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Consider a 2-link RP planar manipulator. Assume that the links have lenghts a;, and a; and moments of
inertia I1. and Io, for planar rotation about the center of mass. Suppose the center of mass is at the center
of each link. It is recommended to use the angle of link 1 and the distance between the centers of mass of
link 1 and link 2 as joint variables ¢; and gs.

Kinematics and Dynamics
1. Set up appropriate coordinate systems and find the D-H parameter table.

2. Find the T matrices relating each link-attached frame to the world frame, according to your choice of
origin points.

3. Find the two velocity Jacobians and the two angular velocity Jacobians relative to each center of mass.
4. Find the D(q), C(g,4) and g(g) matrices.

5. Set up a Matlab/Simulink simulation implementing the dynamic equation D(g)§+C(q,¢)d+g(q) = .
Please set up a parametric simulation system, that is, all parameters (masses, lengths, etc.) should be
symbolic. Set up a separate m-file to load values for the parameters.

6. Try out your simulation by setting all parameters to 1 and applying 7 = [1 1]7. Simulate for 1 second
and plot all joint positions and velocities against time.

7. Consult with the instructor to see whether you're on the right track and ready for the next stage
(control analysis/design).

Linear Parameterization

1. Let the masses of the links be m; and ms, and let the angle of link be g; and the distance between
centers of mass be go. Show that the following regressor and parameter vectors satisfy the dynamic
equations derived above:

Vigd, 5= G g3Gi + 292612 + gg2cos(q1) 24142 + 2gagi + g cos(qy) gcos(q1) Q)
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2. Find the regressor Y (a,v, g, §) corresponding to the term Ma + Cv + g

3. Take g = 9.8 m/s? and the following nominal values for the parameters:




a; =06m

a;=04m

my = 10 kg
mg = 8 kg

I, = 26 kg-m?
I, = 12 kg-m?

Let these parameters generate the nominal parameter vector 8. Supposing that each basic parameter
(my1 , ma, a1, ag, I1; and Izy) can be off by p percent, determine the maximum error bound for the

parameter vector. That is, find p(p) so that
[1© = ©0l| < p(p)

Do this for p=10 percent, p=25 percent and p =80 percent by taking the worst-case.

Control Design Simulation Setup

The desired joint trajectories are as follows:
af(t)
a5 (t)

You must pre-compute the desired velocities and accelerations to be used directly in the control algorithms
(avoid online differentation). Build a simulation using Matlab/Simulink to test each one of the following

cases:

10t
1 + cos(30¢)

Il

1. Robust passivity-based control: Generate a “true” set of parameters using p=10 percent (random
perturbation). Choose a suitable value of deadzone ¢ and gain matrices A and K. Use the true
parameters in the plant and the nominal ones in the control law. Plot §;(¢) and G2(t). Then plot the y
position vs. the z position of the end-effector corresponding to ¢f(t) and ¢Z(t) with a red dashed line.
On the same plot, plot the actual y vs. z (using ¢i(t) and ¢2(t)) with a solid line of another color.
Finally plot the two components of the control input against time.

2. Repeat the above for p =25 percent. Re-adjust the gains and ¢ if needed.

3. Adaptive passivity-based control: Generate a “true” set of parameters using p=80 percent (random
perturbation). Choose suitable gain matrices A, K and I'. Use the true parameters in the plant and
the nominal ones as initial parameter guesses in the control law. Run the adaptive system and tune
the gain matrices to obtain good parameter and error convergence. Plot each adapted parameter vs.
time. Plot g, (t) and G2(¢). Then plot the y position vs. the z position of the end-effector corresponding
to ¢f(t) and ¢g(t) with a red dashed line. On the same plot, plot the actual y vs. = (using ¢;(t) and
g2(t)) with a solid line of another color. Finally plot the two components of the control input against
time. Did the parameters converge to their true values?

How to turn in the exam:

All hand calculations must be explained. Please scan any handwritten sheets. Email the instructor, attaching
the hand calculations and m-file(s). Although the use of packages like Robotica is allowed for verification
purposes, the Jacobians and all required transformation matrices must be shown in relationship to the chosen
coordinate systems. Students are encouraged to use symbolic engines (Matlab, Python, Mathematica, Maple,
etc.) to assist with symbolic matrix multiplications and simplification, although it is not necessary to use
these packages to carry the operations.




Part #1: Kinematics and Dynamics

Vo 4

Figure 1. Coordinate systems of the RP planar arm

Table 1 shows D-H parameters of the RP planar arm corresponding to figure 1.

Link a; a; d; 0;
1 G, 0 0 o;
1 0 0 0 90°
1" 0 90° 0 0
2 0 0 d; 0

Table 1. D-H parameters for the RP planar manipulator



Matlab software was used to find:
a) T matrices relating each link-attached frame to the world frame,
b) Two velocity Jacobians ( J,;and J,,,) and two angular velocity Jacobians ( J,,;and J,,»)

relative to each center of mass,

¢) D(q),C(q,q) and g(g) matrices.

M-file syntax:

clear;clc

syms

('al','d2', 'thetal', "Ixx 1',"'Ixy 1','Ixz 1','Iyx 1','Iyy 1','Iyz 1','Izx 1',"'Izy 1"',"
Izz 1','Ixx 2','Ixy 2',"Ixz 2',"'Iyx 2','Iyy 2',"'Iyz 2',"'Izx 2','Izy 2',"'Izz 2','ml"',"'
m2l,lgl);

=——m——————————— DH parameters for link 1 --—--—-------————-
thetal=input ('Enter "thetal" (rotation angle for link 1) = ");

dl=0;

al=input ('Enter "al" (length of link 1) = "),
acl=al/2;

alphal=0;

[

thetal 1=90;
dl 1=0;
al 1=0;
alphal 1=0;

thetal 2=0;
dl 2=0;
al 2=0;
alphal 2=90;

theta2=0;

d2=input ('Enter "d2" (distance between the centers of mass of link 1 and link 2) = '");
a2=0;

alpha2=0;

Acl=[cos (thetal) -sin(thetal) *cos(alphal*pi/180) sin(thetal)*sin(alphal*pi/180)
acl*cos (thetal);

sin(thetal) cos(thetal) *cos(alphal*pi/180) -cos(thetal)*sin(alphal*pi/180)
acl*sin (thetal);

0 sin(alphal*pi/180) cos(alphal*pi/180) dl;

000 171;



Al 1=[cos(thetal 1) -sin(thetal 1)*cos(alphal 1*pi/180)

sin(thetal 1)*sin(alphal 1*pi/180) al 1*cos(thetal 1);
sin(thetal 1) cos(thetal 1)*cos(alphal 1*pi/180)

-cos (thetal 1)*sin(alphal 1*pi/180) al 1l*sin(thetal 1);
0 sin(alphal 1*pi/180) cos(alphal 1*pi/180)) dl 1;
000 171;

Al 2=[cos(thetal 2)) -sin(thetal 2)*cos(alphal 2*pi/180)

sin(thetal 2)*sin(alphal 2*pi/180) al 2*cos(thetal 2);
sin(thetal 2) cos(thetal 2)*cos(alphal 2*pi/180)

-cos (thetal 2)*sin(alphal 2*pi/180) al 2*sin(thetal 2);
0 sin(alphal 2*pi/180) cos(alphal 2*pi/180) dl 2;
000 131;

Ac2=[cos (theta?2) -sin(theta?2)*cos (alpha2*pi/180) sin(theta2)*sin(alpha2*pi/180)
a2*cos (theta?2) ;

sin (theta2) cos (theta2)*cos (alpha2*pi/180)
-cos (theta?2) *sin (alpha2*pi/180) a2*sin (theta2);

0 sin(alpha2*pi/180) cos(alpha2*pi/180) d2;

000 11;
T cl 0=Acl % Transformation matrices from origin of the world frame to
T c2 0=Acl*Al 1*Al 2*Ac2 %the center of the mass for each link
F——— Velocity Jacobians and Angular Velocity Jacobians------------

z0=[0;0;1];
z1=T cl 0(1:3,3);

o

the first three elements in the third column of T i 0
where 1i=0,1,2

o©

o©

1; the first three elements in the fourth column of T i 0
ocl=T cl 0(1:3,4); % where 1=0,1,2
0(1:3,4

Jcl=[cross (z0, (ocl-00)) [0;0;07; % The 6x2 Jacobian relative to the
z0 [0;0;0 % center of mass of link 1

Jc2=[cross (z0, (oc2-00)) zl1; % The 6x2 Jacobian relative to the
z0 [0;0;0]] % center of mass of link 2

Jvl=Jcl(1:3,1:2);

Jwl=Jcl (4:6,1:2);

Jw2=Jc2 (4:0,

R 1 0=T cl 0(1:3,1:3); % Rotation matrices
R 2 0=T c2 0(1:3,1:3);

I 1=[Ixx 1 Ixy 1 Ixz 1; % The inertia tensor

Iyx 1 Iyy 1 Iyz 1;
Izx 1 Izy 1 Izz 1];



I 2=[Ixx 2 Ixy 2 Ixz 2;
Iyx 2 Iyy 2 lyz 2;
Izx 2 Izy 2 Izz 2];

% Translational part of kinetic energy
K=(ml)* (Jvl.")* (Jvl)+(m2)* (Jv2.")*(Jv2);

% Inertia matrix
D g=K+D;
D g=simplify (D q)

g=[thetal;d2];

for i=1:2
for j=1:2
for k=1:2
c(i,3,k)=(1/2)*((diff(D qg(k,3),q(i)))+(diff(D g(k,i),q(3)))-
(diff (D_q(i,d),a(k))));
end
end
end

syms ('thetal dot','d2 dot')
for k=1:2
for j=1:2
C(k,3J)=(c(1,3J,k)*thetal dot+c(2,j,k)*d2 dot);
end
end

% Potential energy

P l=ml*g*acl*sin(thetal);

P 2=m2*g* (acl+d2) *sin(thetal);
P=P 1+P 2;

g 1=diff (P, thetal);
g 2=diff (P,d2);

g g=[g_1l;g 2]



Command window syntax:

Enter "thetal"
Enter "al"
Enter "d2"
T cl 0 =

[ cos (thetal),
[ sin (thetal),
[ 0 ,
[ 0 ’
T c2 0 =

[ -sin(thetal),

[ cos(thetal),

[ 0 ’

[ 0 ’

Jcl =

[ -1/2*al*sin(thetal),

[ 1/2*al*cos(thetal),

[ 0,
[ 0,
[ 0,
[ 1,
Jc2 =

(length of link 1) = al

-sin(thetal),

cos (thetal),

0

cos (thetal),

sin(thetal),

[ -sin(thetal)*d2-1/2*al*sin(thetal),

[ cos(thetal)*d2+1/2*al*cos (thetal),

0

(rotation angle for link 1)

(distance between the centers of

thetal

mass of link 1 and link 2)

0, 1/2*al*cos(thetal)]

0, 1/2*al*sin(thetal)]

0

]

]

cos (thetal) *d2+1/2*al*cos (thetal) ]

sin (thetal) *d2+1/2*al*sin (thetal) ]

0

]

]
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[

[

_d =
1/4*ml*al”2+m2*d2"2+m2*d2*al+1l/4*m2*al"2+Izz 1+Iyy 2, 0]
0 , m2]
(m2*d2+1/2*m2*al) *d2 dot, (m2*d2+1/2*m2*al) *thetal dot]
(-m2*d2-1/2*m2*al) *thetal dot, 0 ]
q:

1/2*ml*g*al*cos (thetal)+m2*g* (1/2*al+d2) *cos (thetal) ]

m2*g*sin (thetal) ]

The dynamic equation for the RP planar arm is:

1 1 ..
Zmlaf + myd3 + myd,ay +Zm2af +lp + 1y, O ] [‘h] n

.. 1 ‘
0 mZ qz (—mz dz - Emz a]_) 91
1 1 J .
n §m19a1 cosf; + myg (E a, + 2) cos 91] _ [T;] )
m,g sin 6,

where: 6, —joint variable of link 1 (angle of link 1)

d, — joint variable of link 2 (distance between centers of mass of link 1 and link 2)

1 . 1 .
(mzdz + Em2a1) d, <m2d2 + Emz‘h) 0,

0

(i



Simulink was used to set up a simulation of the dynamic equation (1).

Clock

Constant

Constant1

M-file that loads values for the parameters:

function gdot=project (t,q,u)

ml=1;
m2=1;
al=1;
az=1;
g=1;
Izz 1=1;
Iyy 2=1;

n=length(q);
q 1=g(1l:n/2);
d 2=q(n/2+1l:n);

~
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~
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g q(1,1)=1/2*g*ml*al*cos(q 1(1))+m2*g* (1/2*al+q 1(2))*cos(q 1(1));
g g(2,1)=m2*g*sin(q 1(1));

gdot=[g 2;inv(D)* (u-C*q 2-g q)];

Simulation was done by settling all parameters to 1 and applying 7 = [ﬂ Figure 2 shows positions and

velocities of joint 1 and joint 2.

Figure 2. Positions and Velocities of Joint 1 and Joint 2



Part #2: Linear Parameterization

D(q)g+C(q,9)q+g(q) =Y(q,9,§)8

imlal + mza% +1,,,+1
Yo = 41 43041+ 2020142 + 9qzcosqy 241Gz + 242G, + gcosqy  gcosq, . M2
0 G2 — 9241 + gsing, —q3 0 SMmady
%mlal

1 1 ..
2
D(q)q + C(q, q)q + g(q) — |:Zm1a% + mzdz +m2d2a1 + Zmza% + IZZl + IyyZ 0 ] [Zl]
0 my 2

1 . 1 .
s (mzdz + Emzal) d, (mzdz + Emzal) 91] 511] 4 legal cosf; + m,g Gal + dz) cos 91]

(—mZdZ - %mz al) 0, 0 9z m,g sin 6,

From equation (2):

First row of Y6:
1 2 1 2 . 2. .
Ye = (;mlal +omaai + I + Iyyz) G1 + (4261 + 2924142 + 9q2 cos g1)m,

. . 1 1
+(24142 + 2924; + g cos q1) (5m2a1)+(g €0s q1) (gmlal)

Second row of Y@:

. . . . 1
Y6 = (4, — 0242 + g sing)m, — (42) (5ma )

(3)

(4)

()



Yo =

1 1 ..
Zmla% + myqs + myq,a; + Zmza% +10+1,, O ] Q1]
O QZ

+

(mzq2+ mza1) aq, (m2q2+ m2a1 q, [ ] l mygaq cosq1+m2g( a1+q2) cosql (6)

( —myq, —lmzal) q, 0 mygsingq,

Comparing equation (2) and equation (6) with 8; = g, and d, = q,, we can conclude that the regressor Y (q, 4, )

and parameter vector 6 satisfy the dynamic equationsi.e. DG+ Cq+g =Y®0

Procedure for finding the regressor Y (a, v, g, ¢) corresponding to the term Ma+Cv + §

Using given regressor and parameter vector:

[M] — [91 + qu% + 2936]2 0
0 0,

[€] = (6202 + 63)q, (620, + 93)"11]
(=62q2 — 63)q1 0

(6] = [949 cosq, + 03gcosqq + 0,q,9 cos ql]
9 6,9 sinq,

01 + 0,q% + 263q, 0] [al] 6,9, +63)q, (0,q,+ 03)6’11] [vl]
)

Ma+Cv + :
9= 0 6, (—6,q, — 6)d, 0

[94g cosqq + 03gcosq, + 0,q,9 cos ql]
6,9 sinq,



First row of Ma+Cv + §:
A A ~ __ 2 . .
Ma+Cv + § = (6, + 0,02 + 263q,)a, + ((0,q, + 63)d,)v1 + ((6,4q, + 0)d,)v2

+6,4g9 cosq, + 63gcosq, +6,q,9cosq,

Second row of Ma+Cv + §:

Ma+Cv + § = 0,a, + ((—6,4, — 63)4,)vy + 0,9 sinq,

Factoring out 6 from the first row of Ma+Cv + §:
Ma+Cv + § = 6,(a;) + Hz(qgal +q,q9,v1 + q,4,v, + q,g cos ql)

+93(2q2a1 +q,v; + q,v, + g cos ql) + 6,(gcosq,)

Factoring out 6 from the second row of Ma+Cv + §:

Ma+Cv + § = 0,(0) + 0,(a, — q,4,v1 + gsing,) — 05(4,v1) + 6,4(0)

The regressor Y (a, v, q, ) corresponding to the term Ma+Cv + §:

V(av,qq) =|B B0t 0ivi+a20:v2 +9q2c05q1 Govs+4avz +2G20, + gcosqy g cos ql]
0 0 a; — q2q1v1 + gsing =1V 0



M-file was set up to generate the nominal parameter vector 6, and a “true” set of parameters.

ml=10;
m2=8;
al=0.6;
Izz 1=26;
Iyy 2=12;
g=9.8;

TH1 0=(1/4)*ml*al"2+Izz 1+ (1/4)*m2*al"2+Iyy 2;
TH2 O0=m2;

TH3 0=(1/2)*m2*al;

TH4_O=(1/2)*ml*al;

TH O0=[TH1 O;TH2 O;TH3 0;TH4 0];

level=0.1; % 10% uncertainty level
$level=0.25; % 25% uncertainty level
$level=0.8; % 80% uncertainty level

ml max=(l+level)*ml;
m2 max=(l+level)*m2;
al max=(l+level) *al;
Izz 1 max=(l+level)*Izz 1;
Iyy 2 max=(l+level)*Iyy 2;

THl_max=(l/4)*ml_max*al_maxA2+Izz_l_max+(1/4)*m2_max*al_maxA2+Iyy_2_max;
TH2 max=m2 max;

TH3 max=(1/2)*m2 max*al max;

TH4 max=(1/2)*ml max*al max;

DTH=[TH1 max-TH1 0;TH2 max-THZ 0;TH3 max-TH3 0;TH4 max-TH4 0];
rho=norm (DTH) ;

% Perturbations for use in plant
ml=ml+ml* (1-2*rand) *level
m2=m2+m2* (1-2*rand) *level
al=al+al* (1-2*rand) *level

Izz 1=Izz 1+Izz 1*(l-2*rand)*level
Iyy 2=Iyy 2+Iyy 2* (1-2*rand) *level

The maximum error bound for the parameter vector is:
forp =10% isp = 4.4826

forp = 25% isp = 11.4299

forp =80% isp = 39.7037

The nominal parameters vector is TH_0=[39.62; 8; 2.4; 3]7



Part #3: Control Design

Robust Passivity-Based Control

M-file was generated for use in the plant (10% uncertainty):
function zdot=plant 10 uncert(t,z,u)

ml=10.5721;
m2=7.7704;
al=0.6216;
g=9.8;

Izz 1=23.6075;
Iyy 2=11.4561;

n=length(z);
z 1=z(1:n/2);
z 2=z (n/2+1l:n);

1)=(m2*z_1(2
2)=(m2*z_1(2
1)=(-m2*z 1(
2)=0

’

+1/2*m2*al)
+1/2*m2*al)

) )7
)
2)-1/2*m2*al)

2)
1))
(1))

*(z_2(
= *(z_2(
*(z 2

z(l,l)=l/2*g*ml*al*cos(z_l(l))+m2*g*(l/2*al+z_l(2))*cos(z_l(l));

9_
g z(2,1)=m2*g*sin(z_1(1));

zdot=[z 2;inv (D) *(u-C*z_2-g z)];

M-file was generated for use in the control law:
function u=robust passivity 10 uncert(t,z,zd)

g=9.8;
al=z (1)
q2=z(2);
gldot=z(3);
gzdot=z(4)

’

qld=zd (1) ;
g2d=zd(2);
glddot=zd (3)
g2ddot=zd (4)
gqldddot=zd (5
g2dddot=zd (6

’

)7
) .

’



gtilde=[gl-gld;g2-g2d];
gtildedot=[gldot-glddot;g2dot-g2ddot];

%$Gains
L=diag ([100 100]);
K=diag([100 10071);

v=[glddot;g2ddot]-L*qgtilde;
a=[gldddot;g2dddot]-L*gtildedot;
r=gtildedot+L*gtilde;

$Regressor
Y(1,1)=a(l);

Y(1,2)=g2%2*a(1l)+g2*g2dot*v(1l)+g2*gldot*v (2)+g2*g*cos (ql) ;
Y(1,3)=2*g2*a(1l)+g2dot*v (1) +gldot*v (2)+g*cos (gl) ;
Y(1l,4)=g*cos(ql);

(2) —g2*gldot*v (1) +g*sin(ql) ;
=—gldot*v (1) ;

TH 0=[39.62;8;2.4;3];

X

5 Nominal parameters

deadzone=0.1;
rho=4.4826;
s=Y"'*r;
if norm(s)>deadzone,
dTh=-rho*s/norm(s) ;
else
dTh=[0;0;0;0];
end
Th hat=TH 0+dTh;

u=Y*Th hat-K*r;

Simulink was used to set up a simulation of the robust passivity-based control for use in RP planar arm.

Figure 3 shows the Simulink diagram for a RP planar arm with the robust passivity-based control.
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Figure 3. The Simulink diagram for a RP Planar Arm with the robust passivity-based control



Figure 4 shows a position error ¢, for link 1 (between actual position and desired)

o

Figure 4. Position Error of Link 1

Figure 5 shows a position error g, of link 2.

Figure 5. Position of link 2

Figure 6 shows plots of desired and actual positions of the end-effector of the RP planar arm using robust



passivity-based control (10 % uncertainty).

Desired and Actual Positions of the End-Effector

2.5

Position

qa Vs- Yy4 (desired position)

X vs. y (actual position) -

|
.5 (0} 0.5 1 1.5 2 2.5

Time, sec

Figure 6. Desired and Actual Positions of the End-Effector Using Robust Passivity-Based Control

Figure 7 shows the control input for link 1.

x 10

Control Input u, for Link 1

Control Input

Control Input for Link 1

Figure 7. Control Input for Link 1
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Figure 8 shows the control input for link 2

Control Input u, for Link 2
x 10* put ts
5
4 - —
Control Input for Link 2
3 | - —
2 | - —

Control Input

2 | | | |

Time, sec

Figure 8. Control Input for Link 2

M-file was generated for use in the plant (25% uncertainty):

function gdot=plant 25 uncert(t,g,u)

ml=11.4643;
m2=7.5712;
al=0.5610;
g=9.8;

Izz 1=27.6838;
Iyy 2=11.5491;

n=length(q) ;
q 1=g(1l:n/2);
q 2=q(n/2+1l:n);

D(1,1)=1/4*ml*al 2+m2*q 1(2)~2+m2*q 1(2)
D(1,2)=0;

D(2,1)=D(1,2);

D(2,2)=m2;

C(1,1)=(m2*q 1(2)+1/2*m2*al)*(q 2(2));
C(1,2)=(m2*q 1(2)+1/2*m2*al)*(q 2(1));
C(2,1)=(-m2*q 1(2)-1/2*m2*al) *(q 2(1));
c(2,2)=0;

*al+l/4*m2*al”2+Izz 1+Iyy 2;

10



g g(l,1)=1/2*g*ml*al*cos(g_1(1))+m2*g* (1/2*al+q 1(2))*cos(q 1(1));
g _g(2,1)=m2*g*sin(q_1(1));

gdot=[q 2;inv (D) * (u-C*q_2-g q)1;

M-file was generated for use in the control law:
function u=robust passivity 25 uncert(t,z,zd)

g=9.8;

ql=z (1)
a2=z(2)
gldot=z
g2dot=z

I

(3);
(4);

qgld=zd(1l);
gz2d=zd(2) ;
glddot=zd (3)
gz2ddot=zd (4)
gldddot=zd (5
g2dddot=zd (6

’

) i
)
gtilde=[gl-gld;g2-g2d];

gtildedot=[gldot-glddot;g2dot-g2ddot];

%Gains
L=diag([100 100]);
K=diag ([100 100]);

v=[glddot;g2ddot]-L*gtilde;
a=[gldddot;g2dddot] -L*gtildedot;
r=gtildedot+L*gtilde;

%Regressor
Y(1,1)=a(l);

Y(1,2)=g2"2*a(l)+g2*g2dot*v(l)+g2*gldot*v(2)+g2*g*cos(ql) ;
Y(1,3)=2*g2*a (1) +g2dot*v (1) +gldot*v(2)+g*cos(ql) ;

Y (1l,4)=g*cos(ql);

Y(2,1)=0;

Y(2,2)=a(2)-g2*qldot*v (1) +g*sin(gl);

Y(2,3)=—-gldot*v (1) ;

Y (2,4)=0;

TH 0=[39.62;8;2.4;3]; % Nominal parameters

deadzone=0.1;
rho=11.4299;
s=Y"'*r;
if norm(s)>deadzone,
dTh=-rho*s/norm(s) ;
else
dTh=[0;0;0;0];
end



Th hat=TH 0+dTh;
u=Y*Th hat-K*r;

Figure 9 shows a position error ¢, for link 1 (between actual position and desired)

Figure 9. Position Error of Link 1

Figure 10 shows a position error g, for link 2 (between actual position and desired)

Figure 10. Position Error of Link 2



Figure 11 shows plots of desired and actual positions of the end-effector of the RP planar arm using the

robust passivity-based control (25% uncertainty).

Desired and Actual Positions of the End-Effector
2.5 \ \ ‘ ‘ :

— X4 Vs. Yy, (desired position)

X Vs. Yy (actual position) a

Figure 11. Desired and Actual Positions of the End-Effector Using Robust Passivity-Based Control
Figure 12 shows the control input for link 1.

Control Input u, for Link 1
x 107 P 1
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Control Input
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Figure 12. The Control Input for Link 1



Figure 13 shows the control input for link 2.

Control Input

Figure 13.

4 Control Input u, for Link 2
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The Control Input for Link 2

Adaptive Passivity-Based Control

M-file was generated for use in the plant (80% uncertainty):

function gdot=plant 80 uncert(t,g,u)

ml=8.2634;
m2=14.1983;
al=1.00643;

g=9.8;

Izz 1=38.
Iyy 2=10.

8929;
3312;

n=length(q) ;
a 1=q(l:n/2);
q 2=q(n/2+1l:n);

3
N~

1/4*ml*al”2+m2*q 1(2) "2+m2*qg 1 (2)
0;
D

*al+l/4*m2*al”2+Izz 1+Iyy 2;

}—‘
[\)



C(l,1)=(m2*g 1(2)+1/2*m2*al)*(q_2(2));
C(l,2)=(m2*g_1(2)+1/2*m2*al)*(q_2(1));
C(2,l)=(—m2*q_l(2)—1/2*m2*al)*( 2(1));
C(2,2)=0;

g g(l,1)=1/2*g*ml*al*cos(gq_1(1))+m2*g* (1/2*al+q 1(2))*cos(q 1(1));
g g(2,1)=m2*g*sin(q 1(1));

gdot=[q_ 2;inv (D) * (u-C*q_2-g q)];

M-file was generated for use in the control law:

function u=adaptive passivity(t,z,zd,Th hat)

g=9.8;
al=z(1);
az2=z(2);
gldot=z(3);
g2dot=z(4);
gld=zd(1l);
g2d=zd (2);
glddot=zd (3) ;

);
gz2ddot=zd (4) ;
gldddot=zd (5) ;
g2dddot=zd (6) ;

’

gtilde=[gl-gld;g2-g2d];
gtildedot=[gldot-glddot;g2dot-g2ddot];

%$Gains
L=diag ([500 500]);
K=diag([500 500]);

=[glddot;g2ddot]-L*gtilde;
=[gldddot;g2dddot] -L*gtildedot;
r=gtildedot+L*gtilde;

%Regressor
Y(1,1)=a(l);

=qg2”°2*a

=2*g2*a

) (1) +g2*g2dot*v (1) +g2*gldot*v (2) +g2*g*cos (ql) ;
) (1) +g2dot*v (1) tgldot*v (2) +g*cos (gql) ;

)=g*cos (ql);
)=0;
)

)
)=

=a (2) —-g2*gldot*v (1) +g*sin(ql) ;
=-gldot*v (1) ;

u=Y*Th hat-K*r;



function th hat dot=parameter adaptive(t,z,zd)

g=9.8;
ql=z (1) ;
q2=z(2);

gldot=z(3);
gzdot=z(4);

’

gld=zd (1) ;
g2d=zd (2);
glddot=zd (3) ;
gz2ddot=zd (4) ;
gldddot=zd (5
g2dddot=zd (6

) i
)7

’

gtilde=[gl-gld;g2-g2d];
gtildedot=[gldot-glddot;g2dot-g2ddot];

$Gains
L=diag ([500 500]);
G=eye (4);

=[glddot;g2ddot]-L*gtilde;
=[gldddot;g2dddot]-L*gtildedot;
r=gtildedot+L*gtilde;

% Regressor

Y(1,1)=a(l);
Y(1,2)=g2"2*a(l)+g2*g2dot*v(l)+g2*gldot*v(2)+g2*g*cos (gql) ;
Y(1,3)=2*g2*a(l)+g2dot*v (1l)+gldot*v(2)+g*cos (gql);
Y(1l,4)=g*cos (ql);

Y(2,1)=0;

Y(2,2)=a(2)-g2*gldot*v (1l)+g*sin(ql) ;

Y (2,3)=-gldot*v (1) ;

Y(2,4)=0;

th hat dot=-G*Y'*r;

Simulink was used to set up a simulation of the adaptive passivity-based control for use in RP planar arm.

Figure 14 shows the Simulink diagram for a RP Planar Arm with the adaptive passivity-based control.
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Figure 14. The Simulink diagram for a RP Planar Arm with the adaptive passivity-based control



Figure 15 shows plot of adapted parameter 8, versus time.

Figure 15. Adapted parameter 8,

Figure 16 shows plot of adapted parameter 8,versus time.

Figure 16. Adapted parameter 8,



Figure 17 shows plot of adapted parameter 95versus time.

Figure 17. Adapted parameter 85

Figure 18 shows plot of adapted parameter 8, versus time.

Figure 18. Adapted parameter 8,



Figure 19 shows a position error g, for link 1 (between actual position and desired)

Figure 19. Position Error of Link 1

Figure 20 shows a position error g, for link 2 (between actual position and desired)

Figure 20. Position Error of Link 2



Figure 21 shows plots of desired and actual positions of the end-effector of the RP planar arm using the

adaptive passivity-based control.

Desired and Actual Positions of the End-Effector
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Figure 21. Desired and Actual Positions of the End-Effector Using the Adaptive Passivity-Based Control

Figure 22 shows the control input for link 1.

Control Input u, for Link 1
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Figure 22. The control input for link 1



Figure 23 shows the control input for link 2.

Control Input u, for Link 2
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Figure 23. The control input for link 2

The nominal parameters vector is TH_0=[39.62; 8; 2.4; 3]7. Using figures 15-18 we can conclude that the

parameters did not converge to their true values.



