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- Abstract

In this paper. 2 thrcc—d%rcts of frccdom wbot arm is uscd to modcli
an expcmmental manlpulator for controller dLSlgn purposc The mathemahcal
models of the robot arm, the bang bang, controller and the electrical
drives are then formulated, Calculation of the switching umes, for the"‘
bang -bang ‘controller and ‘the simulation of the arm motion are bot"h’i
performed on the VAX  11/750- cfompu'ter_~'I~mplicmcnt’ation“‘of the bang—brgng
controller was made ‘possible’ using:the existing M6800 ~based single board
micro.— computer Expemmental tests revealed that the actual rcsults agreed

reasonably well w1th the s1mu1atcd ones,

R Notafio’ri' '
e = maximum voltage applied to_zthﬁ‘armatqfe circuit . -
I = moment of inertia of link about its center of gravity
1 = leugth of link j ,
Ig="length betwecn the cenier of, grav1ty of 11nk and 1ts reSpectwc joint

m= mass of link
m;= mass of load at the end of lmk 3 mmulatxng the total mass of two

: steppmg motors, Wr1st, end —effector, payload etc,

M,= mass of load at jOIﬂt 3 smzulatmg the total mass cf servomotor, ,
encoder etc, i 2

r= reduction ratio of gear box

T = load torque applied to output shaft

0 = joint ',displacemgﬁf

Introduction

“With a minimum-time controller, the manipulator can move from
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one point to another, such as pch -and-place operatmn, in shortest
tlme. The desxgn of th eminimum-time controifer usxng maxlmum prm—y
c1p1e(1 ) involved compllcated calculations even for a two-link de-
vice, Slmphfmatlons such as 1o path constralnt and two saturated
positions for the drwmg source lead to bang bang contro‘ Design of
the bang-bang controller for a planar manipulator Wlﬁh two-degrees
of freedom was studied initially by Sato et, al,(2) and its subsequent
stmulation on a desk-top microcomputer was reahzed by Fung and
Leung (3), The present 1nvest1gat1on is indeed an extenszon of the
previous work (3), It deals Wlth the design of a bang-bang control-
fer for the three- degrees of freedom robot-arm which is used to model
the experxmental f1ve ax1s servo control led mampulator (4 ) The arm
is commanded to move in a Way such that all the three 301nts would'

reach their final de31red p051t10ns sunultaneously. The dynamlcs of

the robot arm are now simulated on the VAX 11/750 computer using

FORTRAN 77 compiler and GIGI graphics package.

Mechanical Construction of Manipulator

The pilot articulated robot ‘manipulator shown in Figure 1 is lo~~
cated in the Control & Automation Laboratory of Hong Kong Peglyjtech‘—\“
nic, It consists of three main structural elements: the arm, with
three-degrees of freedom for positioning; the wrist, with tondegrees
of freedom for orieatation; and the gripper hand or other end- effector,
The five degrees of freedom ach1eved ‘are; : '

—Slew rotation of 4135 degrees from the central 9051t10n.

—Inner-arm movement of +45 degrees from the vertical,

—-Outer -arm movement of +90 degrees from the ax1s of the inner

arm, ) ;
~~End effeetor p1tch1ng angles of +90 degrees from the ~axis of
the outer arm, ;

- = End effector rollmg angles of 4180 degrees from any arb;trary po-—

sition

The robot arm is the part of the robot whxch performs placing
movements. The arm consists of three rigid members connected by two.
rotary joints and mounted on a rotafy Bese, giving the three degrees
of freedom, The three movements are actuated by dc servo-motors through
ceduction gears, The driving torques required at the base and the two

joints were determined so that the arm can support a 1 kg load any-
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where Wlthln the robot work volume

( b) t0p v:ew

Fxg 1 Robot Manlpulétor

Servo -motors of sultab]e sizes

were then chosen, The end-effector is connected to the main frame of

the robot through the wrist which adds two more degrecs of freedom

to the three-link device, The prlnt:lpal mechanlsm of the wrist is a

differential- -gear assemly, driven by a pmr of steppmg motors through

chams and sprockcts. .

Phstcal Model

‘Modeyl;ling of ,Ma,nyip'g,‘lzaytyor% B

The physwal modol of the arm’ is shown ' in Figure 2 It is o a

Fig.2 Physical Model of Rohot Arm

‘there are two extra masses M,

two-link device mounted on .

~an upright column, Each link

is modelled by a light rod with
cdncenutra‘te’d mass located at
a certain distance from the
respective joint, Additionally,

m

and M attached to the links as

“depicted in Figure 2, Mass M,

at joint 3 simulates the total

mass of the servomotor, encoder

etc, while M at the end of

link 3 simulates the total mass

of the two stepplng motors, wrlst, end-effector and payload etc..

Mathemahcal Model

The assymptions stated in the previous work (3) are stil]l wvalid
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$0 tha.t the three joint posmons of the robot:arm .can

Afinal value‘; at the

when derwmg the dynamic models for the servomotor, the arm and
the controller except: that the masses of the ’two seryomotors are now
taken into account, ' '

Dynam;c Model of D, C. Servomotors:

c“() +c“9 +cg, Ty =€y (1)
_r61292+62202+0321‘2=€2 (2)
€1405+Coally+CysTa=¢s o (3)
Derivation of the above equations can be found in (3). The
sufflx of ¢e’, T? or. “9° dendtes the particular link the motor
,dr1ves ‘1° for tink 1, “2° for 11nk ? and €3 for link 3. '
Bynamlc Mode! of Robot Arm. A )
T, A110 +B“20 02‘*'33130 03 ' : - (4)
Tz—G +A“02+A23 03'*‘1321&0 +B2"30 03+B233'93 - (5)
T G +A3262+A33 63""-83116 +B302 62 (6)
The formulation of the above dynamic "'eqﬁuatibﬂs “using

Lagrange-Euler methed is also outhned in (3)
- Bang- -Bang Controller Mode! ‘The bang- -bang controller is designed
their

by
sthchmg between the boundary values of contrcller at pre-determined

‘reach”

same time ‘with zero termlnal velocities

sw1tchm0' times. The rcqulrements can be represonted as follows;

(a) 0; (t—-O) =0;;and , (7)
8; (t-«if,) 9{, (7—-1 to a) i
by O, (t=t11) =0, (t=1p) = =0, (tutfs) o (8)
eyt st st , (9)
Assummg that the link n is the slowest link and the d1sp1acements )
(01— 043 7~1 2,3) are all positive, ~ the controller. charactemstlcs
become:
‘A + Chmax ‘0<iﬁ<\tan . ;
eg =X = Eamax  Lon<ISin S (10)
0 <t '
—jmne OISy
teiman s bey Ity , : « ;
ey = ‘ (j=1to 3except n) : (11)
— Cimax  loi Ity At L B
0 <t
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Combining equations (1) to (), we obtain

e, =(c, + ¢, 4 “)0 -|ci101+031 (120,05 +¢4 B, 0,0, (12)

3

e, =(cy, 4‘032Aé2)0.2 + 52262 #Cgp Ayl +¢,0By, 0%

#€52Busg0u0y + ¢0Bagy O3 4cnGy  (13)

e3=(Cyy+Cy53A53)0, +¢5,0, +¢5,4,,0, +Cg3B51,07

+¢45B,53 63 +¢,,6, ; o - (14)

The mathematical mbdel of the robot arm togethei wlth the
hang- bang controller is described by equations (7) to (14)

Slmulatmn of Robot Arm

~ The computer simulation of the motion of robot arm ' under
bang-bang control was performed on the VAX 117750 ',"co'm'putér “in
the Department of Mechanical and Marine Engineering of the Hong
Kong Polytechnic, The main program was written to calculate the
switching times and the joint displacements,ve10citieskand"ac/ck'elerations
for any path of the robot arm, The other two subprograms were used
for graph plott’in'g and three dimensional representation of rObot"ar‘m
trajactory. All programs were written in FORTRAN language using
FORTRAN 77 compiler and the graphzc utilities were developed using
GIGI graphic package, The exccutmn proaedure takes the followmg
steps: v , .
(a) It accepts ma’nually input data such as initial and final arm
p051t10n, ‘and 'load, | '
Ab) The: routme first computes the coeff1c1ents of the dlfferenhal
equations (Equations (12)—(14)).
- (c) The routine next evaluates the approximate switching times
(tpnstajstyy) of the three motor voltages, Thc ‘method of
calculation is very similar to the one employed in the case
, Of two-link device (3), i
(d) hxactswﬁghmg times are found from the mathematical model
- (Equations (7)—~(14)) by iteration using TFourth-order
Runge-Kutta Method, :

(e) The three~-dimensional arm - conflguratzon together with the

e

;3121"[)1“ of joint pos ﬂmm velocity and acceleration ver sus time
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are displayed on the graphic terminal, Tabulated results are

output to the printer,

Implementation of Bang-Bang Controller

The existing microcomputer bsystem for the controller implemen-
tation is composed of six major components; single-board microcom-~
puter (M68MMO1), Microbug and RS-232C board, Analogue-Digital

and Digital-Analogue (A/D and D/A) cards, ,P,e’riﬂp,heraly Interface
- Adaptor (PIA), display console, power supply and card cage. The

mono-board microcomputer, which is MC6800-based, has 1 K and 8 K
of Random Access Memory (RAM) after expansion, The monitor
Microbug/occhpiesA 2 K of EPROM and the self-developed software
occupies 529 bytes of a 2K EPROM Thye M Jsoft»ware program written

in assembly language performs initialization task and sends out three

‘timing pulses to the three amplifiers of the servomotors via the DJ/A
convertors, . , C

The Mqtorola Exorciser II development system is used as the tool

in the software design and development stage. After the program has

~ been thofoughly tested, it is then programmed onto the EPROM which
~will later be inserted into the socket of the - M6sMMo01., With the

other ‘suppo:‘ting microsystems such as microbug and: RS232C card,

A/D and D/A cards, PIA card, power supply and display console,

the dedicated microcomputer control system is | expected to.  act

individually as the controller for the experimental manipulator, -

Results

... The parameters of the physical model repreSeﬂting the mechanical
manipulator are given in Table 1 of the Appendix, An illustrative
set of results is §resented in this. papef for the trajectory with
initial joint coordinates (—10°, 90°, 0°) and final joint coordinates
(20°,120°,20°), and M,=3,575 kg and M, =5,5kg. Figures 3 to 5
show the simulation and experimental results of the three joigf

displacements‘respectivef]yfagainst time, It can be noted the three

joints reached their final positions at the same time which was

“about 1.6s. The joint error at their final positions ranged from 2° to

3° which is considered reasonable in the case of open-loop bang-bang

control, The simulation results predicted with reasonable accuracy
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the actual robot motions and the

8,(DEG; int . L
o 1B (DRGD, 'Jont_s " dlscrepanmes are attrlbuted to the
304 - | i Ex,perxma,en"f’ . o
~= == Simulation o  fact that the effects of gear frlctlon,
- 20 backlash and flexible I1nk structure
on the robot dynamics were ‘ignored
0 in the modelling, and the uncertalntxes
. in the parameterflden,tlflca,tzon.
-1 Conclusions

Fig.5 Displacement of
Joint *3 fro:n o° to 20"

In this pyape‘r, it has be'éri dem-

’ , onstrated that the design method for
the bang- bang contro! of a two Imk dev1Ce “can be applied to a
three- degrees of freedom robot arm, Prac ical implementation of the
controller using sing'e-board mmrocomputer to the experimental
mechanlcal manipulator was found to be fea51b1e ReaSOnably good
agreement between the computer 51mu1at1on resq Its and the eXpeI‘lmen- ;
tal ones Was obtamed ' :
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Appendix
’\ 0, Table 1 Parameters of Robot Arm
\ T —
. ’ ‘ Link1 Link2 Link3
e(vy k 2 2 1

1(m) | 0:38 | 0.436 10435

lgCm) |0.21 | 0.24 | 0.175

/ m(kg) | 23.155 | 8.745 | 8.2
v T(kgm?)| 0.07745 0.09599 | 0.04115

|

f(m) \ 0.01667 0.012 0001061

Fig.A.1 Robot Arm

s
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