1%t Semester
Final Exam

Kafrelsheikh University
Faculty of Engineering
Dept. of Mech. Engineering Date: Dec. 25", 2017
4™ year — Electrical Eng. A — Time allowed: 3 hours
Subject: Robotic Systems KM‘WAW j Full Mark: 70

Question 1 (24 Marks):

a. (4 Marks) (ILO a.3.1 pass 11/21) Mention two different methods that are used to control the
robot arm.

Solution:

Examples of control methods:
Computed torque control.
Feedforward nonlinear control.
Resolved rate control.

b. (10Marks) (ILO c.5.1 pass 14/21) Design a trajectory-following controller for a system with
dynamics given by

f =.ax*%%+.bx* +¢sn:(x)

such that errors are suppressed in a critically damped fashion over all configurations.

Solution:
f=af +8
s
B = bx? + ¢ sin (x)
f=fg—kyé—kye
Where e =X4—X

Then the closed loop equation for the system is
ax?x(%g — ky € — ky ) + bx? + ¢ sin (x) = ax?x# + bx? + ¢ sin (x)
g~kyé—k,e=0

For k,, = 2,/k,, the error is suppressed in a critically damped fashion over all configurations.
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c. (10 Marks) Consider a manipulator with dynamics given by
T=M(®©)0+V(0,0)+G6(O)

and is to be controlled such that (without loss of generality) attempts to maintain 64 = 0. Prove
that the control law

T = —K,0 — M(0)K,0 + G(©)
yields an asymptotically stable nonlinear system. You may take K, to be of the form K, = kI,
where k,, is a scalar and [, is the n X n identity matrix.
Solution:
M(©)8 + V(0,0) + G(0) = —K,0 — M(0)K,0 + G(0)
Choose Lyapunov candidate function as

T oo L
= = =
V—ZG M(9)9+2

Then we calculate the time derivative of the Lyapunov candidate function

0K,0

V= % OTM(0)6 + 0TM(0)6 + 0K,0
V=35 0TM(©)06 + 67[-v(0,8) — G(8) — K,0 — M(0)K,0 + G(6)] + 0"K,0
V=56TM(0)6 + oT[-v(6,6) — M(0)K,0]
V(0, ©) can be written in the form v(0,0) =€(6,0) 0, then
o) = el ; .
V=07 |5M©) - (6,6) - M(@)K,,] 6

v = 2 67[(8) ~ 2(6,6)]0 ~ OTM©OIK,E
From the dynamics of robot manipulators, M (@) — 2C (6, Q) is a skew symmetric matrix, then
oT[M(0) - 2¢(0,0)]6 =0
Then
V=-06"M(0)K,0
Since M(0) is a positive definite matrix and K,, = k, I,,, k,, is a positive scalar, then

M(O)K, is a positive definite matrix.
Then V is a negative definite and the system is asymptotically stable
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Question 2 (10 Marks) (ILO b.1.2 pass 19/21):

A single-link robot with a rotary joint is motionless at @ = —10°. It is desired to move the joint in a smooth
manner to & = 50° in 4 seconds. Find the coefficients of a cubic which accomplishes this motion and
brings the arm to rest at the goal. Find the maximum velocity and maximum acceleration during the motion.

Solution:

The cubic is in the form:

0(t) = ag + ayt + a,t? + ast3
where

Qg = 80, a, = 0, o = %(Sf -— 90), as = _%(ﬂf = 60)

Then,

ap=—-10, a, =0, a, = %(5() +10) = 11.25, as = —% « 60 = —1.875

6(t) =—-10+ 11.25t> —1.875¢3

6(t) = 22.50 t — 5.625¢t2

8(t) =22.50 — 11.25 ¢

Max. velocity at 8(t) = 22.50 — 11.25t =0att = 2 s
Max. velocity 6(2) = 22.50 2 — 5.625 * 4 = 22.5 deg/s.
Max. accelerationisatt = Qoratt =4 s

Max. acceleration = 22.5 deg/s?
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Question 3 (12 Marks) (ILO ¢.5.2 Pass 21/21):
For the SCARA arm shown in the figure,

establish the D-H and overall
transformation matrices ~'A;  for
i=1,23,4and %A, .
09; —89; 0 a;c(};
04, = sf, cf; 0 ash
0 0 1 4
0 8. |
C@z 892 0 a2032
| st —cB, 0 ash,
A = :

1 0 0 0 Joint i X7 a; d; 6;
A5 = 0. L0 1 ' 0 a d 0,
0 0 1 d; 5 | T as 0 )
000 1 3 0 0 dy 0
4 i| 0 0 dy b4
H
|
D-HP t
s —s6s 0 0O !| RIERR
';A _ 394 094 0 0 |
*=1 b Bl |
0 0 0 1 |
|
€1z S12 0 ayc +azey; : €12 S12 0 a0 +azcy;
OA - S12 —C12 0 a8 + a,512 GA | s S12 —C12 0 a8 T azslz
2 0 0 -1 d, 3 a 0 -1 d, —ds
0 0 0 1 ‘ 0 0 0 1
C12-4  S12-4 110 aycy + azeq;
Bofl, i S12-4 —Ci2-4 :0 a,s; + a,s;,
s 0 0 "";1 dl - d3 d4
0 0 0 1




Question 4 (15 Marks) (ILO a.3.2 Pass 18/21 ):

A planar 3-dof, 3R manipulator shown in the
figure. We wish to move the end effector, Q,
along the xq-axis at 1.0 m/s and at the same time,
keep the direction of the approach, the x3-axis, in
the yo-direction. Calculate the joint rates required
to accomplish this task. Under what conditions
will the joint rates approach infinity.

Solution:
Cq _Sl 0 a1C1 xG
04, = S1 5} 0 .59
. g o 4 @
0 0 0 1
[C12 —S12 0 ajc; + azcyz]
04 —|512 €2 0 ay5 +azs;;
¢ 0 0 1 0 ;
0 0 0 1
-C123 —S123 0 alcl + azclz = a3C123
DA =1 5123 Ci23 0 181 + A812 + A35193
3 0 0 il 0
0 0 0 1
0 ac, a;€, + axC12 161 + ay€q3 + A3C123
Zp=2z=2=|0], °P, = [0151}, P, =|ais; +azSyz), °Ps = |aysy + ;815 + a3Si23
31 0 0 0
X . [@1€1 + AC12 + A3C33 . . A;C12 + A3Cq23
Pi = "Py — °Py =|a18; +az81; + azsizzf, 3= Py — °P; = |51, + a3spos
0 0
5 o (d3Cy23
P;="P; — DPz = a33123}
0
: e i—-1p= o
Ji = [Z‘_lz PS] all the joints are revolute.
i-1
[Ta151 ~ Q2812 — A35123 —Q3512 ~ 435123
A1€1 + Q3612 + A3C123 azC12 + A3C123
] z[zox ”P;‘]: 0 ) =[zl>< 1P§]= 0
1 ZU 0 212 Zl 0
0 0
1 1
r— 35123
5 A3Cq23
_ |2z X Pg} - 0
= = , th
I3 [ Z 0 €n
0
1
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—@151 — 512 — A3S123 —U2S12 — (35123 —a35123
a1€1 + €13 + A3C123 a;Cqy + A3C123 a3C123
0 0

]=U1 2 J5] = 0 0
0 0
1 1

o oo

—Qa451 — AS812 — A3S123 —a2S12 — A3S123 —A35123

J =] a1¢1 + a3¢3 +a3C133 ApC12 T A3C23 A3Cr23
1 i 1
I/l = aya;s,
a; €y az Si2 A,A3S3

—Q;§1 — Q3812 —03QA35; — A103523

i 1
j = —|—Q9C1 — Q012
aA1d9S57 ar a1a3573

21252 a ¢ a; S
_ 1.0
Z =] g=1 . 6=\ 0
0
64 1 az €z a; Si2 Q0353 1.0
8,| =—— |~ — 612 —a151 — @281z —A30A2Sz — A143S23|( 0
2 1425, a; ¢ ay Sy @10,S; +a1A3523 11 0
3
i az C12
= —|—a1Cy — azclz
a1035; aq Cq
o= Az Ciz _ C12
; 1038, 4457
5 —Q.01 — A0z
? a1035;
a & ]

a1435; Q357

The joint rates will approach infinity when s, = 0 i.e. when 8, = 0 or m.
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T10 L pass 6/8)
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