI;
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thé = thé + PM_PI;

}
tl = (th6-joint[5])/(2*PM_PI);
// Verifica multiplas solucgdes
if( fabs(tl-1) < SINGULAR_FUZZ
{

thé = thé - 2*PM_PI;

if( fabs(tl+1l) < SINGULAR_FUZZ

{
thé = th6 + 2*PM_PI;

entre +-2*pi

)

tl = sl*hom.rot.z.x — cl*hom.rot.z.y;
1f( (£1>0) && (s4<0) ) {
th5=-th5;
}
1f( (£1<0) && (s4>0) ) |
th5=-th5;

/* copy out */

joint[0] = thl1*180/PM_PI;
joint[1l] = th2*180/PM_PI;
joint[2] = th3*180/PM_PI;
joint [3] = th4*180/PM_PI;
joint[4] = th5*180/PM_PI;
joint[5] = th6*180/PM_PI;
return singular == 0 2 0 : -1;

int kinematicsHome (EmcPose * world,

double * joint,

KINEMATICS_FORWARD_FLAGS * fflags,

KINEMATICS_INVERSE_FLAGS * iflags)

/* use joints, set world */

return kinematicsForward(joint,

world,

fflags,

iflags);
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KINEMATICS_TYPE kinematicsType ()

{

// return KINEMATICS_FORWARD_ONLY;
return KINEMATICS_BOTH;

EXPORT_SYMBOL (kinematicsType) ;
EXPORT_SYMBOL (kinematicsForward) ;

EXPORT_SYMBOL (kinematicsInverse) ;

int comp_id;

int rtapi_app_main(void) {
int res=0;
comp_id = hal_init ("wérkins");

if (comp_id < 0) return comp_id;

haldata = hal_malloc(sizeof (struct haldata));

if ('haldata) goto error;

if ((res = hal_pin_float_new("wérkins
>al), comp_id)) < 0) goto error;

if ((res = hal_pin_float_new("wérkins
>a2), comp_id)) < 0) goto error;

if((res = hal_pin_ float_new("wébrkins
>d4), comp_id)) < 0) goto error;

if ((res = hal_pin_float_new("wérkins
>d6), comp_id)) < 0) goto error;

W6R_A1l = DEFAULT_W6R_A1;
WO6R_A2 = DEFAULT_W6R_AZ;
W6R_D4 = DEFAULT_W6R_D4;
W6R_D6 = DEFAULT_W6R_D6;
hal_ready (comp_id);

return O;

error:
hal_exit (comp_id) ;

return res;

LALM,

JA2M,

.D4",

.De",

HAL_IO,

HAL_IO,

HAL_IO,

HAL_IO,
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& (haldata-

& (haldata-

& (haldata-

& (haldata-
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void rtapi_app_exit(void) { hal_exit (comp_id); }
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/*****************************************************************

* Descrgao: wébrkins.h

* Cinematica do manipulador W6R560

*
* Autor: William Cardozo

* License: GPL Version 2

* Sistema: Linux

* Copyright (c) 2004 All rights reserved.

*

* Ultima alteracdo: 5/02/2012

R I R dh I I dh b I S b I S b I b R I b R S S R S b S S S S e S b R S SR S R S IR I b SR S R B S R S b S S S b S S R S b b 4

* Este cabecgalho acompanha o arquivo wé6rkins.h

Ak khkhkhhkhkhdhAhhhkhhhkhAhhhAhhhkhAhhhAhhhhrhhkhkhhkdhrhhkhkhhkdhrhhkhkhrhkkhrhkhhhhkkhhxhkhkxxk*k

*

*/
#ifndef W6R_H
#define W6R_H

/* Valores padrdo para o W6

alterados na HAL */

#define DEFAULT_W6R_AL 100.
#define DEFAULT_W6R_AZ2 250.
#define DEFAULT_W6R_D4 160.
#define DEFAULT_W6R_D6 50.

#define SINGULAR_FUzZZ 0.000001
#define FLAG_FUZZ 0.000001

/* flags para cinemdtica inversa

#define W6R_SHOULDER_FRONT 0x
#define W6R_ELBOW_DOWN 0x02
#define WO6R_WRIST_FLIP 0x04
#define W6R_SINGULAR 0x08

/* flags for forward kinematics

#define W6R_REACH 0x01

#endif /* W6R_H */

R560, esses valores podem

o o O O

*/

01

/* singularidade */

*/

/* pose fora do alcance */

ser
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