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CRS Robhot

) : .
(Forward Kinematics)
(Inverse Kinematics)
Velocity Jacobian, Force Jacobian ! /
(Forward/Inverse Dynamics)
Articulated Robot

2 (Forward and Inverse Kinematics)
), T
L ] LE

.1 Kinematics Model Articulated Robot
(Robot Parameter) 1
Link a, =a, =a, = 10 inch.
[1=12=13= 5inch.
Link ml-mn=mn 1kg.
Inetia ~ Motor ~ Link Jmix = 3 2=200x10'6kg.m.2



1

(D-H parameter)

D-H parameter (Forward Kinematics)

o ¥ a .
qunn.2 NNFFAUNUBINBIUBILIUNAULL Articulated Robot

1 D-H parameter Articulated Robot
Link No.(j) Link Twist ) Link Length(aM) ~ Link Offset (d) Joint Angle (0] )

1 0 0 0
2 90 0 0 )
3 0 ) 0 0,
4 0 3 0

o Link Twist (aiA)

o Link Length (aM)

o Link offset (d)

* JointAngle (#;)

(] 1am

0j, d Prismatic

Revolute Joint
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Denavit-Hartenberg . 1955 R . Hartenberg  J. Denavit
[19] D-H parameter Homogeneous Transformation Matrix

COS 6i - SiNor 0 «/-]
iin  Sin# cosata cosetcosa, 1 - sinata -d 1sinff?,
sin9, sina1x cosoisina™ cosa 1 d,cos 1

0 0 0 1
21 (Forward Kinematics)
Joint
Joint Space 3 X ¥ Z Cartesian Space

(Base Frame)

Joint 1 Homogeneous Transformation Matrix

cos#l -sin#l 0 0
sing1 cos#l 0 0

0 0 10
0 0 01
Joint 2 Homogeneous Transformation Matrix
coso1 -Sine1 0 0
i 0 0 10
¥ 71-sin®2 -cos#®2 0 0
0 0 01
Joint 3 Homogeneous Transformation Matrix

cos 3 -sinB3 0 L2
o sin’3 cos#®3 0 0
10 0 10

0 0 01
Joint 4 Homogeneous Transformation Matrix
100 13
.. 0100
T=001 0
000 1



cos#lcos(#2+#3) -cos#lsin(#2+#3) -sin#l 4
sin#lcos(#2+#3) -sin #lsin(#2+#3 cos#l Tos4
-Sin(#2+#3) -COS(#2+#3 0 T4

0 0 0 1

L2=L3-1

714 = (/ cos 9a. + 1005(#2 + 63)) cos#1
T24 = (/cos#2+/ cos(#2 + #3))sin|
T34=-/sin#2- [sin(#2+18)

2.2 (Inverse Kinematics)

. Y,.  Cartesian Space Joint space

(Base Frame)

Geometric

Joint 1
L o=Atan2(y, X) |

(/cos#2+/ cos... +#3)cos#2
(/ cos#2 + [cos(#2 + #3)sin,
= [sin#2 +[sin(#2 + #3)

X=

y:
/

Joint 2
L= Z2+r2- 2L coSP

yI=sin Az/r)
2H2=P tyl
L2=L3=I
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Joint 3

rz2=12+12-2//c0osQ
Q ;cos-l(Lz.t I_zir_r_\)

$=180-cos1—- b~ )

3 (Jacobian)
(
( Prismatic Joint )
31 (Velocity Jacobian)
Revolute Joint) (
0
Joint 1 o, =| 0
6
0
v, =0
0
Joint 2 : 2c2= R (Iool) + &
cs62 0 -sing. '

Revolute Joint)

Prismatic Joint

‘0" —sin62)(9L

-sin#2 0 -cos92 0 + 0 = - (c0S9.)oX

0 1 0
. =R(VE 8]

2
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Joint 3

Joint4 :

|0| IOI
PO+ 0 . 0)
0

3cd3—"R"a>2 4- 03
cosos SIN#3 0 - (Sin##l ‘o
-sin#3 cos#3 0 - (cos#2#l + 0
0 0 1
- (Sin(<92+ 03))01
- (c0s(02+ $3))$1
62+02

A A .

l= X \+ 2A)
- (sin#2)#1
P(0+ - (cos#)#l . 0):/ =/
{ 0
|(sino3)o2
v3= [(cos#3)#2
[(cos#2)#1
0)4= R 303+ #4
1 0 0 -(sin(#2+og)#l 'O - (sin(#2+ 03))#1
0 1 0 -(cos(#2+#3)#1+ 0 = - (cos(#2+#J)#,
001 ®+73 0 P2+ P3+ 04
V;\R (\+ \x3d)
-(sin(#2+#3))#1
=TR(\ + - (cos(#2+s3)s1 « + )i/ =/
02+03
(Sin#3)#2
(lcos#3+/}#2 + 103
(coso2+0s(02+ 03))!03
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0 vn
V4 va
Vi

V,, =/SIn3 cos #00s(#2+ . )J#2- (/ cosiB+/) cosHl ; B2+8)2- | cos#lsin(2+B)3
=-(Cos#2+cos(#2+#3))sin#1#1- (sina2+sin(#2+#3))costtl#2-cos #LSIn(#2+ 63) 3

\AL =(C0s(#2+#3) + Cost2) costlAL-Sin#lsingtdi2-sing (Sin(#2-+#3)/#2- [SinLSin(#2+#)}#3
- (0052 +2) + cosH)COSE, - (SING, - (SIN(HE2H6"3) SN /. - -SInk, (SIn(H2+#3)#3

va = - SIN(SIN(H2 +#3)#2- (cos#+1)/(cos(#2+#3)}#2- (cos(#2+#3))/4#3
=- (Cos#2+ cos(#2+ #3)#2- cos(#2+#3/#3

\=°j(0)@
- (cos2+cos(f2+#8))snf#l - (Sind2+sini2+#3)) costl  -CostLSIn(2HR)) 4
% (C0S(H2+. ) +cos#2) ostl -S|n#2+£sm(#2+ sin#l Sin#lsin2+#3)/
0 - (st oos(2+))  -cos(H2+3)
- (Cost2+eos(2+J)sin#l - (sind2+sm{g2+B))costtl - costisin(i2+3))
o <J(H)= (cos(H2+s ) +oosHZoostl - sm#2+£su #+,, ggm#]l - SInSM{E2+ -,
0 - (Cost2rosE+ ) - cos{H2HB)

3.2 (Force Jacobian)
(
Revolute Joint) 7 Prismatic Joint )
l
Joint 4 d4=|

f,

‘10
Joint 3; 00=1 4= 0 1
00

— O o
"

/,



17

M=LXy, -, =
L o

c0s03 -sines o, .
Joint » F2=R% = Sin 3 ©€0S 3 o
(cos€3)/, - (sin 3/
22y = (sin#3)/1+(cos 3/

f,

\= R \+ P3Xef2
S 3 -SiNes o o N (cos@/ (sin 3 /'
Sn3 0S5 v iyt oo x (SN 3/t (cos Y/

0 0 1.7‘ 0 /,

ng(Icos 3+1)
I(sin 3)/ +(cos 3+1)1/,

cos 2 =Sih 2 . '(cos 3) /- (sin 3/

Joint 1 A NV 0 (sin 3 /+ (cos 3/
-Sin 2 -c0S 2
cos#2(00s B)f X- 005 2(sin63) / - sin82(sin83)f x- sin82(cos83)z

* ! *

- sin&2(cos 3)/ +sins2(sings)fy - cos62(Sine3)f x - 00892(0082313)fy

(cos(02+ 93))f x - (Sin(02+ 03))fy

~ -(sin( 2+ 03))fx-(cos( 2+ 3))/

11=2R12+% X1/1
cos 2 —sin 2 0" Z,(sin 3)/ 0
0 0 1 -Z,(cos 3+1)/ + 0
-sin 2 —os 2 0/ (sin 3Z +X(cos 3+1)/_ O



Lcos 2(sinal)f 2+ Z(sing 3f z(cos 3+ 1)
Z(sin 3 /1+Lfy(cos 3+)
Lsino2(sin 3)/2+ L{cos92)2(cos93+ )
Z(sin(02+ 3))/2+1(sin 2)/z
Z(sin 3 /x+Z(cos 3+1)/,
Z(cos( 2+ 3))/z+I(cos 2)/2

vV 0 0 [(sin( 2+ 3)+sin 2) 7
= ., = Zsin 3 Z,(c0S 3+1) 0 fy
/3. 0 0 Z(cos( 2+ 3)+cos 2) L.
(Robot Dynamics)
H ! (Equation of Motion)

FEM() +F(, ) +0()

) Mass Matrix
F( ) Centifugal  Coriolis Vector
0( ) Gravity Vector
.
(Joint Torque)
Cartesian Space !
(Equation of Motion) 2
1. Newton-Euler's Formulation
2 (Newton's Second Law of Motion)
! (Force) (Moment)
Joint Torque I Joint Displacement?
2. Lagrangian Formulation
! (Work) (Energy)
Generalized Coordinates  Equation of Mation I Close-Form

JointTorque  Joint Displacement
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Newton-Euler's formulation Equation of Motion
Inverse Dynamics Input Joint Torque
Output
Newton-Euler Equation Joint Torque Joint
Link Link Luh-Walker-
Paul's Algorithm (Recursive Computation of Kinematics and Dynamic Equation)
Link 2 Link
Link Link Link
[23]

Forward Equations :i=1,2, 3 4

‘R@: Ri 1 1+20q9) if fink IS rotational

‘Rfigi-Ri."RO 1 +z0q,+(~IRa@ )xz Qi)] If linkiis translational

% vi=[(% *1)x(RoP;)+("*00) X*0,;)]+ X _,cv.-i) iflinki is rotational
% al=CR®) . +0e,)x[(*001) bivw

ai = accumulate of CM.

Backward Equations :i=4, 3, 2,1

%n, =Rm mR0 m +CIRP: ) *C'RJIm))+[CRIDIHROSH X(v . 1+ (IRati )+(RO,)X[(*0, R )(Ro
Torque apply for Link i (for Link i is rotational)

T=(% )T +htg)) if link iis rotational
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CRS Robot

1 CRS Robot

CRS Robot

211#1 9.1 ANTMARDIAILANUIMIUENS CRS Robot

x/
2 Articulated CRS Robotics 255
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0oL ROLL-#*180°

Articulated CRS Rohotics 255
Articulated CRS Rohotic 255
Articulated CRSRohotics  265: 5
5 +25 V.
Harmonic  Drive
0.005 3.05 rad/s



1 CRS Robot

structure articulated 5 DOF
Drive motor Permanent magnet DC Servo
Bearings ABEC Class 1-0.375"
Max voltage +/- 25 Vidc
Mac Current 10.8 amps
Mech. Time const. 11.62 msec
Max speed @25V 3600 rpm
Peak torque 100 0z-in
Brush life 8000 hours @ 1200 rpm
Transmission
Waist rotate Size 20 cup type harmonic drive
Shoulder Size 20 cup type harmonic drive
Elbow Size 20 cup type harmonic drive/chain
Wrist bend (pitch) Bevel-/spur-gear/chain
Tool rol Bevel-/spur-gear/chain/gear
Payload Kg
Max design 20
Full speed/acc 10
Reach - Waist to tool flange 22 inches
Reach (by link) Inches
Base to shoulder 10
Shoulder to elbow 10
Elbow to wrist pivot 10
Wrist pivot to tool flange 2



Joint travel ranges
Waist rotate
Shoulder
Elbow
Wist bend (pitch)
Tool roll

Joint speeds at 100 % program speed
A150 Series:

Waist rotate

Shoulder3

Elbow

Wrist bend (pitch)

Tool roll

A250 Series:
Waist rotate

Shoulder 3

Elbow

Wrist bend (pitch)
Tool roll

Joint default acceleration rates
A150 Series:

Waist rotate

Shoulder

Elbow

Wrist bend (pitch)

Tool roll

A250 Series:

83

Degrees
+-175
+110,-0
+0,-130
+-110
+-180

Rad/sec

174
108
174
314
6.28

3.05
218
3.05
314
6.28

Rad/sec?

545
545
545
2454
49.09



Waist rotate 1293

Shoulder 3 12.93
Elbow 12.93
Wrist bend (pitch) 53.18
Tool rol 116.36
Position Feedback Onptical incremental encoders
Resolution 1000 pulse/rev
Index marker pulse 1 per rev
Output Chnlis AB,Z sq.wave TTL
Joint Resolution Deg
Waist rotate 0.005
Shoulder 0.005
Elbow 0.005
Wrist bend (pitch) 0.023
Tool rol 0.045
Joint Resolution Inches @ tool flange
Waist rotate 0.0019
Shoulder 0.0009
Elbow 0.0009
Wrist bend (pitch) 0.0008

Tool roll 0.0016



3

(Power Switch ON/OFF)
(Power, 5 pin)

e
1%
155

.5

10 Select Switch (1-8)

(Fastrak®)
3 (Fastrak®)
(Transmitter)

(Receiver)
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Switch 1 2 3 4 5 6 7 8
Position ON ON ON OFF ON OFF OFF ON
Switch 1-3 : Baud Rate
Switch 4 : Hardware Handshake(RTSICTS)
Switch 5+ Character Width
Switch 6-7 ; Parity
Swithc 8 : Serial Operation
6) RS-232 Female o
RS-232 Male Cml PC 7

7 RS2



2.2 FTGui 3
(Fastrak®)

Software FTGuI Fastrak®
1) Baud Rate : 9600
) Port 1

Connection Error fXI

Unable to connect to Fastrak using the following parameters:
Please adjust the baud rate and port number to match your

system
Baud Rate: [9600  |T| Port |T"
F? Makethese the default values
0K j Caned |

Note: If{yeenight is flashing on Fastrak unit, wait unllfght is solid again.

8 Baud Rate Fastrak®

k) ASCII Type

FASTRAK cT
DataOtipul Comnmunicatkits  FasfTrak estah&sbed
-Dafa e DataType— - DispY TYrf— - Loggingerrorseeeeeesemeeeeees Pipng-——
Single Record ASCI Text F  Logging Enabled I PieData
F" Coninuous Binary Graphical Select Log Fie... 1 QuerTeer iy
Log Fie; (- liai. Foim-1
1 Request Daa — D No LOg Fie Selected
Optons. | EEPBOM.. | Save. | Load. | Hep | quit

9 Fastrak®
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4) Options -> Align Reference Frame  Transmitter

Fastrak Options

ABgn | Boreaght! Fiters/Sync/TMF | Envelopes | Hemisphere | Output Data | System Status | Stylus Configuration j

Af*n Reference Frame

Station: |5 —j

[~ Onigin of New Reference Frame —————— - = ——

| — |
5 Ox | 0 Oy ‘ 0 0z 0 |
‘ |

e — - -

1~ Point Defining Positive Direction of XAws ———

‘xxl 7874 X | 0 XZI 0 j

ResetArment |

| oK | Cancel Apply Hdp

10 Alignment

TRANSMITTER —t
REFERENCE FRAME -

Atm!“’l’
R ENCE
FRAME

|
|
|
(Xe,Xy,X2)

{01,0y7,01)

N e — — —

/
F"—*‘-“&&
| |
!

I |

I i

: TRANSMITTER ; /
) |

|

| |

—— - ———— ——

" Y P
7N 2.11 nsssunudnBsrassiadedtyyn



5) Options -> Qutput Data

Fastrak Options

Align ] Boresight | Fiers&£ync/TMF ] Envelopes | Hemisphere  Output Data | System Status ] Stylus Configuration |

Station: 4~

QutputConfiguration;
Select Ore or More Optons.

1 4

drection cosnes 0 VETS X2 aXeS
Y direction cosines of the receivefs xy,z axes
Z drection cosines.  the receers x,y,z axes
0 Dentation quatemion
Sﬁlylus swich stalus ) .
16-BIT bhary x,y,2 cartesian coordinates Of position
16-BIT binary azeljofl Euler orientation angles
16-BIT orientation J]uaternlon . y
Extended Precision- 2 cartesian coordnates of posion .
Extended Precision - relaive movement, 2 cartesian coordinates  positon
Extended Precision - az elrofl Euler orientation angles —
Extended Precision - x direction cosines  the recenvers x y.z axes

R R Gty g s s v

Note: Selecting many options wifl slow the transfer rate

URitgenessereemmmseeremmeseceeeee
<* Enfsh (inches)
) Restore D efats
¢ Metic (cenfmeters)
oK Cancel | LN Hep |

12 Fastrak®

6) Options -> System Status ( )

Fastrak Options

Align | Boresight | FSters/Sync/TMF | Envelopes | Hemisphere | OutputData  System Status | Stylus Configuration |

Active Receivers

rkReceiverl p Receiver3
Receiver 2 (v Receiver4

System Status
6et System Status

Station Number.
Continuous Mode:
Compensaton:
Uraks:

Output

Bt

Software Version ID:
System ID:

oK | Cancel fpt H<*

13 Fastrak®
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1
file
Matlah®
2
2-Link
Planar Arm Articulated
2.1 2-Link Planar Arm

211 Global Collision Avoidance
% Global : Create Modified Trajectory for Avoidance already %
clear all

=pil8;

DT=0.05;timeN=16;
t=0:DT:timeN;
% Create Circular path and Modified %
wall = 0.3;
for i=1 :length(t)
X(1)=0.5+0.25*cos(w*t(i));
Y(i)=0.25*sin(w*t(i));
if X(i)<wall



X(i)=wall;
Y=Y ()
Xda(i)=(X(i)-
Yda(i)=(Y(i)-
Xd(i)=Xda(i);
Yd(i)=Yda(i);
Xdda(i)=(Xd(i)-Xd(i-1 )/DT);
Ydda(i)=(Yd(i)-Yd(i-1)/DT);
)
)

X(I- ))/DT % Backward Divided Difference %
Y(i-1))DT

|
Xdd(i)=Xdda(i);
Ydda(i);

(i
Ydad(i
else
Xd(i)=-0.25*w*sin(w*t(i));
Yd(i)=0.25*w*cos(w*t(i));
Xdd(i)=-0.25*w*w*cos(w*t(i));
Ydd(i)=-0.25*w*w*sin(w*t(i));
end

Z(1)=0.3;Zd(i)=0;Zdd(i)=0;

end

plot(X.Y)

axis([0.25 0.8 -0.4 0.4));

% Robot Model : Two-link planararm %

)2
)2

twolink

i=1;R=[1 00,0 10,001];
T=[R 0.5 Y() 2 (1:r0 o 0 1]];
q(1:2,i)=ikine(tl,T,[0 0],/ 10000])"

JacobO(tl,q(1:2,));

qd(1:2,))=inv(J(1:2,1:2))[Xd(i) Yd(i)];

for i=2:length(t)
T=[R[X() Y() Z(i)1;[0 0 0O1]);
q(L:2,i)=ikine(tl,T,q(2:2,i-1),[1 10000])";
J=jacob0(tl,q(2:2,i));
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qd(1:2,i)=inv(J(L:2,1:2))*[Xd(i) Yd(i) ]
end
% Find Joint Acceleration (Ideal)
I=2;
qdd(1:2,i)=(qd(2:2,i)-qd(L:2,--1))/(DT); % Backward Divided Difference %
qdd(1:2,1)=qdd(1:2,2);
for i=2:length(t)-1
qdd(1:2,)=(qd(1:2,i+1)-qd(1:2,i-1))/(2*DT);%CentralDivided Difference %
end
% Actual Status % Dynamic Simulation on Robot Control Law %
Kp=100
Kv=2*sqrt(Kp);
clear gdda qda qa
%%Initial Position%%
qa(1:2,1)=0; qda(1:2,1)=0; qdda(1:2,1)=0;
T=fkine(tl,qa(1:2,1));
% Robot Arm Control %
for i=1:length(t)-1
T=fkine(tl,qa(1:2,i));
Txc=T(1,4);Tyc=T(2,4);Tzc=T(3,4);
Xc(i)=Txc;Yc(i)=Tyc;Zc()=Tzc;
c=coriolis(tl,ga(1:2,i),qda(1:2,i));
g=gravioad(tl,ga(L:2,i)’);
beta=c+g;
alpha=inertia(tl,qa(1:2,i));
Kp_term(i,1:2)=q(1:2,i)-qa(L:2,i);
Kv_term(i,1:2)=qd(1:2,i)-qda(1:2,)’
ft=qdd(1:2,i)+Kv*(qd(1:2,i)-qda(1:2,i))+Kp*(q(L:2,i)-qa(1:2,i))’
% Actual total Joint Torque
f=alpha*ft+beta’ ;
qdda(:i+1)=accel(tl,ga(:1),qda(:,i),f);
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qda(;,i+1)=qda(;,i)+qdda(: i+1)*DT
ga(;,i+1)=qa(: )+qda(; 1+1)*DT+0.5*qdda(;,i+1)*DT~2;
end
figure(1)
axis([0.3 1.5-0.3 0.3])
plot(X.Y)
hold on
plot(Xc,Yc,T.-)
title(‘2link planar Arm: Path Trajectory Avoidance Kp=100);
xlabel('X axis');ylabel('Y axis");
LEGEND('Avoidance Trajectory’,Moving Path’)

2.1.2 Local Collision Avoidance

Circular Path
% Local : Create Modified Trajectory for Avoidance already %
clear all
=pi/8; DT=0.05;timeN=16;
t=0:DT:timeN:
% Create Circular path %
for i=1:length(t)
X(1)=0.5+0.25*cos(w*t(i));
Y (i)=0.25*sin(w*t(i));
Xd(i)=-0.25*w*sin(w*t(i));
Yd(i)=0.25*w*cos(w*t(i));
Xdd(i)=-0.25*w*w*cos(w*t(i));
Ydd(i)=-0.25*w*w*sin(w*t(i));
Z(i)=0.3;Zd(i)=0;Zdd(i)=0;
end
% Robot Model : Two-link planar arm %
twolink
i=L,R=[1 00,01 ; 01];



T=[R [X() Y() z()]30 0 0 111
q(L:2,i)=ikine(t,T,[0 0],[2 210000])";
J=jacoh0(tl,q(1:2,i);
qd(1:2,))=inv(J(1:2,1:2))*[Xd(i) Yd(i)T;
for i=2:length(t)
T=[RIX() Y() ()30 00 1F;
q(2:2li)=ikine(t/,T,q(2:2,i-1),[2 100 0 0]);
J=jacob0(tl,q(1:2,));
qd(1:2,i)=inv(J(1:2,1:2))*[Xd(i) Yd() |’
end
% Find Joint Acceleration (Ideal)
I=2;
qdd(1:2,i)=(qd(1:2,i)-qd(L ;2,-1))(DT); % Backward Divided Difference %
qdd(1:2,1)=qdd(1:2,2);
for i=2:length(t)-1
qdd(1:2,)=(qd(1:2,i+1)-qd(1:2,i-1))/(2*DT); % Central Divided Difference %
end
% Actual Status % Dynamic Simulation on Robot Control Law %
Kp=95
Kv=2*sqrt(Kp);
clear gdda gqda ga
%%Initial Position%%
ga(1:2,1)=0; qda(1:2,1)=0; qdda(1:2,1)=0
T=fkine(tl,qa(1:2,1));
Xc=T(1,4);Yc=T(2,4);,2¢=T(3,4);
barrier(1,1)=0.3;
% Robot Arm Control %
for i=L:length(t)-1
c=coriolis(tl,qa(1:2,i),qda(L:2,i)’); g=gravload(tl,qa(L:2,i)’);
beta=c+g; alpha=inertia(tl,qa(1:2,);
Kp_term(i,1:2)=q(L:2,i)"-qa(L:2,i)’
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Kv_term(i,1:2)=qd(1:2,i)-qda(L:2,i);
ft=qdd(1:2,))+Kv*(qd(1:2,i)-qda(L:2,i))"+Kp*(q(1:2,)-qa(1:2,i))"
% Actual total Joint Torque
f=alpha*ft+heta" ;
qdda(:,i+1)=accel(tl,ga(:,i),qda(:,),b;
qda(;,i+1)=qda(:,i)+qdda(;,i+1)*DT;
qa(:,i+1)=qa(;,)+qda(;,i+1)*DT+0.5*qdda(;,i+1)*DTAZ
T=fkine(tl,qa(1:2,i+1));
Xa(i+1)=T(1,4); Ya(i+1)=T(2,4);Za(i+1)=T(3,4);
%% Collision Avoidance %%
T=fkine(tl,qa(1:2,i+1));
Xc(i+1)=T(L,4); Yc(i+1)=T(2,4):Zc(i+1)=T(3,4);
wall=0.5;
barrier(1,i+1)=wall;
if Xc(i+1)<=wall
Xcc = wall;
Xc(it1)=Xcc;
Ye(i+1)=T(2,4);
Xdc(i+1)=(Xc(i)-Xc(i-1))/DT
Yde(i+1)=(Yc(i)-Yc(i- 1))/DT,
Je=jacohO(tl,ga(1:2,i+l));
qda(L:2,i+1)=inv(Jc(L:2,1:2))*[Xdc(i+1) Yde(i+1 )],
ga(l:2,i+1)= qa(1:2,i)+ (qda(1:2,i+1)*DT);
qdda(1:2,i+1)=(qda(1:2,i+1)-qda(1:2,))/(DT);
end
end
figure(1)
axis([0 2-0.3 0.3))
plot(X,Y)
hold on
plot(Xa(2:1),Ya(2:1),r.-)



title("2link planar Arm: Path Trajectory Avoidance Kp=50;
xlabel('X axis');ylabel('Y axis');
LEGEND('Avoidance Trajectory’,Moving Path','WaIN0.3')

2.2 Articulated Robot

Circular Path

clear L
L{L}=link([-pi/2 0 0 10 0]);

L{2}=link([0 200 0 0]);
L{3}=link([0 20 0 0 0]);
L{1}. =1, L{2}.m=1, L{3}.m=1;
L{1}.r=[0 0 0]; L{2}.r=[10 0 0]; 3} =[1000];
L{1}I=[000000;
L{2}.1=[0 0000 0];
L{3}.1=[0 0000 0],
L{1}.Jm=200e-6;
L{2}.Jm=200e-6;
L{3}.Jm=200e-6;
L{1}.G=1; L{2}.G=1; L{3}.G=1,
Y%viscous friction (motor referenced)

L{1}.B=0; L{2}.B=0; L{3}.B=0;
%Coulomb friction (motor referenced)

L{1}.Tc=[0 0];

L{2}.Tc=[0 0];

[{3}.Tc=[0 OF;
%some useful poses
q0=[0 0 0]; %zero angles 1L shaped pose
ArticulatedRobot=robot(L,'3D articulated Arm1 'Chulalongkorn’);
%clear L
ArticulatedRobot.name-3D Articulated Arm":



ArticulatedRobot.manuf-ChulalongkorrV;
=pil6;

DT=0.01:timeN=12;

t=0:DT:timeN:

for i=1:length(t)
X(1)=10+2.5*cos(w*t(i));
Y(i)=2.5%sin(w*t(i));

Xd(i)=-2.5*w*sin(w*

Yd(i)=2.5*w*cos(w*

()=-2.5*w* *cos( *(i));

(i)=-2.5*w*w*sin(w*t(i));
Z(i)=5;2d(i)=0;Zdd(i)=0;

end

%Articulated3D:;
R=[100;0 10,00 1];

i=1;
T=[RIX() Y(0) 2 1st0 0 01 1];
qr(L:3,)=ikine(ArticulatedRobot,x J0 0 0],[1 110 00]);
J=jacobO(ArticulatedRobotlgr(L:3,1));
qdr(1:3,i)=inv(J(L:3,2:3))*[Xd()) Yd(i) zd()];

for i=2:length(t)
T=[RIX() Y() 2 it 0 01 1,
qr(1:3,i)=ikine(ArticulatedRobot,T,qr(1:3,--1),[1 110 00]);
J=jacobO(ArticulatedRobot,qr(1:3,i);
qdr(1:3,)=inv(J(1:3,1:3))*[Xd(i) Yd(i) Zd(i)]’;

end

for i=2:length(t)-1
qddr(1:3,i)=(qdr(2:3,i+1)-qdr(1:3,i-1))/(2*DT);

end

qddr(1:3,1)=qddr(1:3,2);

i=i+1;

)

(
t);

Xdd
Ydd



qddr(2 :3,i)=(qdr(L:3,)-qdr(L:3,--1))/(DT);

%% Dynamic Simulation on Robot Control %%

Kp=100

Kv=2*sqrt(Kp);

%%Initial Dummy%%

DQ=[1 00,010,001,

DXMO 00

%%Initial Position%%

0(1:3,1)=0; qd(1:3,1)=0; qdd(1:3,1)=0;

T=fkine(ArticulatedRobot,q(1:3,1));

Xc(1)=T(1,4);Yc(1)=T(2,4);Zc(1)=T(3,4);

XXe=0;

for i=1:length(t)
beta=coriolis(ArticulatedRobot,q(1:3,i),qd(1:3,i)')+gravioad(ArticulatedRobot,q(1:3,i)");
alpha=inertia(ArticulatedRobot,q(1:3,1));
ft=qddr(1:3,)+Kv*(qdr(1:3,))-qd(1:3,1)') +Kp*(qr(1:3,)'-q(1:3,)")"
f=alpha*ft+beta’;
qdd(;,i+1)=accel(ArticulatedRobot,q(:,i),qd(:,i).f);
qd(;,i+1)=qd(:,i)+qdd(;,i+1)*DT;
q(:,i+1)=q(;,)+qd(;,i+1)*DT+0.5*qdd(;,i+1)*DT'N;

%% Collision Avoidance %%

T=fkine(ArticulatedRobot,q(1:3,i+1));

Xc(i+1)=T(1,4);Yc(i+1)=T(2,4),Zc(i+1)=T(3,4);

Jxx=(DX*inv(DQ));

XXe=(Ixx*qd(1:3,i+1))*DT+Xc(i);

wall=3;

barrier(i,1)=wall;

if Xc(i+1)<wall
qdp=[0 0 1}
A=[Ixx;qd(1:3,i)5qdp];
B=[(XXe-wall)/DT 0 0];
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dadr(L:3,i+1 )=-inv(A)*B;
qdr(1:3,i+1)=qd(L:3,i+1)+dqdr(1:3,i+1);
qdr(L:3,i+1)=0.05/norm(qdr(1:3,i+1 ))* qdr(1:3,i+1):
dadr(1:3,i+1)=(qdr(L:3,i+1)-qdr(L:3,))/DT;
dq(L:3,i+1)= qdr(1:3,i+1)*DT;
gr(1:31+1)= q(L:3,)+ dq(1:31+1);
end
DQ(L:3,1)=DQ(1:3,2);:0Q(1:3,2)=DQ(L:3,3);DQ(1:3,3)=(L:3,i+1 }-q( 3,;
DX(1)=DX(2) ;DX(2)=DX(3) ;DX(3)=Xc(i+1)-Xc(i)
end
figure(1)
axis([0 20 -5 20]);
plot(Xc(L,L:),Yc(1,1:0))
title(‘ArticulatedRobot: Path Trajectory Avoidance Kp=10";
xlabel('X axis');ylabel('Y axis");
hold on
plot(X(1,L:),Y(1,L:0),r-)
plot(barrier,Y(L1 1), )
LEGEND('Path Avoidance',Path Command', Barrier x=3')

2.3 Robotic Toolbox

1) Forward Kinematics :

T = fkine(robot,q)

T Homogeneous Transformation Matrix

robot (2 Link Planar Arm = twolink =)
q

Homogeneous Transformation Matrix



2) Inverse Kinematics :

3)Jacobian ;

4) Forward Dynamics

robot

go

JO
Jn

J0
n
robot

tau

fau
robot

gdd
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ikine (robot, T, qO, M)

Inverse Transformation Matrix
(2 Link Planar Arm = twolink =t
Homogeneous Transformation Matrix

(1%6) XY,

M=1
M=0

jocobO (robot,q)
jacobn (robot,q)
Jacobian
Jacobian
(2 Link Planar Arm = twolink = t)

Jacobian

itorque (robot,q,qdd)

(2 Link Planar Arm = twolink =t



5) Inverse Dynamics
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gld = accel (robot,g,qd,f)
qdd
robot (2 Link Planar Arm = twolink
g
qd
f
3 CRS Robot
3.1 Matlabh® xPC
H XPC Host PC Window
o Matlab® 1 XPC
Target PC
Target '
Target PC
o Simulink Library Block Diagram
Block
Simulink Library C-Code S-Function
Simulink
Library 10 Diver Block Library Diver
10 400 1
* Real-Time Workshop Block Diagram
C Build 2
o C Compiler code XPC kernel
Host PC Microsoft Visual

C++version56 7
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