National Library

Bibliothéque nationale
of Canada

l* du Canada

Ganadian Theses Service

Ottawa, Canada
K1A ON4 »

CANADIAN THESES

NOTICE

The quality of this microfiche is heavily dependent upon the
quality of the original thesis submiited for microfilming. Every
effort has been made 1o ensure the highest quality of reproduc-
tion possible.

It pages are missing, conleél the university which granted the
degree.

Some pages may have indistinct print especially if the original

pages were typed wilh a poor typewriter ribbon or it the univer-

sily sent us an inferior pholocopy.

Previously copyrighted materials (journal grticles, published
tests, etc.) are not filmed.

Reproduction in full or in part of this film is governed by the
Canadian Copyright Act, R.S.C. 1970, ¢. C-30.

—~

THIS DISSERTATION
HAS BEEN MICROFILMED
EXACTLY AS RECEIVED

N

X
HL-339 (r.86/06) é

Services des _‘t/héses canadiennes

THESES CANADIENNES

—

AVIS

La qualité de cetle microtiche dépend grandemen! de la qualité
de la thése soumise au microfilmage. Nous avons toul fait pour
assurer une qualité suﬁérieure de reproduction )

S'il manque des pages. veuillez communiquer avec l'univer-
site qui a confére le grade.

La qualité d'impression de cerlaines pages peul laisser 4
désirer, surtout si les pages originales ont été dactylographiées
a laide d'un ruban usé ou si l'université nous a fait parvenir
une photocopie de qualité inférieure.

Les documents qui font déja I'objet d'un droit d'auleur {articles
de revue, examens publiés, etc} ne sont pas microfiimés.

La reproduction, méme partielle, de ce microfilm esl sour.ise
a la Lol canadienne sur le droil d'auteur, SRC 1970, c. C-30.

LA THESE A ETE
MICROFILMEE TELLE QUE
NOUS L'AVONS REGUE

Canada



ACTIVE COUNTERBALANCING

OF ROBOT ARMS

BY -

MARC PAUL FERNANDEZ

A THESIS PRESENTED TO
. THE _S_C_I-_I_Q._OL OF GRADUATE STUDIES
UNIVERSITY OF OTTAWA
IN PARTIAL FULFILLMENT OF
THE REQUIREMENTS FOR THE DEGREE OF
MASTER OF APPLIED SCIENCE
IN

A THE MECHANICAL ENGINEERING DEPARTMENT

OTTAWA, ONTARIO, CANADA.

JANUARY, 1987

(::) Marc Paul Fernandez, Ottawa, Canada, 1387,



.

Permission has been granted
to the National Library of
Canada to microfilm this
thesis and to lend or sell
copies of the film.

The author (copyright owner)
has reserved other
publication rig] . and
neither the the s nor
extensive extracts frof it
may be printed or otherwise
reproduced without his/her
written permissiocon.

L'autorisation a 2t& accordé&e
a la Biblioth2gue nationale
du Canada de microfilmer
cette thése et de - préter ou
de vendre des exemplaires du
film.

L'auteur (titulaire du droit
d'auteur) _se r&serve le%
autres droits de publication;
ni la th&se nl de longs
extraits de celle-cl ne
doivent @&tre imprim&s ou
autrement reproduits sans son
autorisation &crite.

ISBN  §-315-36493-9

S



@ UNIVERSITE DOTTAWA
| UNIVERSITY OF OTTAWA




ABSTRACT

9

Robot‘ arms in most automation applications go through a
fixed cycle where different loads are carried during eaEH'pa;t of
the cycle. Different lgnks on the robot arms are generally ecuip-
ped with a fixed counterweight so as to increase their load car-
rying capacity for a given link actuator motor. The counterweight
is either designed to balance the link alone, or is désigned téﬁ
balance the 1link plus a portion of the maximum load intended.
This fixed counterweight approach fails to provide perfect balan-
cing tﬂfoughout the entire operation cycle, particularly so

during high operation speed when the dynamic effects become

dominant.

This thesis deals with an active counterweight system that
has been developed, and ﬁrovides optimum balancing of the robot
arm links. A simplified dynamic analysis of a robot'arm-equipped'
with the active counterweight systém is conducted. A dynamic
simulation of this anglysis shows that the active counterweight
system enhances the load carrying capacity of a robot arm. A
prototype has been built agnd the analysis for the operation
control of the active counterweight system is presented. Experi-
ments carried out with the prototype, confirmed the theoretical
behaviour predicted of a robot equipped with an active counter-,

weight system.
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1. INTRODUCTION

1.1 Robotics

Current trends in manufacturing are towards low inventory
both of the raw materials and the manufactured goods so as to
increase profit. In the manufacturing semse, this trend trans-
lates into small but varied batch runs to satisfy the immediate
customer demands. This pre of manufacturing environment requires
a manufacturing system that can be easily reconfigured, the
"flexible manufacturing systems" (FMS), to handle the different
requirements of the batch runs [1]. A good example of flexible
manufacturing systems are those employed in modern plants for
manufacturing cars. Production lines inrsuch plants would handle
different models of cars. The production machinery on such lines
have to be ablegto perform different tasks depending on the type
of model of the vehicle being worked on, as well as rapidly

change between tasks so as to respond to changes on the line [4].

Components of a FMS line are numerically controlled (NC)
machine toéls, programmable conveyer systems and robot manipula-'
tors. Robot manipulators are the component of the FMS that carry
out the manual work of a human operator in the manufacturing
environment. Consequently, such industrial robots have to be very

flexible and programmable.



?his thesis deals with the subject of robotics. According
to the Robot Insﬁitufg,of America (RIA), the definition of a
robot is as- follows: .
"A robot is a reprogrammable multifunctioﬁal manipulator designed
to move material, parts, tools or specialized devices, through

¥

variable programmed motions for the performance of a variety of

tasks."

\

Four basic types of robots architectures are available. The
distinction between these architectures depends upon the typeVQf
joints used and their sequence. Two_types of joints are commonly.
employed, the revolute joint "“R", and the prismétic'joint npw,
Table 1.1 presents the four basic robot architectures and the
salient features of each type. The spherical and the revolute
robot configurations are the most commonly used. in indﬁstry
nowadays. The spherical config?ration was launched *by Unimate
over 20 years ago, and is used mainly in applications requiring a
high load caérying capacity. The revolute configuration is mainly
used in applications requiring .a high level of flexibility like

painting, welding or assembly app;ications.

The major operational charééteristics distinguishing robots
of the same configuration are the resolution, the accuracy, the
load carrying capacity and the maximum operating speed. These
characteristics are interlined and depend upon thé strength of

the liﬁks, the joints, and the joint drives of the robot. The



TYPE OF JOINT

CONFIGURATION AND ITS SALIENT FEATURES
SEQUENCE
~ Work volume: Rectangular
: Strength Very high
P-P-P
“n - Flexibility: Fair
<. Accuracy : Constant
Work volume: Cylindrical
iL Strength Goed
(R YTIM -:1;-‘-;.- R-P_P
B S ) S Flexibility: Good
o N Accuracy : Varies with the
=T ~ extention of—the
‘ .arms
Work volume: Spherical
”-‘m‘xgq‘“‘ Strength Good
e — R~-R~-P )
—— " cy s
uu—_‘ﬁﬂf‘——i:TTAd Flexibility: Good
Accuracy : Varies with the
extention of the
arms
Work volume: Resembles partial
spheres
Strength Fair "
R-R-R
Flexibility: Very good
Accuracy Varies throughout

Lmar Hpae B

the work: space

Table 1.1. Robot architectures

3

and their salient features
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method of specifying these characteristics varieés from one robot

manufacturer to another. The most common approach of defining
these characteristics is';p speéify a résolutf;;“and accuracy,
and a maximum payload for.g given maximum speed. This approach,
howeéver, 1is on the conservative lside since a lower than the
max imum specified payioad can be moved at higher than the maximum
speed and vice versa. Another approach used by some manufacturers
of robots is to give the specifications in the form of a loading
diagram.

An example of one type of this diagram is shbwn in Figure 1.1 for

the ASEA Irb-6 revolute robot. With reference to Figure 1.1, in

Center of grawty of the payload

lf i
!
500 - T kg
_ 400 -
- [ ] ! kg
wn :
| Wrist center —— —| . ! 4k
Sk
B 200 —¥
Upper arm ' 100 +
\\'g
i | 100 200 300 400 |,

mm

Figure 1.1. ASEA Irb 6 loading diagram



this‘example, the manufactu:er‘implicitly guaranties the ac%pracy
and maximum operating speed for a combination of payload and
distance of the payload from the center of the robot wrist. The
larger the distance between the center of mass of the paylocad and
the center of the robot wrist, the less the load that can be

handled at the stated accuracy and maximum speed.

The operation of a robot that is purchased for a particular
task might not be found satisfactory if it is assigned a new task
in which the payload required to be handled exceeds that spec-
ified by the loading diagram. This overloading may result in a
slower motion or loss of accuracy .and hence a lower productivity
of the flexible ‘ﬁanufacturing system employing that robot. At
present, in situations where payloads that are higher than the
load carrying capacity of a robot have to be handled, there is no
recourse but to substitute the robot with a higher load carrying
capacity one. In some cases, the low payldad capacity robot may
be used at reduced speeds with the conseqlience of low produc-
tivity of the manufacturing system.

It is this overloading situation that prompted the current
étudy of alternate ;eans to enhance the operational characteris-
tics of existing industrial robots at lowest possible cost. This
WOrkrwilI.show that the'operational characteristics of polar or
revolute type robots can be dramatically énhanced by dealing with
the problems 6f balancing:the revolute joints that are affected

by the gravitational pull.



1.2. Robot link balancing

Balancing of the link of a revolute joint is the means of
reducing the torque necessary to rotate a link about a horizontal
axis within a vertical gravitational field. Balancing is there-
fore a topic of a particular interest for enhancing the charac-
teristics of revolute-type robots where two cascaded revolute
links rotate about a horizontal axis. Balancing is usually achie-

ved through the use of a lumped mass acting as a counterweight as

>

shown in Figure 1.2.

Counterweight

Grawity field

Horizontal joint

Figure 1.2. Balancing of a revolute joint
For a revolute type robot the second link or "lower arm" and
‘the-third link or "upper arm" are the ones that require balanc-
ing. The driving moment of the two links is commonly applied

through one of the following two methods:



a) A torque directly acting on the link at the jeint as in the

case of a PUMA robot shown in Figure 1.3, or

b) A force acting on an extention of the link as in the case of

an ASEA robot shown in Figure 1.4.

Actuating torgques

Figure 1.3. PUMA type revolute manipulator

Robot 1links driven using method (a) above are flexible in
the sense that they can be made to rotate through 360 degrees or
_,close to that, but are. generally weaker in construction than

those dciven using method (b). Furthermore, counterbalancing the



upper arm in this case is of limited benefit since any increase
in the counterweight mass results also in an increase in the
inertia of the 1link as well as of the total mass and inertia

driven by the motor drive of the lower arm.

-—— Upper arm

Baase

actuator

Figure 1.4. ASEA Revolute Manipulator
) t
In the case of robot links driven using method (b) abové,
the driving force for both the upper and the lower arms is usual-
ly generated using linear actuators attached to the first link as
shown on figure 1.4. With reference to Figure 1.4, the motive
force of the upper arm is applied at point D, and is transmitted
through the A-B-C-D parallelogram mechanism. This method of
driving the upper arm increases the effectivenéss of counter-

balancing the upper arm. This is due to the fact that the coun-



A
terweight can Be located in this case along the line C~D and not
along the upper arm itself, and thus does not increase the mass
ahd inertia that the lower arm has to drive as will be seen in a

later chapter.

When 5alancing the lower arm, the angular displacements of
both the uﬁper arm and lo;ér arm have to be considered since they
contribute significantly to the load carried by the motor drive
of the lower arm. In this case, however, the added'counterweight
and its inertial effect is carried by the first link and con-
tributes marginally to the torque required from the first link

i
drive.

1.3. Concept of the Active Counterweight

As the robot arm moves along fts trajectory, tﬁe torques of
the joint drives vary due to the load, the ;asses and dynamics of
the links,.as'weli as the interaction between these links. The:
links of a revolute type robot are usually balanced using a fixed
éounterweightl The counterweight .is typicélly deSigned to stati-
cally balance the corresponding.link, or the link and part of the
payload. At low operational speeds, the dynamic forces are negli-
gible.lThe approach of utilising-a fixed counterweight is ap-
propriafe for such cases. However, at high operational speeds,

the dynamic forces cannot be neglected. The magnitude and direc-



tion of these forces vary considerably for the same payload along
a trajectory, and a fixed éounterweight can no longer provide

adequate balancing at such operational speeds.
~

A literature survey showed little work done on dynamic ba-
lancing of robot arms {12], and’ improvement of the actuating tor-
ques of .robot 1links is currently achieved only through direct

drives and high torque brushless motors [13].

o

1.4. Thesis outline

!

This tﬁesis<deals with a new approach to balancing the links
of revolute robot arms. An active céunterweight varies its loca-
tion along the link axis as the robot arm traverses its trajec-
tory. The location of the counterweight is calculated based on
the load, the interaction bétween the 1links, and the dynamic
forces. As a result of better balancing, more torque will be
available from the joint drives of the balaﬁced links to carry

extra load or enhance the performances.

A simplified model of the dynamics of a revolute type mani-
pulater is derived; The model is sufficiently general to repre-
sent the two methods of driving the revolute links that have been
presented above. The advantages of driving the revolute 1links

through the parallelogram mechanism are outlined. A simulations

10



of the dyneﬁicsﬁof a robot equipped with an active counterweight
system is carried out using the specifications of the ASEA Irb 6
industrial robot. The simulation shows the enhancement in opera-
tional characteristics of the robot due to the active counter-
welight system. The simulation results ere ueed to guide the
.deslgn of a prototype active counterweight system. The prototype
Tas well as the control scheme necessary for the operatlon of the
counterweight are designed and built. Detailed description of the
system that‘have been built {s presented in this thesis. Experi-
ments are conducted with the prototype to test the imprevement in
operational characteristics of the total robot system. Results

of these experiments are presented.

11



2. D\..'NAHIC MODELLING OF THE ROBOT -ARM

-4

2.1. General model

¥

Figure 2.1 shows a schematic of the robot arm under inves-

. v.
tigation. With reference to Figure' 2.1, ‘the robot is a 3-link
revolute manipulator with both upper and lower arms balanced
using counterweights; Eéch counterbalanced link i1 is defined by

the following components:

- its Jjoint location .0; and its center of gravity G, :

kS ' +
- its 1length b; and the 1location of the center of mass with

respect to the joint axis “e; ;

its mass m; ;

a coordinate frame defined as follows:

(1) the sx_, axis lies along the axisf motion of the #*
joint f

(2) the =z axis is normal to the sx_, axis, pointing away from
it | i k.,

(3) the y axis completes the right-handed coordinate system as
required;

- a counterweight of mass m! whose center of mass E; is located

at a distance r; from the joint of the 1link.

-~
-

12



The dynamic analysis of both the upper and lower arms of the
robot provides the relationship between the actuator torque
necessary to move the arm, and the effect of its counterweight.

From these relations, it is possible ﬁé derive an optimum posi-

tion of the given active counterweight in order to minimize these

torques.

Figure 2.1. Schematic diagram of the robot

The analysis is conducted with the following conditions ¥4ssumed

in order to obtained a simplified model. This is necessary in

i3
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. o 4 .
order for the model to be usable for real time implementation of

the active counterweight system.

(i) The dynamic effects due to the trqns}ation motion of the
counterweight are neglected. That is to say the Qoug;erlfl
welght motion is assumed to be quasistatic. | |

(ii) The orientation of the wrist of the manipulator is assumed
to havellittle effect on Fhe dynamics of the system, com;
pared with the motion of tge three first links. l
Therefore, only the three first degrees of fréedom are
taken intd consideration. i

(iii) The robot arms are aséumed to be symmetric along their
longitﬁdinal axis, thus reducing the inertia matrices to
diagdnal ones., |

(iv) The wrist and payloéd are combined and assumed to be a

s point ﬁaés, and the dynamics of their motion with respect
to their reference frame ignored. This assumption is

reasonable due to the relative magnitude between the mass

and motion of the wrist and payload with respect to the

entire system.

2.2. Kinetic analysis‘of the 3 link robot manipulator

The acceleration of the kéy points, like the center of mass
of the links Gi and of the counterweight Ei , as well as the

acceleration of the wrist base of the manipulator 04 are neces-

£

14
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sary for the derivation of the robot dynamiés: S?nce the robot
arm is staticallyT determinate, the accelerations of all the
points are }elatéd to each other. In robot applicatf%ns, the
wrist base acceleration can be calculated from the robot trajec-
tory [3-5]. Using this acceleration, all other accelerations can
, be readily derived.
/

With reference to Figure 2.1, the link frame of motion

(G1,51, 31, k1) is defined with respect to the inertial frame

———

(O2,%0, 70, ko) as shown in Figure 2.2.

Figure 2.2. Link frame definition

With reference to Figures 2.1 and 2.2, the -kinematic rela-
tions are derivdd as follows:

using the folloWing_hotations for brevity:

Biy = 6; + 85 iy = 6; + 6, bij = b: + 85
- Ci = coa(f) . S = sin(5;) _
Ci; = coa(f; + ) Sy = sin(f; +65)
15 -
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The position vector of the wrist location O, with respect to the

base frame origin O, is given by:

0204 = Ci(b2Cs + b3Cas o +51(82Ca + bsCas)o + (25 + bs Saa) 2.1

Diffe;entiating this position vector with respect to time provi-
des the velocity of the wrist base as follows:.
Vo, = - [9-1:?1(5202 + b3Cas) + 01(52525'9 + 535335”)]:0
+ [6:C1(b3Ca + b3 Cas) — S1(b35262 + bs Sashas)) o
+ [‘59590; + énsbscas]ff‘o;__' . 2.2
The acceleration of O, is obtained by furthér differentiation and
is expressed in tﬁ; frame (i4,j1,£4) for convenience as follows:
G0, = = 626353 + 623b3 523 + 63 (b2C; + by Cyg) + 63825 + bagbsCas|iy
+ [f2b3Ca + f23b3C g3 ~ 63,5, ~ 634b3 52371 )
. + [0, (b2Ca% bsCas) + 26163555, + 26319-3353323]51 2.3
.All other necessary accelerations, derived froﬁ equation 2.2, are

o~
summarised in Appendix A. T~
_ <

5

2.3. .Dynamic analiysis of the link/counterweight svstem

a\ Tﬁe free body diagram of a balanced arm shown in Figure 2.3
can e split into two parts, as shown in Figure 2.4, in order to
isolate the counterweight from the link itself. Figure 2.3 show
‘an iéolgted link/counterweight system and the external forces
racting on that system. With reféfence to Figure 2.3, §,.,; repre-

sents the torque due to the previous link, and E_L‘ the force due

16
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to that link both'acting on the balanced link i, whereas @is1i and
Py1; are the torque and forée'due to the next link acting on link

i. The free body diagrams of the link and counterweight are shown

in Figure 2.4.

Figure 2.3. Free Body Diagram for link i N

With reference to the figure, 2 and §; represent the force
and torque due to the counterweight acting on the link itself.
The sum of forces and torques acting on the link are given by:

midg, = mif+ }-’:'-1,.' + ﬁ. + _ﬁ'-+l"- 2.4
: _. - - — .5

Lk + 0k x Lifl = Gooy i + Qi + Qizri + Gi0i x (Pimyy + B) + Gi0i41 x P Z

Similarly, the sum of forces and torques acting on the counter-

welght are given by:

17
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“midy, = mj- P 2.6

o Ltk + 4 a1tk = —G, - EOi x B 2.7
The torque 7 requited for the motion of the link i can be ex- -
-~ ' ' A

pressed in terms of the torque §i_,; as follows:

-

T =Gy K 2.8
, .

Solving .Equafiong 2.4 to 2.7 simultaneously

Qimrs =(5 + IO + 6L x (K + 1), + miGid, x (5 d5,)

and rearranging
give

+ mlE0; x (7-388,)+ 0010 x Bryy i — Givri

Figure 2.4. Expended Free Body Diagram

Equation 2.9 yields the general torque acting on the joint
of link i. From this expression, we can now obtain the general
torques for both upper and lower arms (link 3 and 2 respectively)

as well as the driving forqﬁes that we want to optimize.

18



For the upper arm (link 3), B, and Q.s represent the force
and torque due_to- the wrist and paylocad. As mentioned earlier,

the wrist and payload are assumed to be a point mass located at

the wrist base O, on link 3. Hence,

Bs=m(@-d,) 2.10
64.a=5 ' 2.11
where m is the combined mass of the wrist, the end effector

and the payload.

The torqpe d.ue to the lower arm acting on the upper arm , G.s can
now be expressed as follows:
Gas =(Is + I3)3s + {3 x (s + B)fls + ma G305 x (§ — 6c,)
+m'3ms><(§""33.)+mo—4_ésX(E—ﬁ'o‘) 2.12

The driving torque for the upper arm is obtained by substituting

" ¢3s from Equation 2.12 into Equation 2.08 as follows:

Ty= 62,3 -k
Ty =|(Js + I3)(ds] - K+ €8s x (Is + B){s] - £ + ms|G30s x (- dg, )] - £

e

+m3£30s x (7 - 3,)] - E+ m[0cOs x (§ - do,)] - E 2.13

~ For the lower arm (link 2), @2 is the torque due to link 1 and

acting on link 2. Substituting the indices in Equation 2;5 gives
@12 as follows: ‘
Gra =(hs + B)ha + {3 x (I + L)z + maGBs x (5 - )
+myE20; x {§— &g,) + 0303 x Ps 3 — Gz 2.14
where A, is the force acting on link 2 ditie to link 3.
A, is given by:

By g = miy(§ - dg,) + mo{7 — dc,) + m(7 - do,) 2.15

19



2.4. Parallelogram tvpe robot configuration

The leading manufacturers of revolute manipulétors such as
General Electric, ASEA and ACMA have chosen the parallelogram
type power transmission mechanism for their industrial robots.
In this configuration, the upper arm motion is transmitted from
an actuator attached to the base of the robot through the paral-

lelogram mechanism as shown on Figure 2.5 [6].

Figure 2.5. Parallelogram type robot arm

-

20



Such a con!igurétién results in a lighFer and 1ower inertia upper
‘structure since both the actuator and the counterweight of the
upper arm are located on the bedy (first link) of the manipula-
tor. The accelerations of the masses of the counterweight and
actuator are not subjected to large variations in ﬁhis confiqura-
tion as compared to the case where the counterweight would be
aligned with the 1link, and the actuator acts directly on the

upper arm.

The following derivation proves that the driving torque T
of the upper-érm'for the robot configuratiod shownhon Figure 2.5
isﬂ equivélent to that of tﬁe general configuration given in
Section 2.3. The only outstandingldifference between both con-
fiqurations is that in the parallelogram type rébot, the aﬁ-
celeration of the counterweight , 3g; , does ngt depend on the
motion of the lower arm as in the case of the general configura-
tion shown in Figure 2.1. . |

The free body diagram of the upper arm and counterweight for
the parallelogram type robot is shown in Figure 2.6. Let Ay be
the gctuating force acting at location B through the nut and
power screw arraignment. ﬁith reference to ﬁigu e 2.6, P, can be

expressed as follows:

py = P“.lfg + NH.;:I = P“. -+ NH.

The sum of forces and torques acting on the upper arm are ex-

pressed as follows:

2%



mSEG.=m3§+ﬁ:.3+p¢,3+P3+)ay. . 2.17

Iaﬁa + ﬁs X Iaﬁa = 'Q_z,a + G—m{ X ﬁ.la + G_gag X F;_;_i‘ G—;_;l x (ﬂ; + Pu,) 2.18

Similarly, the sum of forces and torques acting on the counter-

-

weight are expressed as follows:

m’33$;=m'35+}5;.3_ﬁ:'—ﬁu.+§u 2.19

Bl + By x Iifls = Ghs + 555 x (Fu, - o) + B5Gax B <20
Solving Equations 2.16 to 2.20 simultaneously and rearranging
give: . A

*

O_;—g X PM + Q‘:_a =(I3 + f;)ﬁ; + ﬁg X (.rg + f;)ﬁ; + Oﬁg x P4|3

+ msGs0s x (§ - dc,) + myE503 x {7 ~ g) ~ Qs

3

Figure 2.6. Free body Diagram for link 3 and its

counterweight for the parallelogram
configuration )
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due to link 1 acting on the counterweight of link 3 is given by:'

Rotary and linear joints. of industrial rbbots are generally
constructed using rotary and linear ball bearings respectively.
Furthermore, the vast majority of industrial robots ﬁtilizing a
power screw and nut assémbly‘for the conversion of rotary torque
to linear force use ball type screws. Consequently, for all
practical purposes, the friction forces and torques can be neg-
lectéd. Neglecting the friction torque at joint O;, the torque

Qs Fs=0 ' 5 B 2.22
In the parallelogram type configuration, there is no driving
torque between link 2 and link 3. fherefore, h

Gas ks =0 o 2.23
The driving torque of the upper arm due to the power screw and
nut assembly is given by:

Ty = 038 x Pu 2.R4
Solving. Equations 2.16 to 2.24 Isimultaneously and rearran ihg
yields: | |
Ty =l(fs + 5)63s] - E + [0 x (Is + B)fis] - E+ (0305 x ) - E

+ms[Gs0s x (7 — da, )] - E+ my[E30; x (7 - 3g;)] - k 2.25

Because of the parallelogram configuration,

%0, = £50;
Referring to Equation 2.10, the force acting at point O, B, is

given by:

'P“, = m(g§ ~ do,)

Taking into account theée two remarks, one can see that Equations

23
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2.13 and 2.25 are equivalent in their form. The only difference
is thé expression of the acceleration of the counterweight, ds;
Equation A.4.a in Appendix A gives the expression of the ac-

celeration of the counterweight as follows:

33; =(§”r3533 + éil’;Cu -+ é,’”racn) -:1
+ r3(~023Cas + 63,555) - 51

+ r3(8,Cas — Zé:é_gasns) - ky

From the above discussion and keéping in mind the . assump-
tions outlined in Section 2.1, the equations of motion of the
general configurafion-robot derived in Section 2.5.apply equally
well to the parallelograﬁ type of robot.

e |
The parallélogram type robot configuration is chosen for the

study of the active counterweight system.

. TypidaL industrial robots utilizing the parallelogram type
configuration are constructed with the lower arm not counter-
-balanced. Furthermore, there is no torque transmitted between

lower and upper arms in the k-direction at point 0y . That is to

say: )
my =0

Subétituting these results and Equation 2.15 into Equation 2.14

3
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gives:
@-2 x ﬁﬁ.ﬂ -03—0’2 X ["‘O(a_ 30.) + ""(a- EOI)]

+O_333K(p3+ﬁu.) 2.27

For the last term in Equation 2.27 and wifh reference to .
Figure 2.6, both vectors ;6, and (& + B, are in the same
direction i; . Therefore, the cross product

030, XI(F;+P‘¢') -
is identically zero.
The driving torque equation is hencé given by:

Ty=§a-k

T =afla 4. {8 x Fally] - E+ malG30; x (5~ dc,)] - F

+1{030: X [ms(§ ~ 3,) + m(F - 8o,)]} - E 2.28

None of the terms in tﬁfs equation are function of the location
of the counterweight rs. Therefore, the position of the'caanter-
weight of the upper arm has no effect on the driying torqﬁé of
the lower arm. This is a further advantage of the parallelogram

type robot configuration.

The purpose of this study is to prove the feasibility of
robot balancing through an active counterweight system. It is
thus not necessary at this poiﬁt to aFtempt to counterbalance
both upper and lower arms simultaneously, since this would result
in a cdﬁéiicatéd 'system from which the exact contribution of each
active counterweight system cannot be easily isolated. Only the

active balancing of the upper arm is considered in the following.

25



2.5. Expended form of the dvnamic equations for the parallelogram

type robot configuration

- b

In this section, the equation of the torque acting on the

upper arm is expended in order to express it as a function of the

upper arm counterweight location rs . This form of.the equation is

necessary in order to be able to optimize T3 with respect to "the

counterweight motion. With reference to Equation 2.13, "each of

the five terms cbmprising this equatidn are fully expended as

follows:

1) !1’,-1—!5!(7;-5

As the result of the assumptionbthat the robot links are sym-

metric along their longitudinal axis, the products
terms are identically zero; the matrices of inertia

and for its counterweight are as follow:

Ix, 0 0
Is = 0 Iy' 0
0 0 I

I, 0 0
L=[0o & o
0o o0 I

The absolute angular velocity of 1link 3 is given by;:

and

ﬁs = 9’13’1 -+ ég‘k.g + éSES
= 9.1323;"3 + é,C‘;;}’_-, + 623ks

The absolute angular acceleration is hence given by:

26
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6,=(%) a S
Fl‘ L

= (6153 + §1625Cas)is + ($1Cas — éléns‘n);a + 039k 2.30
The;efore P _ ..
(Is + I;)(;i; =(Ix, + I, (61523 + 61025C33)s -
+ (Iy, + pf,j(axcss — 61623533)%
+ (I5, + Iy, Yasks - | l 2.31
The component of the torque along the z-axis gs,given by :
(I,+15]53-E=(I,,+;}.)§,, ' - 2.32

L4

2) [Os x (s + 1)) - k

The expression ﬁ;‘x(I,,-i-I;)ﬁ, can be written as:

. - 9:1533 (Ix, +Px,)'é1523
s x (I + )iy = 61Cas | X | (Iy, + I}, )8,Cas
a3 (s, + Iy, Yoas

Hence, the component of the torque along the z-axis is given by:

(s x (Is + B){Is] - K= (I, + Iy, — Ix, — I,)63535Cns : 2.33

K

3) my|Ga0s X (7— g, )] - s

With reference to Figure 2.5, the vector &0, is given by

C;'a_o.a = —Cai‘a '
= ~e3(Cast1 + Sas71) 2.34
Utilizing Equation 2.34, the expression (30, x (7-dg,) can be

written as:
. ¢ —e3Cas “aél
G304 x (§—dg,) = | ~esS3s | x | (g +ak,)
0
( )

Hence, the component of the torque along the z-axis is given by:

ma[@a X(?—Eaa)]'E=m383|038(9+0£.)“523°é,] 2.35

27



Substituting for oX, and ef, from Equations A.2.b and A.2.c in

Appendix A into Equation 2.35 gives:
ms[ms X (§—dg,)| - k =myes|Casg + 6202Cy + B350 + 53635,

( + S3383(b3C5 + e5C3s)} . 2.36

4) mb[B30; x (7 dg;)] -k

With reference to Figure 2.5, the vector B0,  represents the
radial displacement of the counterweight and is given by:
E?)-J:fg;; W

= ra(t'za;1 + 523;1) 2.37

Substituting Equation 2.37 into the expression 4) above gives:

- r3Cas EQY
Ey02 % (§—dg:) = | raSas | x | ~(9+af;)
. 0 _Ggr

r 1

The component of the torque along the z-axis is given by:

m4|E30; x (7~ &gy)] - k= —myrs[Cas(g + afk; ) ~ Sxaj;| 2.38

Substituting for a§; “and a%s from Equations A.4.b and A.4.c in
3

Appendix A into Equation 2.38 gives:

mQ[E—';_O‘g X-(E— Egl’)] k= —-m;rg[Cgag - 9-931‘3' — é?r;C:ssgsl . 2.39

5) ma[ma x (§—do,)}- k

The expression 5) is similar to that in 3) above. With reference
to Figure 2.5, replacing e by 3, , ms by m., and the acceleration
d; by &, 'in Equation 3.36 gives: |

m(0aOs x (7= do,)] - E =mbs[Casg + f2b3Cs + fzsbs + S363b;

% S3362(b3C; + 83 Cis))] 2.40

Substituting Equations® 2.32 , 2.33 , 2.36 , 2.39 and 2.40 into

28
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Equation 2.13 gives:
Ty =(Is, + I, )23 + (I, + I, — Iy = I, 183 525Cs — miyrs(Casg — Basrs — §3rsCis $2s) .
+ myea|Casg + 8262Cs + fa3es + S3b3bs + 2363 (b2Ca + e3Cas)]

"+ mbs[Casg + $282Cs + Fasbs + Ss63by + Sz382(62C3 + b3 Cas)]

It should be noted here that the components of the torque along i
~and j are absorbed in the joint structure and' do not contribute

to the driving torque.

Egquation 2.41 can also be rewritten as follows:

Ty =arg +brs+c 2.42

where |
a = mi(fzs + 63 C2353s) 2.43
b= —mygCas | - 2.44

‘e =faa(ls, + 5, + mac3 + mb3) + gCaa(maes + mbs)
+ 03 533Cas{ Iy, + Iy, — Ix, — I, + mac3 + mb3)

+ (9-203 + 5333 + 5352509)("‘:‘3 + mbs )b

The driving torque of the upper arm is thus a quadratic expres-

sion of the location of the active counterweight.

.
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2.6. Upper arm torque minimization problem

Minimizing the driving torque of the upper arm can therefore
be achieved by solving the following eguation:

) ard +bra+c=0 - 2.46

Tt is interesting to notice that whenever the discriminant

of Equation 2.46 is positive, two locations for the counterweight

_exist for which the driving torque of link 3 is equally zero. As

far as the real physical problem is concerned, the counterweight
will not travel from - e to + oo, but its motion will be restric-
ted inside lkoundary positions. Therefore, whenever a root for
Equation 2.46 happens to be located in between these physical

limits, the motion of the active .counterweight to this particular

position reduces the driving torque of the upper arm to a zero
value. In the case where there is no root inside the boundaries,

the one of the two extreme position for which the torque is

i

minimum is chosen to locate the active counterweight.

In the next section, the optimization process is fully

detailed and simulated given the actual shape of the upper arm

torque curves for various counterweight locations. )
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3.SIMULATIONS

-

In this chapter, a comparison is condpdfed betwgén the per-
forﬁances of a standard industrial revolute robot, the ASEA
Irb-6, equipped with an active cdunterweight .system, and the
performances of the same. robot .when equipped with the convention-
al fixed counterweight system.-To carry out this comparison, a
general trajectory!is chosen and the performances of the robot
when equipped with the fixed counterweight is simulated. AAreali—
stic range of displacement for the active counterweight system is
chosen. The location of that range along the axis of the upper
arm is optimised in order to étatically minimize the torque for a
giveh paylcad. This operation yields the concept of a "quasis-
tatic counterweight.. |

The dynamic counterweight is allowed to traverse its range
of motion in order to minimize the driving torque of the upper
arm around zéro whenever possible. Power consumptions are com-
pared for both cases. The ASEA Irb-6 robot -has a general revolute
configuration. Thus the comparfgéﬁ gar:ied out in this chapter
may be easily extended to examine the performances of any revo-
lute robotfequippgg with the conventional counterweight system to
that when the robot is equipped with an active counterweight

system.
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3.1.Robot arm used for analysis and testing

The ASEA Irb 6 shown on Figure 3;1'is a parallelogram typel
_ revolute robot manipulator mostly used ih industry for assembly
and welding purposes. With reference to FigureIB.l, tﬁe fixed
counterweight (F) that balances the upper arm (U) is to beAréglaQ

ced by the active counterweight. The maximum payload this robot
‘can carry is 6 kg and the maximum velocity of its tip point is

2.5 m/s when both arms are fully extended.

(F)

Figure 3.1. ASEA Irb 6 robot arm
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3.2, t ect use or the simulation

A trajectory is chosen such that it results ih the most
demanding conditions of maximum angular velocity for the first
three links while “t}¥e tip of the robot is travelling close to, or
along its envelope. Figure 3.2 shows a sketch of the robot con-

figuration along this trajectory.

N

P/ "

Figure 3.2, Trajectery
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With reference to the figure, the payload travels from P, to A
via fa, and returns to P, through P, again. The robot is made to
stop at each of the defined points.

Figures 3.3 to 3.5 show the kinematics of the‘three primary
joints of the robot, joint 1 for the base link, joint 2 for the
.lower arm and joint 3 for the upper arm as they are defined on
Figure 2.1. It has to be noted here that 9y 1is the angular posi-
tion of the upper arm measured w1th respect to the 1ongltud1nal
axis of link 2, and #¢; is the angular position of the lower arm
with respect ec the horizontal. Therefore the actuator of link 2
(lower arm) inscribes the angle #; whereas because of the paral-
lelogram configuratiom, the actuator of link 3 (upper arm) in-

scribes the angle (8,460 «

0]

200.0

TION (DEG)
_ 1?0 [o]3]

40.00

ANGULAR POSI
. ~40.00

120_00
‘

O-

.00 0.80 160 ., 2.40  3.20 4.00 4.80 5.60
: TIME (SEC)

Figure 3.3. Angular positions of the 3 first links
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Figure 3.4. Angular velocities of the 3 first links
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Figure 3.5. Angular accelerations of the 3 first links
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3.3. Concept of the active counterweight svstem

Equation 2.41 is. used t&; calculate the joint torque with
respect to time for a given counterweight location rn . The equa-
tion gives the torque of the upper arm as a guadratic function of

‘ +
the location of the active counteryweight as follows:

Ty =arj +bry+c¢

[y
.The location 71 of the active counterweight can be expressed as

the sum of a reference position R, and a relative position §&,, as

] %
follows:

r3=R3+63'
where 46, varies between ¢ and A,, and, A, is the range of
t

motion of the active counterweight.

- The difference in torque requiredl to move the hpper arm is hence
calculated as follows: .

ATy = a(Ry + A3)? + b(Rs + As) + ¢ — (aR] + bRy + ¢)

= (2085) Ry + 0] + bAs ’ , - 3.1

Equation 3.1 as ;:ell as the plot of that equation shown in Figu-
re 3.6.a shows that ATy varies linearly as the range of movement
of the active counterweight is -+translated along link 3} The
intercept of the linear relation is given by ( aad+bA, ) and
corresponds to the condition where this reference is located at
the joint of the link, R, = 0. The slope éf the relaltion is given

by (2a4s).

36

£



.00

}(Nm
-EO.GO

IN TORQUE
-F0.00

-30.00

DIFF.

40.00

(=)

8p- 00

0.10 0.20 0.30 0. 40 0.50 . 0.60 0.70
REFERENCE POSITION (m) :

Figure 3.6.a. Difference in torque

o

(Nm)
'4P.00

0.00

TORQUE T3

-40.00

1

oy 0.00

1 M .i v -0
0.10 0.20 - 0.30 0. 40 0.50 0.60 0.70

REFERENCE POSITION (m)

Figure 3.6.b. Torque -vs- reference pbsitiop

37



The torque required to move the upper arm when the active coun-
terweight"is located at the referenéE position,aﬂa, is éiven by:“‘
Ts(Rs) = aR3 + bRy +.c : _ 3.2

A plot of this equaéion is shown in Fig&fe 3.6.b. Thg”plot shows

that it is possible to bias this range of motion of the active

counterweight so as to minimize the: torque required to move the
upper arm.

When Considéring tﬁe concept of active counterweight, two
different approaches may be considefed: theée are:

a) The total mass of the counterweight is allowed to move as the
robot traverses its trajectory.

b) ?he mass of the counterweight is divided into two pafts: the
first part is positioned so as to balance thé payload and is
locked in place during the -motion of the robo%. This part is

‘termed the "quasistatic counterweight". The second papt of the
counterweight is allowed to méve as the robot traverses its
trajectory so as to balance the dynamic forces resulting from

the robot motion. This part is termed "dynanmic counterweight".

The second approach is used in this work since it requires
less counterweight mass to be dynamically moved. Figure 3.7 show;
a schematic diagram. of the proposed active counterweight system.
With reference to the figure, the quésistatic‘counterweight is
designed to be approxihately one third of the total counterweight

mass. Furthermore, the dynamic counterweight is moved relative to

-

the quasistatic one.
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Figure 3.7. Active counterweight system

Figure 3.8 shows the torque curve for three counterweight loca-

tions; these are:

a) The stahdard1 fixed counterweight location supplied by the
manufacturer._

b) A location corresponding to the fully retracted position of
the dynamic system, and

€) A location corresponding to the  fully extended position of the

dynamic counterweight.
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Figure 3.8. Torgque curves for the upper arm

With reference to Figure 3.8, the difference between the torque
curves for the fully retracted and fully extended dynamic coun-
terweight represents the range of torques that would be required
to move the upper afm as the dynamic counterweight traverses its
range of motion. The position of the ytwo curves themselves is
governed by the bias position, R,, of the quasistatic counter-
weight as can be deduced from Equation 3.2 and Figure 3.6.b. This
bias also affects the space between the two .curves as can.be
deduced from Equation 3.1 and Figure 3.6.a.

Assuming that the drive motor of the upper arm is capable of
delivering the same amount of torque in the forward and reverse

rotation, the bias R, can be calculated as follows:
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Let the middle“of the range of motion of the d?ﬁamic.counter-
weight corréspond t9 a torque Ts,lwhere Ty 1is the javerage torque
required from the drive motor as the upper arm traverses its
trajectory. This condition results in expending the range betwéen
the maximum of the required torque and the torque availgble from
tﬁe axis drive. Subétituting the ‘éondition in Equation 2.42
gives: .

TS:“(R3+%)2+5(33+92—3)+C

or:

R. = —(08s +0) & VT —qac + 4aT;
3——

2a -

3.4, Dynamic counterweight motion

Once the upper arm has been balancedmthrough the §uasiétatic
counterweight for a given payload, the dynamic counterweight
location that provides a minimum absolute value for the driving
torque of thé upper arm can be defined by solving Equation 2.4s6.
When one or both roots of this equation fall within the range of
motion of the dynamic counterbalance, the root indicates the
location where the torque required to move the upper arm is
identicaliy zZero.

In the caée where none of the roots fall within the range of
motion of the dynamié counterbalance, one of the two extrema of

the range would yield the minimum of the driving torque.
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Figure 3.9 shows the torque curve under the aséumptigﬁ}that the
dynapic counterweight can reach its desired locatign instan-
taneously; the corresponding displacement of the active coun;gr?
weight is shown.in Figure 3.10. |
The large displacements of the dynamic counterweight that have to-
be carried out rapidly yield non realistic maximum counterweight
velocities and accelerations in the order of 3.1 m/s and 78 m/s3
respectively. .
The dynamic counterweight drive of the prototype is capable
of a maximum accelération of 7 m/s? and a maximum velocity of 0.2
m/$. Figure 3.11 shows the tdique plots when these practical
limits are imposed on the velocity and the acceleration of the
dynamic counterweight drive. The torque plot for the case whﬁre

the fixed cqun%erweight balances the upper arm is shown in Figure

3.11 for comparison purposes.

Figqure 3.1§ shows the displacement of the dynamic counterweight

correéponding to the plots of Figure 3.11. o

With reference to Figure 3.12, g finite amount of time is now

necess&fy for the active counterweight to move from one extreme;

location to the other. As a result of this limitation, the drive
N

torque of the joint is no longer instantaneously Eiﬁimum when a

change in the dynamic counterweight location is required.
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3.5. Performance enhéncement due to the active counterweight

Figure 3.i§ éhowg the tordque pldts for the upper arm drive
‘when the robot arm is overloaded by 17%. This correéﬁonds to a 7
kg payload. The Figure shows the limit of the torque availabie
from the upper arm drive to be approxiﬁately 60 Nm. The torque
required to carry the payload of 7 kg, when the robot is equipped
with the sfandard fixed counterweighﬁ, exceeds that limit at a
few points, thus indicating the inability of the robot to carry
such a payload. The torque plots when the robot is equipped with
the active counterweight for the case of an ideal dynamic coun-

)

terweight motion as well as for the practicél one are also shown

. on this figure.
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Figure 3.13. Torque curves for a 7 kg payload
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The quasistatic counterweight has been adjusted in this case so
as to equalize the peaks of the torque curve on either 51des of
the 0 Nm axis. These plots show that when the active counter-
weight system is utilized, the robot can carry the 7 kg payload
with no degradation in its performances. The maximum payload that
can be carried by the robot when equipped with the active coun-

terwelght can be derived from equation 2.42.

] fized counterweight
o
=4 . ‘

o real actsve counterweight
w .
= ideal active counterweight

58
-5 O
=%
m .
-] A
=3 A
— » !
oo
SN
)
!
" ¥
= ; L
4 ]
, ‘ =
000 4.80

(SEC)

Figure 3.14. Power curves

Figure 3.14 shows the power cgnsumption, for a ' payload of
6 kg, when the robot is equipped with the fixed counterweight and
with the active counterweight system. With Ireference"to the
figure, the power consumptlon of the upper link drive, when the

robot is equipped w1th the active counterwelght system, is glo-
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bally lower than for the case where the fixed counterweight is

utilized.

Force required to drive the dvnamic countefweiqht

‘3.5,

Figure 3.15 shows the Free . Body Diagram of the dynamic

countefweight.

‘ 93‘+93 l -_ ‘ — 1 >

Figure 3.15. Active counterweight
Free Body Diagram

With reference to the figure and assuming negligible friction in

the 1s ~direction, the sum of forces acting on the dynamic coun-

terweight is given by:

md=mi+F+ R
where m is the mass of the dynamic counterweight.
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The balance of forces for the components of Equatioh 5.3 along
the iy —axis is given by: {
max = —mygSay + F 3.4
With reference to Equation A.10 in Appendlx A the acceleration
of the dynamlc countexweight is expressed as follows:
a= (—Fs + rs(61C3 + 634))%,
— (rafizs + 235 + rséfcnas‘za);.'s ‘
+ (r3(81 Cs — 26162352) + 26y Cas) By - 3.5
Substituting Equation 3.5 into Equation 3.4 gives:

F= —m(F; - ra(éfc.';, + 333] — 9533) 3.6

Figure 3.16, 3.17 and 3.18 show the acceleration, force and power
consumption of the dynamic counterweight as it traverses the

trajectory of Figqure 3.12.
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Figure 3.16. Acceleration of the
dynamic counterweight
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The wave curve shown in Figure 3.17 is essentially due to the

term ( mg¢S» ) of Equation 3.6 that represents the effect of the
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inclination of the upper arm'resulting from the motion of the
robot along the, tra]ectory The sharp peacks, on the other hand,

represent the force that result from the acceleratlons and dece-

-

lerations of the dynamic counterweight whlch are shown in Figure

3.16. Power reguirements for .the dynamic counterweight' drive

remain reasonable as shown in Figure 3.18.

As a result of the dynamic study and the simulation, the
characteristics of the active counterweight system for the ASEA

w

Irb-6 robot are summarized as follows:

‘The total mass of the counterweight system is 15 kg. This
mass is equal to that of the fixed counterweight supplied
by the manufacturer. ‘

The active coﬁnterweiéht system is compbsed of two parts:
a) a quasistatic counterﬁeight of 5 kg;

b) a dynamic counterweight éf 10 kg.

The maximum acceleraéion of the dynamic counterweight is

7 m/s3,

- The maxigualkyg;ocity of the dynamic counterweight is

0.2 m/s'. . "-
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4. PROTOTYPE DESIGN AND DESCRIPTION

A prototyﬁé of the active counterweight sYstem has. been
dééigned and constructed so as to verify experimentally the.
cqncépt and feasibiiity of such a counterbalancing system. The
prototype has been installed on an ASEA Irb-6 robot: Figure 4.1
' shows a schematic diagraﬁ of the prototype systém.

The active counterweight sfstem uses the dynamic model of the

robot and counterweight to’find the opﬁimum location of the two

countefweights. Feedback information about the kinematics, an-
gular positions, velocities and accelerations of the three first
links of the robot are fed into the model frqm the robot sensors.

The  system consists essentially of four distincf ﬁarts as fol-

lows:

1) The mechanical systen, consisting of the dynamic and the
quasistatic counterweights.

2) The data acquisition and processing system necessary to pro-
vide the balancing coordinator program with the kinematics of
the robot arm.

3) The balancing coordinator program that defines the location
of the counterweights, based upon the payload and robot tra-
jectbry, in order to minimize the torque .required from the
upper arm

4) The control system for the quasistatic and dynamic counter-

weights.
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Figure 4.1. Active counterweight system

Detailed description of these four parts follows:
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/r“\i\\;.l, chani syst

’ As mentioned earlier, the active  counterweight system is
intended to be an add-on syétem ﬁb;an existing robot arm. conse-
quently, the system has to replace thetfixed counterweight sup-
plied by the manufacturér: and to operaté within this tight space
provided for the fixed counterweight.

Figure 4.2 sth; the assembly drawing of the mechanical
system. With referénce to Figure 4.2, both the dynamic counter-
weight (M) and the quasistatic counterweight (N) slide along a
pair of shafts (S) and (D) respectively. Guide shaft pair (S) for
the dynamic counterweight are mounted on the quasistatic counter-

weight (N) as

an be seen in the figure. Due to the rapid and
frequent movements of the dynamic counterweight it is desi&ned to
ride guide shé?tsxiglfnn/'inear ball bearings (A) so as to' mini-
mize the friction forcest The quasiétatic counterweighﬁ, however,
rides guide shafts (D) on brass bushings (B) and slides with.
respect to the robot termination (C). Both counterweights are
powered by electric DC motors through rack and pinion mechanisms.
The rack (E) for the dynamic counterweight is fixed to the quasi-
static counterweight system. A geared DC mofor (F) rides on the
dynamic and carries the pinion (Gf. The pinion (G) meshes with
the rack (E) and causes the translation of the dynamic counter-
Qéiéﬂ£ when it rotates.

The drive mechanism for the quasistatic counterweight is a simi-

lar system to that of the dynaﬂic counterweight outlined above.
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The two counterweight systems use position and velocity feedback
for motion control. The angular velocities of the motors (F) and
(P) are measured by tachometers (H) and (R). The linear veloci-
ties of the counterweights are derived from these signals. in-
cremental shaft encoders are &sed to measure the angular dis-
placement of the pinions. The linear displacements of the coun-
terweights_are calculated from these signals. Figure 4.3 shows

i

the active counterweight system mounted on the ASEA Irb-6.

The complete set of design drawings and photographs of the

components ‘are given in Aﬁpendix B.

4.2. The data acquisition and processing system

The ASEA Irb-6 robot uses resolvers for measuring the an-
gular position of the joint actuators [6]. Within one revolution
the angular position of the actuators is represented by a phase
shift between a 'reference input signal (Rref) and an output
signal as shown on Figure 4.4. Both reference and output signals

are available from the robot controller.

Since the angqular diﬁp}acements or the robot joints are not
- \~\\-, )
readily available from the robot controller, these displacements

have to be calculated from the raw signals of the resolvers as

follows:
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a
The rising edge of the reference signal starts a counEer/timer.
The countef/timer stops when the rising ' edge of the shifted
signal is encountered. The elapsed time during this period is
directly proportional to tﬂelangular rotation of.the motor within

a revolution.

reference snignal th[ —_

output signal of the resolyer POS;

. phase shift

= angular displacement

Figure 4.4. Resolver principle

Figure 4.5 shows the practical realization of the 28 micro-
processor based c#rcuit for calFulating the displacement. With
reference to the figure, the reference and shifted signals are
first converted into short pulses using monostable multivibrators
in order to avoid undesired effects of overlap of the two sig-
nals. A JK Flip~Flop is set on the low to high transition of the

reference signal. The oﬁtput of the resolver resets the Flip-

flop. The Flip-Flop signal is used to start and stop a counter in
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the mlcroprocessor when configured in a "Gated Internal Clock
Mode", The angular position of the robot joints are sampled one
after the other. For the simplified model used in this work, the
positions of the upper and lower arm joints only are recquired,

and the microprocessor samples these two pesitions only.

clock

Aol 1ol =] |
—l POS; | ” K 9

L - Voo mults control lines
E i phase shift m"?r‘;‘:c‘rﬂ Flip - qup i‘ : 5 plezer
[ i 1 ]
" to be measured rccoriatr;ctcd
phase shift I
. Z8 microprocessor

Figure 4.5. Position sampling

Full revolutions of.the joint actuators are calculated from
the resolver signals as follows:
Figure 4.6 shoﬁs the phase shift sequence when a joint motor is
rotating at a constaﬁt velocity in a given direction. With refer-
ence to the figure, the sampling peried 't' of the counter cir-
cuit discussed above is much smaller'than the minimum period of
one revolution of the joint motors. The maximum absolute change

in phase shift within one revolution is calculated based on the

of
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maximum possible angular 'velocity of the joint motor and the
- sampling period. A recorded phase shift larger than this maximum
indicates a- boundary of one revolution has been crossed in a
negative sense, and the full revolution counter has to be decre-
mented. This situation is portrayed in Figure 4.6 by the transi-
tion B to A. On the other hand, a change in phase shift less than
the negative of the maximum phase shift within a revolution
indicates a boundary of one revolu‘}:ion has been crossed in a
positive sense. This situation is portrayed in Figure 4.6 by the

transition A to B.

™ .
4 phase
shift ’

one Full revalution positive

rotogiion

Figure 4.6. Determination of the angular position
of the link

The velocity of each link actuator is fed-back through a
tachometer that provide a voltage proportional to the velocity of

the 1link itself. The wvelocities of the three first links are
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sampled u51ng Analog to Digital Converters and are stored by the
mlcroprocessor Flgure 4.7 shows a block diagram of the structure
of the software for the sampllng process. As shown in Fiqure 4.7,

the klnematlcs of the robot 1links are stored and are at the

dlsposal of the counterweight system controlling computer for the

computation of the dynamic model.

— = ADC

velocity
CondiFron ing
cirew b -
Phase dif ference
Counter -
processing
A-‘_'_-——-——-_-—._’-7 \
Increment Decrement
. L [ Store . L
link position link position
— Py
T Robotl Ilnk Stomge
selec Fron - areq ¥
— e
Z8§ micro computer

7o control computer

—3-

Figure 4.7. The Sampling Process flow chart
A detailed flow chart of the sampling process and the cor-

responding assembler program for the Z8 Basic/Debug microcomputer

are presented in Appendix C.
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4.3, e b ci coordinator pro ram

The role of this program is to derive the optimum position
of the active counterwelght when the robeot arm ‘traverses its
trajectory. The program also calculates the optimum location of
the quasistatic counterweight for a given payload. - |
Figure 4;8. éhows the flow graph of the program. The program is
written in Fortran and runs on an 8 MHz microcomputer based on
the 8088 microprocessor (IBM compati]:;le) and equipped with an
8087 math coprocessor. With reference to the figure, the program
mainly consists of one léop that is ‘repeatedly executed. For
every execution cycle, the pfoéram reads the positions and velo-
cities of the first three links from the data acquisition and
processing system. The angular displacement of the links are
approximated to one full revolution of the link drive motor (i.e.
2 degrees) in order to increase Processing speed. The 2 degrees
inaccuracy results in a maximum error in the calculation of fhe

transcendental functions of 1.8%.

The accelerations of the links are derived from the cor-
respo;ding linklvelocities as follows:
N (k) = %[é;(k) — b5k - 1)) | ‘ 4.1
;;hegg (k) is the presen; angular velocity of the 1link,
2BK—U is the previous angular velocity of the link,
fi(k) is the present angular acceleration of the link

and T is the period of the cycle. -
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READ MASS OF DEFINE QUASISTATIC
PAYLOAD LOCATION
| READ ROBOT . SEND TO
KINEMATICS CONTROLLER
DERIVE ANGULAR
ACCELERATIONS
SOLVE
ard 4+ bry L=
ANY ROOT
INSIDE INTERV AL ~ No ,
[rml'rn ”nuu} ?
ACTIVE COUNTERWEICHT ACTIVE COUNTERWEIGHT
LOCATION = OBTAINED LOCATION =
RoOOT PREVIOUS VALUE

¥
SEND LOCATION TO
THE CONTROLLER
|

- Figure 4.8. The balancing coordinator program
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The eptimum location of the active counterweight 1is then
comp$ed usingi ation$;2;42 to 2.46. The calculated location is
thel™ sent te ;:jn;:\;;crocomputer based controller of the coun~
iLerweights. Due to the high speed of motion of the_robot linke,
the number of cycles of the balance coordinater program that have

' eo be executed per, seécond ﬁust'be large so as to reduce the
dlstortion due to thelblgltal proce551ng. In order to increase
the speed of executlon of the Fortran program, look—up tables -are
used ;\\flnd transcendental functlons, rathef than calculatlng

them.

The‘descrlptlon and computer 1lst1ng of the halance .coor-

dinator ‘program- are given in Appendlx D.

%4 trol system : - o
The theeretieal design of the control system for both the
dyﬁamic'aﬁd quaeiStaéic'ceunterweights is identical. Both coun-
terﬁeights consi;t'of a'mass'that_isitranslated»gsinb a DC motor
;tﬁrough‘a rack and pinien transmission‘system.cFigure 4.9. .shows
a block diagram of the feedback controi system for either coun-
tefwei@hte.' With reference to the figure, the control system
cegsists of a digital part and an analog parﬁ. Analog to digital

¥
i v

and digital to analog converters ‘interface these parts together.



[ CONTROLLER] P — v [+ LOAD .
/ - DAC + AMPLIFIER _ MOTOR
ponition
i AMPLIFIER SHAFT ENCODER
feedback

velocity feedback

ADC |« TACHOMETER |«
| S
| )
-
" d? acceleration feedback .
di3

DIGI TAL - ANALOG

Figure 4.9. Control loop for the counterweights

The optimum location o¢of the counterweight =z, is compared

with the feedback signal d result in the error signal e. This

@
by

error is processed by the controller and becomes a command signal

>

p. These opéri§ions are Higitally performed using a Z8 microcom-
puter.«The commana"is then converted to an analog signal and
amplified dsing-a'transiétor circuit in order to power the motor.
Petailed description of thé mathematics and components of the

control system follows:
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4.4.1.‘Desiqn of the contreollers

Due to the similarity of poth counterweight systems, the
design procedure is presented in details for the dynamic ;ounter~
weight, and only the final results for the &uasistatic counter-
weight.are given. A schematic diagram of the counterwéight and

its drive motor is shown on Figure 4.10.

A permanent magnet armature controlled DC motor is used to

drive the counterweight.

Figure 4.10. Schematic diagram for the counterweight and
its drive motor system

2
With reference to Figure 4.10, the electromechanical rela-

©

tion .-for the motor is given as follows ([9]:
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(V - kyoa)

Tu=ky R+Ll

where T 1s the motor torque,
¥ is the applied voltage,
ky is the back EMF constant,
§ is the angular position of the motor,
R is the armature resistance

and L is the armature inductance.

The moment equation for the motor rotor givés is given”by:
Tne = (Jo? + fa)d+ —F N 4.3
n

where J is the inertia of fhe rotor,
f is:its frictibn.coefficient,
r 1is the radiﬁs of the pinion,nﬂ
n is the gear ratio
and F is the force transmitted by the pinion to _the

rack.

The angular position © of the motor can be expressed as a func-
tion of the linear displacemerit X of the active counterweight as
follows:

0="=
rX 4.4

The dynamic equation for the active counterweight along the
x-axis is: given by:

ma?X + P(s) = :F
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where P(s) is a disturbance term that includes the effect of the
inclination of the counterweight with respect to, the

horizontal axis as well as its accéeleration in fthe
x-direction due to the motion of the robot itself.

Solving Equations 4.2 to 4.5 simultaneously and rearranging .

gives the position of the active counterweight as follows:

rnkaV(s) — (R + La)r?P(s)

Xa) = I(R‘+ La){(Jn? + rm3}a+ (R + Ls) fn? + kokaend]s 4.6

Figure 4.11. shows the complete bloc diagram for the position

controller of the active counterweight.

Pi(e)
D) o ke ol ki (o] 6 (o)
a0 |a ko
| oy kya -
e |

Flgure 4 11. Complete block diagram of the
. dynamic counterweight
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with reférence to Figqure 4.11:
WHD’(JS) is the transfer function of the controller which is
¢ still " to be detérmined,
k, is the gain.of the power amplifier,

-

G'(s) refers to eguation 4.6 and is expressed as follows:

1

’ A
Gla) = [((R+ La)(Jn? + 3m)s + (R + La) fnd + kykpn3)s 4.7
P(s) is the equivalent disturbance given by:
P'(s) =r3(R+ Ls) P(s) 4.8

ko is the gain of th¢ position feedback
\ .

k1 is the gain of the velocity feedback

@ , &1 and a1 are additional software adjustable gains for

the position, velocity and acceleration feedbacks

respectively.

The acceleration of the counterweight is calculated using the

bresent and the previous velocities every sampling period as.

follows:

(k) = 1#-‘--(k) - (k- 1)) _ . 4.9

With reference to the superposition theorem, one can ignore

for the time being the perturbation due to the disturbance P and

proceed with a pfeliminary design for the controller.
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The design of the controller is conducted in the continuous
time domain using the' root-locus method [8-9]. The digital al-
gorithm is obtained latér from the analog transfer function using
the Z-transform analogy. If the sampling period decreases, the
discrete time transfer ‘function obtained using this method become
more accurate in representing thesdesigned continuous time trans-
fer function ([7-10]. A s'ampling period of one tenth the smallest
period in the input change is chosen. According to the simulation
results, th;a minimum time required by the counterweight to move

from one extreme position to the other is about 0.3 second. The

sampling period is chosen to be 30 milliseconds.

The controller is designed to be a Proportional-Integral
(P-I) one in order to improve the stéady state error and - to
reduce the effect of disturbances. The derivative action is not
necessary in the controller itself since the velocity and ac-
celeration in the feedback loop introduce an effect similar tc
that of a derivative component {7].

The transfer function of the controller is expressed as follows:

k:/kp)

D(l)=—'kp(1+—"'_' 4.10

Figure 4.12 shows a rzduction of the entire system block diagram

with values of the system pdrameters.

\
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z, _ kp (1+ kr/kr) . 285 x -
s s(s + 54.92) (s + 1192)

3,0, 108750
800aa(s’ + Jte =)

Figure 4.12. Reduced block diagram of the
) - dynamic counterweight

The choice of the values for the feedback sensor gains is
made so as to allow maximum range of adjustment, yet would mini-
mize round off errors during- calculations. This yields the fol-

lowing numerical values:

ag =1
a; =05 \ 4.11
Ctg=0.015 1

The feedback transfer function is factorized to give:

F(s) = 12(s + 3.73) (s + 29.6) 4.12
All the poles and zeros of thelsystem fall inside the.region oz0
to &= -55 in the ¢ versus jw plane, except for one of the poles
of the motor and load transfer function. This pole is located at

s=-1192 and can be neglected.

The ratio between the integral and proportional gains in the
transfer function of the controller £ /ke " is kept small so as to
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minimize the integrai effect and thus reduce gventual oscil-
lations. The following raﬁio is chosen;_ . ._h&/k, =.0.1

The bloc diagram of Figure 4.12‘thus reduces to that in Fiqure
4.13:

%

0.1 - 0.205
s(s -+ 54.92)

+-
-|

i:p (1

12(s +3.78)(s +29.28) [~

Figure4.13. Final block diagram of the
' dynamic counterweight

With reference to Figure 4.13, the characteristic equation
of the system can be expressed as follows:

h+anp+&nuﬁ+mﬁ)=0

1+ K
83(s + 54.92) 4.13

where .

K = 2.465kp | 4.14

The root-locii for the zeros and poles of the system as K
varies from 0 to co are shown in Figure 4.14. With reference to

the figure, the break-away points occur at’ s =0 (K=0) and s
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= -0.19 (K = 0.21).
Hence, for K'greater than 0.21, the system will not oscillate.
The gain X can thus be chosen so as to satisfy the minimum set-

tling time fixed by the maximum velocity of the counterweight.

Jw

" 2’/’7 ;7 O :r' . O ’ @'—-ﬁ
-54.9 - . =208 -3.7 =1

Figure 4.14. Root-locii for the dynamic
counterweight

A gain K = 5 is chosen. This yields a proportional 'ééin

kf = 2.b3 for the controller transfer function. The roots of the
.

3

characteristic equation corresponding to this gain are:

p1==0.101 p2= —2.66 ps = —-34.25
The pole p,=-0.101 and the =zero z,=-0.1 cén be iénofed since
they are too close to one an other and tend to cancel. The over-
all transfer function is thus given as follows:

0.0695

B = (7 3a25)(s + 2.68) S ' 4.15
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. Xf a unit step input 1/s is considered, the output, or the

actual position of the counterweight is expressed as follows:

z(t) = 1.011(1 — 1.084e 8% 4 084¢734%) 4.16

The response to a step input is shown on Fiqure 4.15.

4

z
o
. - .
) E
o 4 2 ':,ﬁ
Figure 4.15. Step response of the dynamic counterweight
"
Figure 4.16 shows the entire bloc diagram for the dynamic
counterweight, including the disturbance P(s). For the chosen

gontroller, the effect of a disturbance P{(s) is as follows:

X(;) _ _ 0.206s - -
Pla)  #3(s +54.9) + F'(a + 0.1)(s + 3.73){2 + 29.6} f 4.17

The erxror due to the disturbance is given by:
E(s) = - X{a)F(2)

where F(s) is the feedback transfer function.

73



Using Equation 4.17 into Equation 4.18 and rearranging gives:

Bl) = —2.462(s + 3.73)(s + 20.6) P'(a)
YT 03(s + 54.9) +K(s +0.1)(s + 8.73) 2 + 29.6) . 4.19

The steédy state error being expressed as follows:
tas(0) = lim (s E(s))’ 4.20
the steady state error due to -a step disturbance P(s)=1/s is

calculated using Equationé 4.19 and 4.20:

. —2.46s(s + 3.73) (s + 20.6)4 -
eas(00) = .h-’.% s 8%(s + 54.9) + k(2 + 0.1)(s + 3.78) (s + 29.6)
=0 |

4.21
. ‘ Cw
The designed system is thus not affected by step disturbances.

x, 7 01\ | P f.: 1 x
== > 255
ke (1+ l) 1192 o{s + 54.92)
!

12(s + 3.73)(s + 29.26) -

Figure 4.16. Block diagram for the entire
dynamic counterweight

G.'

The transfer function of the chosen controller is given by:
D(a)=2.03(1+ 9;1-) - 422
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The digital controller is obtained by writing Equation 4.22 in
the Z-domain as follows: -

11—}

D(s) = 2.08 ey _ : 4.23

The output Af thé cohtroller p(k) in Equation 4.23, can be ex-
pressed as follows:

p(k) = p(k ~ 1) +2.23¢(k) - 2.02¢(k — 1) 4.24
For a microprocessor, mathematical operations are executea much’
faster in binary base than in decimal base. ﬁewriting the coef-
ficients of p(k) gives the desired contreller equation for the

active counterweight as follows: N

p(k) = p(k — 1) + %4&) - gc(k-— y | 4.25

rf/
" A similar design prccess iz carried.out for the quasistatic
counterweight. Figure 4.17 shows the bloc diagram for the quasis-

tatic counterweight control loop.

kil 0.124 =
LT fh: .
EP (1 + ] ) |(| -+ 56.7)

13830, (2% + =14 + 0.95922)
az ag

TN

Figure 4.17. control loop for the quasistatic counterweight
./

\1

75



The adjustable gain for the feedbacks are the same for the

: ' 4 _
quasistdtic counterweight as those for the dynamic one with the

s

exception of «, which takes a value of 5,=Q.75 here.

The characteristic equation is hence given as follows:

(s +0.1)(s + 1.31)(s + 48.7)

qa)=1+K 23(s + 56.7)

The root-locii for Equation 4.26 are shown in Figure 4.18.

.
o

jw

I

" .‘h -
< £ o

_ _ o
—56.7 ‘ —48.7 . 1.3 ‘ -1

Figure' 4.18. Root-locii for the quasistatic countérweight
. . N

The gain K is chosen to be 5 in this case as well. This
results in the proﬁoftional gain for the controller k,= 1.944.
The overall transfer function is hence given as follows:

004
(s +50)(s + 1.04)

(e} = < 4.27

The response of the quasistatic counterweight to a step input is
shown on. Figure 4.19,- and is represented by the following equa-
tion:

z(t) = 1.02(1 — 1.02¢~ 1% 4 0.021c7%%) : 4.28
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. Figure 4.19. Step response of the quasistatic counterweight

s

The discrete-time controller is given as follows:

!1.1 -z71)

Pl =184 33') 4.29

The expended form of Equation 4.29 is given by:
p(k) = g(k — 1) + 2.138¢(k) — 1.944¢{k - 1) 4.30
The controller equation is expressed in binary form for ease of

implementation and speed executiog as follows:

(k) = p(k = 1) + Tre(k) — Teelk 1)

*;\ ' ‘ f/_ -



“.4.2. ss onics .

This section describes the two circuits that are neceséary
éo implement the two control loopé, namely: |
A) The feedforward circuit, that converts the digital commarrds of
‘ the microprocessor into the appropriate voltage to be applied
on the corresponding motor. ' N
B) The feedback circuit that gives the controller‘the necessary

information about the actual state of the corresponding load

and motor system. 4

A) The_feedforward circuit

The feedforward circuit is composed of with the following
subcircuits; 1) An Digital to Analog Converter as a direct inter-
face 'with the microprocessor:'2)'A Sampling and Holding stage for
proper distribution of information between both motors; 3) A bi-
directional servo amplifier for both motors.

~

1) The Digital to Analogq Converter (DAC)

al

Figure 4.20 shows the DAC circuit configured for bipolar
offset binary operéﬁion: This is necessary in order to command //
the counterweight™ motor to rotate in either directions. With -
reference to Figure 4.20, the output voltage v can be expressed

as a function of the input byte provided by the microprocessor as

78



[

shown in table 4.1.

x>
\ref . 10k S5tk .
lov - AANA Y- + VAAAA Ay .
Bl BY
¢ (nsa) (L]s;ﬂ
A . B ‘ -
o-iok 2mA
1y L -
DRC-pB cP L Ty 0
‘ 1 +
Sl k- 1y £ I\Io
. I n 3 1
I "
+I3N - 15V

Figure 4.20. Digital to Analog Converter circuit

g

Table 4.1 shows the bit assignment and the output voltage for

the DAC. As can be seen from the table,

a zero byte corresponds

to full negative voltage while an FF byte corresponds to full

ﬁositive voltage.

.

),L
Bl B2 B3 §4 BS B6 B7 B8 \'A
Pos. Full Scale i1 1 1 1 1 1 1 5.06
Zero Scale 1 0 0 0 0 0 0 O 0.00
Neg. Ful Scale + 1 LSB 0O 0 00 O O 0 1 - 5.06
| Neg. Ful Scale o o 0 0 0 0 0 O - 5.10

Table 4.1. Anald&routput
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2) The sample and hold (SH) circujit

One DAC is used to convert the command signals for both the
dynamic and the quasistatic counterweight motors. The digital
information and its corresponding analog voltage v, is sent from
the microcomputer to either of the two motors at a time. Hence,
the digital output of the microprocessor is sent to the DAC
simultanecusly witq control logic ' signals that select which motor

is to receive the command.

g
) 4
+ ISy =ISN
| 9 s
wi Py 4 ' 3
conteol [ines . F
SH2 Pls e se ““ an
E R ©
. IW
»r
. o—d ISV —\BV
o f L L

Fiqure 4.21. Sample and hold circuit

While a command. is sent to one of the motor, the information

necessary for the other motor is held at its previous value by
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a unity gain SH amplifier allows such operations. The information
is alternatively given to botg motors: when one is.selacted‘for

sampling, the other one is asked to hold and vice versa. A fast
switching sequence is necessary to prevent loss of signal or
dfifting when change over from one SH to the other, or during the
holding periods. The control microcomputer switches from one

motor to the other every 150 microseconds. Figure 4.21 shows the

circuit with its two SH amplifiers.

—

3) Bidirectional servo amplifier

The bidireétional servo amplifiers for both motors consists in
a linear bipolar output transistor circuit as shown gn Figure
4:22. The bipolar amplifier uses dual power supplies for forward
andbreverse operations. The voltage applied to the motor is equal
to the difference between the supply véltage and the drop across
the collector emitter of Qiﬁor Qz'}'whichevef'is;conducting. The
Vego rating of the power transistprs must{be greater than the sum
‘of the two power supplies. Free “wheeling diodes are connected
across Q, and Q,. The diodes clamp the transistor reverse voltage
to one diode voltage drop when reversal of voltage occur due to
the motor inductance current transients [11]. The.specifications
for the linear amplifier bipolar clrcuit aée as fbllows: 9
1) Supply voltage{‘tls v;
2) Output voltage: =12 V;

.~

3) Peak output current: x5 A,
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Figure 4.22. Bipolar output stage

The 2N6587 and 2N6667 complementary pair of Darlington tran-
sistors is used in this circuit. These are rated at 60 Volts 10
Amperes and their current gain is approximately 10,000 . The
makimum driving current is thus 1 mA which can be easily obtained

from a one stage operational amplifier circuit.

In order to avoid undesirable transient overcurrents par-
ticularly during starting, the operational amﬁlifier driving the
‘power transistors incl&des both currengpgnd voltage feedbacks.
This requires a composite voltage source and current source

amplifier circuit as shown on Figure 4.23.
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Figure 4.23. Composite voltage source and
current source amplifier

With reference to Figure 4.23K solving for the output voltage

of the amplifier v, and for the motor current I gives:

o (1 R
i RI(E_Rs+R4) 4.32
and
R; { Ra 1
"’_“R_,(E“)E”‘ 4.33

where g is the current gain of the transistors.
For préctical purposes, R,, R, and R, are selected in the kilohms
range. R, is selected very small, R,= 0.1 ohm, in order to main-
tain a low voltage drop across it, and that v, may be considered
as the actual voltage applied on the motor itself.

Hence, Equations 4.32 and 4.33 may be approximated by:

I R 4.34
L) | h R Ry

and
va_ _ Rafs 4.35
t : ﬂRIRi



Since.v, is in the *5 V range, a unit voltage-current gain is re-
Fy
quired to match the *5 Amps specification. The values of R, to R,

are as follows:

R, = 10 kohms : R .100 kohms

2

Ry = 1 kohm | " R, = 0.1 ohm.

A very sensitive voltage amplifier is necessary to achieve a fast
response to the position input changes, and to reduce the cros-
sover distortion around the zero vdlt region. Figure 4.24 shows
the voltage and current gains of the amplifier, and the voltage

saturation that results from the large voltage gain.

Figure 4.24. Current and voltage gains
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Figure Aﬂef shows the complete circuit of the servo amplifier

which is used Eo drive each of the two motors.

100 K ISV e
\ A
DK ANEIST
e A -
7 200
' M
u;] + :
| |
INEKT
[« X By W
LK \5
A

Figure 4.25. servo amplifier

7
The entire feedforward circuit for each of the two motors

shown on Figure 4726.
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B) The feedback circuit

Both position and velocity are feedback to the control micro-
pgmputér to close the control loop. Figure 4.27iSh0WS the entire.

circuit.

As mentioned earlier, the position is sensed using a shaft
encoder. The 50 equally distributed holes on the encoder disk are
picked up by an optical switch. Ideally, the optical switch
should provide a pulse every timq@g hole is encounteréd. How?ver,
due to the séecificatipns\gf the switch and the small dimensions
of the holes, the reéultinngoltage is a positive sine-wave with
a maximum voltage of 0.2 Volt. The output voltage of the photo.
transistor-is amplified from 0.2 Volt to about 6 Volts using the

IM 741 Op-Amp as shown on Figure 4.27. The amplified voltage is
.then squared using a voltage comparator circuit ug}lizing an IM
311 Op-Amp. The capacitor on the feedback of the comparator
amplifier is necessary to prevent glitches that occur when the
input to the comparator is close to the reference voltage.

The comparator digital signal is used to initiate a counting
interrupt in the control microcomputer every time a hole is
detected. In order to know the direction of motion of the coun-
terweight, a voltage comparator is used to detect the zero vol-

tage crossover of the output voltage of the tachometer. =
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Oone such signal is ﬁecessary for each counterweight motor.
However, one inpdt line‘only is)available on the control micro-
compuger. A selecting cicuit, also shown in Figure 4.27 is used
to chanel the tﬁo signals one at a time.

The output Qoltage of the tachometers is filtered‘in order to
suppress undesired ripple noise. The filtered sigﬁal is then
converted into an 8-bits digital word using an Analog to Digital
board which is directly. interfaced with the control microcom-

puter. : -

The assembler program for the digital controller of the coun-
3

terweights drives and the feedback processing is givén in Appen-

dix E.
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5. EXPERIMENTAL RESULTS OF THE

ACTIVE COUNTERWEIGHT SYSTEM PROTOTYPE

Experiments have been conducted to verify that the theoreti-
lcal results that show the torque ﬁecessary to move the upper arm
can be reduced by using the active counterweight system. Further-
more that the savings in torque.may be used to enable the robot
arm to carry more load than the spgéified maximum payload.

The experiments were condﬁcted using the ASEA Irb-6 revolute
robot, described in Chapter 3, and the active counterweight
' system prototype described in Chapter 4. In these expériments the
.robot arm was guided over a number of.trajectories while carrying
different payloads, and the current to the éifferent joint motors
- recorded. The motor current is used as an indication of the joint

motors torques.

5.1. e ent conditions

The torque required by the upper arm‘drive motor while the
robot arm traverses its trajectory is directly proportionai to
the current fed into the motor, with the proportionality factor
being the motor torque constant. Thus, the current of the motor

is used as an indication of that motor torque.
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Due to the inherent operating limitatiomr of the ASEA Irb-6

robot used in the experiments, two modifications had to be.made

to the operating conditions that was used in' the simulation work.

First, the experiments were coﬁducted at a loggr than the maximum

possible velocity of the link for the following two reasons:

1)

2)

e

For the particular case of the ASEA Irb-6 industrial rébot, it
is not possible to control the speed of each joint individual-
ly. Only a maximum veiocity for the end effector may be speci-
fied to the program and the robot controlller computes the
necessary velocity profile for each link so as to coordinate
the overall motion and adhere to the specified velocity. The
second and third link drive motors are identical, however the
second link drive motor carries a much heavier load. con-
squently, the maximum velocity of the third link could not be
reached for the trajectory used for the simulation.

The current for each drive motor_of the robot is limited to a
maximum value by the ASEA robot controller. Therefore, any’
reduction in torque, i.e. current, as a fesult of using‘the
active counterweight system cannot be shown by these experi-
ments, if a high velocity is used, as dépicted in Figqure 5.1.
The velocities are thus chosen such that the current limita-
tion is mot encountered in order to be able to show the effect

of the active counterweight systemn.
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Secondly, the motion of the dynamic counterweight is anticipated

»

before it occurs, and actien is taken so that it is properiy
located when critical accelerations and decelerations occur.
Modification of the balancing coordinator program were thus made

to predict i? advance the location of the dynamic counterweight.

~ . Fized counterweight ?
Mazimum current 14 A

Active counterweight systemn 7

NI

e

Figure 5.1. Joint motor current limiting in
ASEA Irb-6 robot controller

5.2. Results of the experiments and discussion

—

Two different trajectories were utilized. The first trajec-
tory is identical to the trajectory used in the simulation. The
second trajectory was defined in such a way that it involves only

the up and down motion of the upper arm.
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5.2.1. Experimental® results utilising the traiectory used for the

s tio

Figure 5;2‘shows the current curves for the upper arm drive
for the cases where the upper link is balanced with tﬁe fixed
counterweight, and when it is.balanced with the active counter-
weight system. The identified points on the figure correspond to
the peoints of" the trajectory given in Figure 3.2. The paiload
carried by the robot in both cases is 6 kg. With reference to the
figure, the ovgrall effect of the active counterweight system as
predicted by the simulation is apparent here. The entire current
curve is cenéered around the zero ampere, and a maximum reduction
of 12% in the first positive peak current is obtained versus a
25% theoretical reduction in torque predicted by the simulat;on.
This discrepancy is due-in large to the difference in link vélo-

city between the simulation and the experiments.

Figuré 5.3 shows the effect of the motion of the dynamic

counterweight. With reference to the figure, a compariédn is’ made
between current curves when the dynamic counterweight is at rest,
fully retracted, and when it moves as the robot traverses its
trajectory. In the case where the dynaﬁic éounterweight‘is at
rest, the center of mass of the active counterweight system
corresponds approximately to the one of the fixed.counterwgight
'pfovided by the manufacturer. The following describes the effect

of the motion of the dynamic counterweight:
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At points A and C on the figure, the accelerations are in the
positive direction (i.e. the upper link has to move upwards, a-
gainst the gravitational forces). During such a ﬁotion, the
dynamic counterweight is fully extended so as to assist the link’
driQe motor. On the other hand} at points B and D, the accelera-
tions of the upper arm ;rg in the negative direction.(i.e.‘the
upper arm is moving in the direction of the gravitational pdll).
'The_dynamic counterweigh£ in this case is fully retracted so as
to limit the increase in cugreﬁt.in the negative region.
)

One of th/fresults concluded frém the dynamic study of.the
revolute para iélogram type robot is that the location.and the
motion _of ‘the active counterweight system do not affect th;
torque necessary éo move the éecond link. Figufe'5.4 shows the
‘éurrent curves for both the fixed.countefweight, and the active
counterweight system. The traces show no significant difference
betwéen the two current cufves,‘Thus, the motion of the second
’ lipk. of the parallelogram type robot configuration is almést .
independent of the location or .the weight of‘the counterweight

syétem that balances the upper arm.

For the first 1link, no theoreticél study was conducted in
the dynamic analysis fo evaluate the effect of weight or motion
of\. the counterweight ;ystém on the torque required to drive the
link. By intuition, however, one can expect an increase in the

torque necessary to rotate the base of the robot as the inertia
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of the system increases. The increase in the inertia of the
system results from the increase in the radial location of the
active counterweight system and from the increase in the mass of
the payload. Figure 5.5 shows experimentally the exteﬁd to‘which
the torque of thé'base link is affected by the active counter-
weight system. A slight increase in the torque required by the
base link occurs particularly during accelerations and decelera-
tions of the 1link. During constant velocity mofion, ‘however,’

there is practically no difference between both curves.

The roboﬁ was further tested wiéh a one kg overlocad, 7 kg
paylcad, in order to show the abili£y of the active counterweight
system to boost up the load carrying capacity of a robot.system.
.-Figure 5.6 shows the curves of the third link motor current when
the robot carries the 7 kg payload for the case where the robot
arm is equipped with the,aétive counterweight and the case where
it is carrying its maximum designed payload, 6 kg, and equipped
with the fixeﬁ counterweight sgppliéd by the manufacturer. The
plots show that, as a result of the action of the active counter-
weight system, the positive beaks of the current curve for the
upper arm drive have been reduced to the level of those of- the
6 kg payload current curve, or slightly below at some points. The
makiﬁum peak for the 7 kg payload and active counterweight occurs
when the robot accelerates upward from point P; on the trajectory
of Figure 3.2, and has a value of 13.1 amperes as -compared to

13.6 amperes for the 6 kg payload and fixqghCDUnterweight. The
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minimum negative peaks for the case of 7 kg payload and active
counterweight, however, have been increased to 11.8 amperes from

10.3 amperes for the case of 6 kg payload and fixed counter-
weight. The values of these peak currents show that the active
\counterweight approximately equalises the torque éemand in both

- — directions around the zero current: As a'reéult, a trajectory
" that would cause saturation in one‘direction in the case of a
fixed counterweight can be traversed when the robot is equipped

with an active counterweight

5.2.2. Experimental results for the motion of the upper _arm alone

In this experiment, botﬁ the first and the second links
remain at ;est and the upper arm moées %p and down, traversing
its entire range of motion. Figure 5.7 shows the effect of the
active counterweight system when the robot is traversing this
special trajectory. Three curves are displayed in the graph; two
curves for the case where the robot is equipped with the fixed
counterweight and carries 6 and 7 kg respectively, and the curve
for the case where the robot is equipped with the active cou;ter-
we%ght system and carries a 7 kg payload. The plots show a reduc-
tion of approximately 10.4% in the positive peak current values
as a result of using the active counterweig;t system. Consequent-

ly, peak currents for the case of 7 kg payload and active coun-

terweight system, and the case of 6 kg and fixed counterweight
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system coincide. The drive f?r the upper arm link is not affected
by the 1 kg overload when acceiera%ing in the positive direction.
The figure also shows that the active counterweight system has an
effect on the negativefpeaks when the upper arm accelerates in
the negative directiqn, similar to the results of the simulation.
The minimum negativé peak, however, remains lower than the maxi-
mum positive peak. If the active counterweight'position had been

further optimised, the peaks would have been symmetric around the

zero current and a -further gain in the load carrying capacity

would have been achieved.
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6. CONCLUSION.AND EXTENSIONS

The fixed counterweight approacﬁ currently used by robot
manufacturers to counterbalance robot 1inks only provides static
balancing of these links. A new approach for balancing revolute-
type robot arms is presented in this thesis. An “"active counter-
waight system" is developed in order to achieve dynamic balancing
of the rocbot links. The active counterweight masses are capable
of changing their location as the robot arm traverses its trajec-
tory. The counterweights movements are controlled in such é way
to minimize the torque necessary to move the counterbalanced
link. As a result of better balancing, more torque is available

from the link drive to carry extra load. T

A simplified dynamic analysis is developed for a robot arm
equipped with the active counterweight system. This analysis‘is
conducted under the following conditions:

1) The counterweight motion is assumed to belquasistatic. Thus,
the dynamic effects due to the translation motion of the
counterweight are neglected.

2) When conpared with the 3 first linﬁs, the orientation of the
wrist of the manipulator is assumed to have negligible effect
on the dynamics of the system. Furthermore, The wrist and
payload are assumed to be point mass and the dynamics of their

motion with respect to their’reference frames ignored.

Ay
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3) The robot links are assumed to be symmetric along their lon-

gitudinal axis thus reducing the inertia matrices to diagonal

ones. )

A simulation based on this simplified dynamic analysis shows
that the active'coﬁnterweight system decreases the torque neces-
sary to move the balanced link. For an active counterweight mass
equai to that of the fixed counterweight éupplied by the manufac-
turer, the savings . in tg}que improves the payload carrying capa-
city of the arm by 17% above the maximum limit fixed by the robot

manufacturer.

An active counterweight system pro@otypé as well as the
control scheme necessary for its operapion is designed and built.
The overall mas; of the active counterweight system prototype is
split among two dbunterweight subsystems; a) A quasistatic coun-
terweight that can move with respect to the arm joint so‘as to
statically balance the arﬁ and paylcocad, and b) A dynamic coun-

terweight that translates with respect to the quasistatic coun-

téfweight to dynamically balance the arm and payload.

A 'balancing coordinator program' uses the kinematics of the
robot arm to find the optiﬁum position for both counterweights as
the arm traverses its trajectory. Digital controllers utilizing
closed loop control position the quasistatic and dynamic counter-

weights at the optimum locations.
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Experiments were‘éonducted with a parallélogram type revo-
lute robot utilizing the prototype active coﬁnterweight system to
balance the robot's upper arm. The experiments show good agree-
ment with the simulation. As predicted, the active counterweight
system enables the robot arm to carry a 17 % extra payload,

The experimental results were obtained for velocities up to 60 %
of the maximum velocity of the particular robot. Joint motor
current limiting built into the rocbot controller by the manufac-
turer prevented experimentation 4nd drawing of conclusions at
higher operating velociﬁiES.
Th; experiments confirmed one of the main advantages o;. the

parallelogram robot configuration over ithe other revolute robots
configurations, namely: the position and motion of the aétive
counterweight system balancing th§ upper arm of the robot haslnoJ

effect on the torque

the lower arm.

Further extensions on the topic of this thesis should in-

clude the following:

- Assumptions used in the dynamic analysis could be reconsidered
and possibly a full dynamic model of the robot arm with active
counterweight developed. This extended work would take into ac-
count. the motion of the counterweight, the orieﬁtation of the
payload and its inertial effects.-

- Optimization of the balancing coordinator program could be

carried out so as to predict more efficiently the correct
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necessary position, velocity and acceleration profiles for the
motign-of the dynamic counterweight, thus reducing the peaks

in negative torque experienced using the current program.

The actual design of the active counterweight system could be
. >

- enhanced for example by having both the quasistatic and dynamic

counterweights physically independent from each other, thus

increasing the span of motion of the overall active counter-

weight system.
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APPENDIX A

Acceleration vectors for the important points

of the robot arm
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Equation 2.3 gives :the acceleration for the end point of the

upper arm, 4, as follows:

- - \, . J ) -
80, = = 028253 + 833b3 S35 + 83 (81C5 + b3 Cza) + 636,C, + 63503Cas iy
+ [6252C5 + f13b3Cas — 635385 ~ 63353533 )7

+ (=6, (b2C;5 + b3Cas) + 26,6388, + 29.152353323]’?1

The acceleration of the center of mass of the upper arm, d&g, , is
derived from Equation A.1 by repl‘acing the term b by e @
3G, = = 036353 + fases Sas + 6252 Ca + e3Cis) + 626,C + $24e5 € iy -
+ [8252C + GaseaCas — 63625, — 834¢3a5]7:
+[—51(5209+=acas)+2f5;égbgsg+251ég3c3333|i~', o | A.2.a
The three components of dg, in the frame (3"1,5';,1'.-'1] . ag. .'{_I':;(";. and
. !

sk, can thus be expressed as follows:

GJC.{. = —[52525‘2 + 53363523 + ég(bﬁcﬂ + ¢3C33) + nggCg + égacscaa] A. 2 .b

af, = {525202_ + Ba3e3Cay — #3828, — 63ye35as] A.2.c

a&, = [—01(b2Cz + e3Cas) + 26,628,5; + 261623e352s) A.2.4
e

‘The acceleration &g, of the center of mass of the counterweight,
when it is aligned with the upper arm, is obtained by replacing

b by -rs in Equation A.1:

A8, = — [03b25; — G2arsSqq + §3(b2Ca — rsCas) + 36,0, — 523&023]?1
+ [f2b2C2 — f23ryCas — 63625, + 9.33!‘33;3];1

+ {81 (82C; — r3Cas) + 26,638, 8; — 251533r332,]El

Considering now the parallelogram-type configuration. for the

robot arm, the counterweight is located on the first link as
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shown on Figure 2.6. In such a case, -the acceleration of the
counterweight' 4ds; is derived from Equation A.3 by setting- the

v

length &, to zero as follows:
dpy = [523'33:53 +63r3Cay +635rsCasliy
+ [~f23rsCos + 625rsSa3)5 |
+ [f1r3Cas — 2551%3"3323]‘::1 A.4.a
The three components of 4y in the frame (, 7 &) . oF;, o}, and

a3, are thus written as follows:

oF; = G29rsSas + 62ryCas + 03575 Cas * ' . A
a;; = ‘—5-33!'3033 + é;"sras,_., ~ : A.d4.cC
"g; = f1rsCas — 20, 623525 A.4.d

Expressed in the frame of the 'upper arm, (4‘,,3"3,);'3) ; the accelera:

tien dg: becomes:

ax; =(9.§r;Cga + a.gsfg):'s
— (62373 + 63rsCa3Sas) s

<+ (9-1"3023 - 26'15'33.!'3533)53

As far as the counterweight is concerned, a quasistatic
approéch is considered in the second chapter and the translation
of the active counterweight along the axis of the upper arm is
ignored. In the simulation, however, the c.:omplete ‘acceleration of
the _active counterweight system is required so as to derive the
force necessary to translate the dynamic counterweight.

T_;et' s, © and & be the relative position, velocity and
acceleration of the counterweight respec£ively, and i, and ﬁ,

be the absolute angular velocity\and acceleration of the counter-




- -
4

LN

weight. The general form of the absolute aqceleration of the

active cdunterweight system is as follows:
a=;?3+ﬁsx;'-'3+ﬁ3x(ﬁ,x?;)-}-Zﬁ,xF,

.

where
Fs = -ra;':-,
FS = —!"3;3
Fﬂ - —-3;.
and

03 = 9.1323;3 + éICm;a + 8'2323

fiy = (51523 + 8183Cas )i Fa
+ (61Caa — 61823523)7s

+ Oa3ks

.

Substituting Equations A.7 to A.9 into Equation A.s,

ranging gives:

Nd -
G=  [ra(63C3 + 835) — Falis

- [21‘3923 + Ta(ags + 9.3093323)1;3

+ [2;'39'1633 + T3(8-1025 - 28‘1625323)]-53

113

A.S

and rear-



" APPENDIX B

Design drawings of the active conterweight system

prototype
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Part description _and list

23" |GEARED DC MOTOR 2 PITTMAN GMT9414 12VDC

22 |OPTICAL SWITCH 2 TI XL 143 |

21 | BRONZE BUSHING |BRONZE 2 ID 1/2, OD 5/8, L 2 1/4
20 | BRONZE BUSHING |BRONZE 2 ID 3/8, OD 1/2, L 3/8

19 | BALL BUSHING 4 ID 1/4, OD 1/2, L 3/4

18 | LOWER SHAFTS STEEL 2 DIA = 1/2 "; L = 14.97 "
17 | UPPER SHAFTS HARDND STEEL| 2 DIA = 1/4 "; L = 9.46 "
i6 | SPUR GEAR STEEL . 2 H 2412 PITCH 24; 14.5 PA
15 | RACK BRASS 1. G 579-2 14.5 PRESS. ANGLE
14| LOWER HOLDER STEEL 1 |

13 | UPPER HOLDER STEEL 1

12 | ENCODER ALUMINIUM 2

11 | COUPLING STEEL 2

10 | HOUSING STEEL 2

9 | BRACKET STEEL 2

s | LEAD BLoCK LEAD 1

7 | LEFT COVER STEEL 1

6 | RIGHT COVER STEEL 1

5 | CASING STEEL 2

4 | UPPER PLATE STEEL 1

3 | SHAFT HOLDER STEEL 1

2 | SUPPORT STEEL 1

1 | §PACER STEEL 2
NO | DESIGNATION MATERIAL QTY REMARKS
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system prototype (continued)
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system prototype (continued)
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ive counterweight system

Photograph of the act
prototype fixed on the ASEA Irb-6 robot arm

le.

Figure B

131



132

Photograph of the active counterweight sfstem

prototype

Fidure B.17.
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tachometer

LS
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Figure B.20. Photograph of the feedback elements
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APPENDIX C

Data acquisition and processing:

Assembler program for the Z8 microcomputer
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o

FIOW_CHARTS

-MAIN PROGRAM-

Configure the system i.e
+ TMR for Int. Clock Out
Gated Input

s Set PREscaler to 1
» Set Tsmer to 256

Set Ports 2and 3
Set Interrupt Priority Register
Set Interrupt Mask Register :
I1Q2, IQ3 and IQ4.

At=1ms

Reset working Reqiaters

Set initial position
of the robot links

Enable interrupts

Initialiae working registers

A — FP(I) - CT(])

e

NO

YE3

A>07

NOT
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Decrement CP(n|*¢

-l

YES

NO

NO

vis |

Increment C’P[I)

|

FP(I) — CT1{I)

.

max ¢ -~

IT—TI+1

-«

Load working registers
for the next link
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-COUNTING SUBROUTINE-
~ Interrupt Request 2

L) 5!

[

NOD

sab Flag Tesel Fias

CT1(T) «—~ € F2

J!Jm? YES

P

Je Tt T e 1

@ 4E & addr of cT1(3) @4 o add cT1(4)

|

{oad TH

IRET
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-COMMUNICATION SUBROUTINES-

« Interrupt request 3

Disable @3

Enable LQY

irs

'L

Zink 31 >1E2

YES

MO

" PasiFon

3 Na & s;o.-\isl.(-;)
requesth

@50~ cP2)| | & 510 « VEL(Z)

@ S10 e cp(a)

© Sroe VEL(1) | [@35i0acP()

. i

_ tasr e Ne
@& 5o -u}t::é £ -

YES

S0 & S10 +1

skaut
,g Erosamissiion

IRET
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Interrupt request 4

Disable In"urupl‘ 4

Evable Inferrupt 3

C F ZZOJQ

CeC4q

Send

Ca-fr‘.'a.sg
Rerurn

IRET
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MEMORY MAPPING

ADDRESS (HEX) VARIABLE
1

External memory {DAC)
kA hkhkhkhkkhkhkdkdhkhhkhhkhhk

8004 VEL(S) : Velocity of link 5
8003 VEL(4) : Velocity of link 4
8002 VEL(3) : Velocity of link 3
8001 VEL(2) : Velocity of link 2
8000 VEL(1l) : Velocity of link 1

.
Working registers
khkkkkkkkhkkhikhkkhid

4F " A~ FP(I)-CTI(D
4E addr of CT1(J)
4D J : counter selector
4C addr of CT1(I)
4B addr of FP(I)
A4A addr of CP(I)
48 102 flag
47 used for serial communication
46 Initialisation register
45 Iﬂw;-:‘fma: .
44 I : link selector for processing
Data storage * -
khkkkkhkkkhhk
43 o ' ‘ ]
42 CP(5) : Pull revolution counter for link 5
41 |7 c¢T1(5) : timer value when sampling link 5
40 FP(5) : fine position of 1link 5.
gg } CP(4) : Pull revolution counter for link 4
3D CT1(4) : timer value when sampling link 4
3C FP(4) :'finhe position of link 4
gi } CP(3) : Pull revolution counter for link 3
39 CT1(3) : timer value vwhen sampling link 3
38 FP(3) : fine position of link 3
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ADDRESS (HEX) VARIABLE °

e } CP(@) : Pull revolution counter for limk 2.
35 CT1(2) : timer value when sampling link 2
34 FP(2) : fine position of link 2

gg } CP(1) : Full revolution counter for link 1

31 CT1(1) : timer value when sampling link 1
30 FP(1l) : fine position of link 1

Communication registers
*************_**********

2F }addr of VEL(I)
2E \

2D VEL(I)

21 counters

20 ]

»
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SSEMB ROG

1eL{ ADDR| oPcODE | 1D | COMMENTS
1006|8D 10_CO0| JP TRQ?
1009|8D 10 E0| JP IRQ3 Interrupt
100C| 8D 11 5F| JP IRQ4 " vectors

*****************************************************************

: Initialisation
**************************************************************i**

-

1020}E6 F1 DO| LD Fl+« DO TMR set up: 11010000
1023 |E6 F7 41| LD  F7 + 41 P3M set up: 01000001
1026JE6 F6 CO{ LD F6 « CO P2M set up: 11000000
10291E6 F3 10| LD F3 « 10 - PRE1 set up: 00010000
102C|E6 F2 00| LD F2 +« 00 Ti=256 (T=1 ms) i
1O02F|E6 F9 3A| LD F9 & 3A IPR set up: 00111010
1032iE6 FB 1C| LD FB «

icC IMR set up: 00001100
1035|E6 2C 30| LD 2C « 30

-

A [10381E7 2C 00| LD (2C)+ 00 Reset
103B|20 2C INC 2C . working
103D|A6 2C 50| CP 2C &'50° registers
1040(ED 10 38 |JNZ A
1043|E6 45 03| LD 45 « 03 Number of links: 3

1046131 40 SRP 40

1048|E6 46 30| LD 46 « 30
B |104B|E7 46 80| LD (46)« 80
104E|06 46 04 |ADD 46 ,'04° dInitialisation of registers
1051| A6 46 40| CP 46 &'40!
1054 |ED 10 4B|JNZ B

1057|E6 46 33| LD 46 « 33

C {105A{E7 46 80| LD (46)« 80 Initial position of
105D{06 46 04 |ADD 46 ,'04" _ the links: allows .t127
1060|A6 46 43| CP 46 &'43° revolutiaons for each link
1063|ED 10 SA |JNZ C _ : '
1066|E6 4D 02| LD 4D «'02"° Jo=12 :
1069|E4 4D 02| LD 4D = 02 Ji written at Port 2
106C|E6 4E 35| LD 4E '35 @4E="addr of CT1(2)
106F|46 F1 oC| OR F1 ,‘'ocC' load and enable Tl
1072 | 9F EI
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| i .
Ler| ADDR] OPCODE |, 1D | COMMENTS

V;

******ﬁ******i*****************************************i*********

Sampling loop .
*********t********************************************t**********

D | 1073|E6 44 02| LD 44 «'G2' Ih=2

1076{E6 4A 36] LD 4A « 36 .| @4A= addr of CP(2)

1079|E6 4B 34| LD 4B « 34 @4B= addr of FP(2)

107C|E6 4C 35| LD 4C « 35 @4C= addr of CT1(2)
E | 107F{E3 FB LD 4F «(4B) Load FP(1)

1081{23 FC SUB 4F , 4C A+ FP(I)-CT1(I)

1083}6D 10 Acl Jz H A=07

1086[FD 10 9A|JNC F A>07?

1089[A6 4F C4| CP 4F &'cCa’ An —A] > 0 T~

108C|{FD 10 A8|JNC G .

108F|A6 4F 3F| CP 4F &'3F' Ac—|A]>07

11092|FD 10 As|lanc ¢

1095|81 4A DECW (4A)
1097|8D 10 a8| JP G ‘
CP 4F ,'36° A-A, <07

F | 109A|A6 4F 36
109D|7D 10 a8| JC G , .
10A0|A6 4F C1| CP 4F ,'C2! A-A,<07
10A3{7D 10 A8{ JC G g

10A6|Al 4A INCW (4A)

G |10a8|E3 6C LD 46 «(4C) FP(I) « CT1(I)

10AA|F3 B6 LD (4B)¢« 46
H | 10AC|A2 45 CP 44 ,.45 ' ;=Lmu;~‘ﬁh‘@m——§,4
10AE|6D 10 73| JZ D
10B1|4E INC (44)
10B2{06 4A 04|ADD 4A ,'4'
10B5{06 4B 04|ADD 4B",'4’
10B8 |06 4C 04|ADD 4C ,'4!
10BB|8D 10 7F| JP E

AAA A AR AR KRR AR R R AR I TG AR AT AR IRAARRKRATA AR AR AT A A AR Ak hkhhkhhnk

Interrupt routine YQ2: for each link selecteq,

reads and stores the phase shift counter
kkkhkkkhhkhhkhAhkhkkhkhhhkkhkkhhkkhkkxhrrhkhthkdthhktthkhrhhhthdrhhhrrrrhhkthkitkk

IQ2| 10cO0|A6 48 00| CP 48 &“-0° Flag = 0 ? (makes sure that
- |10C3|6D 10 DB{ JZ2 I1 ‘ the proper link is selected)

10C6|F5 F2 4E|( LD F2 -{4E) Read and store CT1(I)
10C91A2 D5 CP 40 & 45
10CB|6D 11 80| JZ 1I2
10CE|DE INC (4D) JeJ+ 1
10CF|{E4 4D 02| LD 4D = 02 - Select link on multiplexer
10D2|06 4E 04|ADD 4E ,'4" . . )
10D5|B0 48 CLR 48 ,
10D7.|46 F1 0C{ OR F1 ,‘'oOC' Load and enable T1 - \x\\\\
10DA |BF IRET . .
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" LBL| ADDR| OPCODE ID COMMENTS

I1 | 10DB| 8E INC (48)
10DC] 46 F1 0C|] OR F1 ,'ocC! Load and enable T1
10DF| BF IRET . :

I2 | 118D|E6 4D 02 LD 4D «'2! J =2
1183/ E4 4D 02| LD 4D - 02 Select l1link 2
1186| E6 4E 35] LD 4E «'35! @4E= addr of CT1(2)
1189| BO 48 CLR 48
118Bl 46 F1 0C! OR Fi ,'o0ocC! Load and enable T1 -
118E{ BF IRET '

*****************************************************************

Interrupt routine IQ3: serial communication

Sends the information (position or velocity) on request
*****************************************************************

1Q3| 10EQ
10E3
10ES
10E8
10EB
10EE
"10F1
10F4
10F7
10FA
10FD
10FF
1102
J 1105
1108
K |110B
110E
1111
.| 1114
- 1117

11119
111c
L | 111F
1122
M [1125
1128
1128
112E
1131
1133
1136
N | 1139
o |113c
113F

E6
31
66
6D
66
6D
66
6D
Eé6
E6
82
E4
BD
E4
8D
66
6D
E6

Ee6.

82
E4

FB 14
20

FO 03
11 25
FO 02
11 OB
FO 08
11 05
2E 80
2F 00
DE

2D 47

8D

E4
8D
66
6D
E6
E6
g2
E4
8D
E4
A6
6D

LD
SRP
TCM
Jz
TCM
J2
TCM
Jz
LD
LD
LDE
LD
Ip
LD
-JP
TCM
Jz
LD
LD
LDE
LD
Jp
LD

Jp
TCM
Jz
LD
LD
LDE
LD
Jp
LD
CcP

JZ

e

FB «'14"
20
FoO
M

Fo.,'02!
K

FC
J

2E
2F
2D
2D
o]

33 =~
o

FO
L
2E
2F
2D
2D
0

37.

se

,'03!

,'08!

«'80"
100"

-+ 47
47
,'08

«'80"
‘.'01'

~ 47
-. 47

FO-; 08"
N
2E
2F
2D
2D
o
3B
Fo
P

‘_IBOI
~'o2"

=+ 47

- 47
,'oD!

147

~ (2E-2F)

«(2E-2F)

~(2E-2F)

Modify IMR : IQ2 & IQ4 only

Link 3 2

Liﬁk 22

Position of link 1 ?

@ (2E~-2F) =‘addr of VEL(1)

Get VEL(1)
Load VEL(1)

Load CP(1)
Position of link 2 ?
€(2E-2F) = addr of VEL(2)

Get VEL(2)
Load VEL(2)

Load CP(2)
Position of link 3 ?-
@(2e-2F) = addr of VEL(3)

Get VEL(3)

" Load VEL(3)

@SI0 = carriage return ?



- LBI{ ADDR| OPCODE N ID COMMENTS
e 11421 A6 -‘FO 1A| CP FO ,'1A!
1145{6D 11 S1| 32 P )
1148 E4 47 FO| LD 47 = FO Final leading
114B| 46 F1 03| OR F1 ,'03! Load and start T2 (transmit)
114E| 31 40 SRP 40
1150| BF IRET
P ] 1151|120 47 INC 47 A
1153|E4 47 FOl LD 47 = FO Final loading
1156/ 46 F1 03f OR F1 ,'03! Start transmission
1159| 31 40 SRP 40 '
115B| BF IRET

dkkdhhhdhkhhhhkhhhkhkhkhhhkhkkrkhhhkhhkkhkhhkhkhhhhhhhkdhhAhrhAAAARAR ARk A Xk *

Interrupt routine IQ4: serial communication

Sends the catriage return with the proper delay ‘
*****************************************************************

1Q4

a0

115F
1162
1163
1166
1169
116B
116E
1170
1173
1176
1179

E6
9F
E6
E6
00
ED
00
ED
E6
46
BF

FB 0OC

20 02
21 DC
21

11l 69
20

1l 66
FOo oD
F1 03

LD
EI
LD
LD
DEC
JNZ
DEC
JNZ
LD
OR
IRET

FB «'0C'

20 +«' 20

21 «'220'dec
21 '

R

20

Q

FO -'0D'?

F1 ,'03!

148
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Load
counters

Delay
process

Load carriage return
Start transmission



APPENDIX D

The balancing coordinator program
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****************************************************************

. Balancing coorflinator program -
******************t*******i*************************************

CHARACTER*]1 N2,N23,ND1,ND2,ND23‘

EGER K2,K23,K3,I,K,N,X,J }
INTEGER*2 2Z
RE SC(91,2),c2,823,C€23,83,C3,TDY,TD2,TD23,TDD2,TDD23,4A,B,C,D,
1 R3,IX, IY,Iz, IPX IPY IPZ M,M3,MP3,E3, B3 B2,ANGL,T1,T2, T3 T4 TS5,
2 7Ts,T7,T78,T, TD2P TDZ3P RF MH DELTA RMIN RMX RP,R

OPEN(l FILE“'COMl' ACCESS= 'DIRECT' FORH"'UNFORMATTED',RECL=1)
OPEN(Z,FILE='COH2',ACCESS='DIRECT',FORM='UNFORMATTED',RECL=1)

AARAKAAAKRAAR AR A A A hhdhkhhdhhrhh bk hhhkhkhtdbhhhdrdkhhkhkrhkk

Interaction with the opperator
LR R R L L T B g B g L g T g g A ¥

WRITE (*,*) 'Number of iterations ?'
READ (*,*) J
1 WRITE(*,*) 'Enter the mass of the payload (10 kg maxi): '
READ(*,*} M
IF((M.GE.O0.) .AND. (M.LE.10.)) GOTO 2

GOTO 1 | .
2 WRITE(*,*) ' Enter desired quasistatic location.'
WRITE(*,*) ' Should be in the {.078 , .255 ] interval :'

3 READ(*,*) DELTA
IF((DELTA.GE. (.078)) .AND. (DELTA.LE, (.255))) GOTO 4
WRITE(*,*) ' Quasistatic location is out of range [.078 ,.255 ]°'
WRITE(*,*) ' Re-enter this position :°
GOTO 3

***************************************************************A

Location of the quasistatic counterweight depending on o

the payload; Initilﬂ!?osition of ‘the dynamic counterweight
khkkkkhkkhhkkhkhkhkhkhkkthtkhkhkhkd khhkhkhkkkhkkhkhkhkhhkhkhkhhkhkhkkkhkkhkhkhkhhkhkkhkxkxk

4 N=INT(1328% (DELTA-0.078))+10
WRITE(2) CHAR(1)
WRITE(2) CHAR(N)
WRITE(2) CHAR(O)
WRITE(2) CHAR(10)
RMIN=.077
RMX=0.111
RP=0.

K=157

=.010

G=9.81

IX=.06

IY=1.0

12=1.0 ‘
IPX=.05 |
IPY=.09 \
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IPZ=.10"

M3i=le.

MP3=14.5

MM=10.
RF=,24+DELTA
E3=.28

B3=.77

B2=,69
T1=.013635385
T2=~G*MP3

T3=B2* (M3*E3+M*B3)
T4=IY+IPY~IX-YIPX+M3*E3*E3+M*B3*B3
T5=G* (M3*E3+M*B3)
T6=12+IPZ+M3*E3*E3+M*B3*B3

T7=MP3 /MM

T8=REAL (K~10) /RMX

TD2P=0. -

TD23P=0.

AR AR RIS LT LTSRS R R Y L R T R T LT L T TR L R R

Calculation of the transendeantal look-up table
\\ LR R RS R R R AT TR LR SR L R R LS R L R R g R I B B R O A g T At A A

DO 10 I=1,91
"ANGL=2.2*REAL(I-46)
SC(I,1)=SIN(ANGL)
: SC(I,2)=C0S (ANGL)
10 CONTINUE
WRITE(*,*) 'Ready 72!
READ(*,*) 2

LR R RS RS E L L s R L T A T I I I E I L R P YT T
L]

Main loop
R R R IR R T Ly R R R L R R R T R R R R Y R R R R R R X R U R v T g g e

e — — ———— —— ———— — iy ——— T ——— ——————————

. ——— i ——————— — ——— ——— T — . T . T b

WRITE(1) 'J°
READ(1) N2
K2=174-ICHAR(N2)
C2=-SC(K2,1)
WRITE(1) 'K'

READ (1) N23
K23=174-ICHAR(N23)
C23=SC(K23,2)
S23=SC(K23,1)
K3=ICHAR(N23)-ICHAR (N2)+46
C3=-SC(K3,1)
S3=-SC(X3,2)
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i e s e D O —

WRITE (1) 'E'

READ(1) ND1
TD1=T1*REAL(ICHAR (ND1)-122)
WRITE(1) 'F'

READ(1) ND2
TD2=T1*REAL(122-ICHAR (ND2))
_TDD2=(TD2-TD2P) /T ‘
WRITE (1) 'G!

READ(1) ND23

TD23=T1*REAL(122-ICHAR(ND23))

TDD23=(TD23-TD23P) /T

Tl e T T D S — . f— > —— —— T T}

A=MP3* (TDD23+TD1*TD1*C23%523)
B=T2#%C23
C=T3* (TD1*TD1*S23*C2+TD2*TD2*S3+TDD2*C3) +T4*523*C23*TD1*TD1
C=C+T5*C23+T6*TDD23 . '
IF(A.EQ.0.) GOTO 50
D=B*B-A*C*4,
IF(D.LT.0.) GOTO 20
R3=-(B-SQRT (D} )/ (A*2.)
R=-RMIN+(R3~RF) *T7
IF(R.LT.0.) GOTO 30
IF(R.GT.RMX) GOTO 40
GOTO 60 \
20 R=RP
GOTO 60
‘30 R=0.
GOTO 60
40 R=RMX
GOTO 60 -
.50 R3=-C/B
=~RMIN+ (R3-RF) *T7
IF(R.LT.0.) GOTO 30
IF(R.GT.RMX) GOTO 40
60 X=INT (R*T8)+10

—q-.———-—--——————n————-u-——.—--————————-————-—._—_—_—_-.—_......-——

Send the optimum position of the dynamic counterweight
to its closed loop digital controller .

T T T T R o st e Y D e 2 i i . v e . e} Sl ol Y . . S 1. - 1} 70 T o 1 T

WRITE(2) CHAR(0)
WRITE (2) CHAR(X)
RP=R
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TD2pPeTD2

TD23P=TD23
11 CONTINUE

STOP

END
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APPENDIX FE

Digital controller of the counterweights drives

and feedback processing
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FLOW - CHARTS

~MAIN PROGRAM-

Inl- ,".'a..(fsa.f‘-'oa

Stact Temee (I)

Dertve Jeeadbagk

c.n:.'l CA,\CL\'Q_ Lror

Pk} -

Sua.dw.oudp‘-

A

:h.‘;& fu-&n'sl‘u‘s .

L e 0 <4 Lyd

155



=COMMUNICATION ROUTINE-

~

Chack Inpui-

Store

preper R
posi Fion '

* IRET

~POSITION FEEDBACK ROUTINE-
~

Salect VEL(_A']

C hack Sign

Nﬁ%‘-u\ >ol

e

Fos & e~ Puai | Po3s i g Peny +4

I

IRET
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MEMORY MAPPING

ADDRESS (HE}I{) VARIABLE

External memory (DAC)
Khhkkrkhkhkhkhkkhkkrrkkhithrk

8001 ‘ NEL2 (k)
8000 veLi (k)

quasistatic counterweight data
LR R R Y Y  E SRR

=) e
- I
5B
|
k

5A ep (K]

59
58
57
56 )
55 ‘ (mp.n—)1
54 {out 0?]
53 Pt
52 - vel, (k)
51 .
50 i Posz(k)

e, (k-1

Working registers
LR R T T T T P

:g S U sed by TR4 and Iqe2

:g '}U.de by NUOI subroutine
4B 4

4A Ti2 coun hur

49
48
47 .
46 4
45

44 } L
43 x
42 =

10 | #
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ADDRESS (HEft) _ ' VARIABLE

Active counterweight data
Ahkkhkhkkdkhhkkhkhhkkhkkkhkhih

red [N

3D -
3c [ fa (ko)
- !
3A AL
39

38 | e (e
37 '
36
35 ( rn Pu}],‘_
34

33
gi Ve.l‘ (k-ﬂ
30 b Pos 1)

[ DU}‘ru.l’)-{

158
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18L| ADDR | opcopE |

ASSEMBLER PROGRAM

1003 8D 12 490

JPp

1006 |8D 12 57| JP

1009 (8D 12 74

JP

100F |8D 12 9C| JP

ID COMMENTS
TQ1 :
1Q2 INTERRUPT - -

103 VECTORS
105

************************************************************i****
Initialisation : )
*************************************j*********ﬁ*****************

1020 {E6 F6 00
1023 |[E6 F7 41
1026 |E6 02 80
1029{56 03 9F
102C|E6 F9 08
102F|E6 FB 2E
1032 |[E6 2F 30
A |1035|B1 2F
103720 2F
1039 [A6 2F 60
103C|{ED 10 35
103F|E6 4E 80
1042 |E6 31 OA
1045|E6 51 OA
1048 |E6 35 OA
104B|E6 55 OA
104E|E6 34 80
1051|E6 54 80
1054 [E6 32 80
1057 |E6 52 80
105A{56 F1 33
105D{E6 F3 07
1060|E6 F2 8A
1063 |56 36 FC
1066 |E6 48 80
1069 {E6 4A 64
106C|31 40
106E |9F

106F |46 F1 0OC

LD
LD
LD
AND
LD
LD

LD

CLR

INC
CcP

JNZ
LD
LD
LD
LD
LD
LD
LD
LD
LD

AND
LD
LD

AND
LD
LD

SRP
ET
OR

FE «
F7
02
03
F9
FB
2F
(2F)
2F
2F
A

4E
31
51
35
55
34
54
32
52
F1
F3
F2
36
48
43
40

tTrs T T

-

t T~

t -

t

Fl ,

tTrt YN

lol

I41l
tgo!
1gf?"
08!
IZEI
I30I

160!

l80'l
IOAI
IOAI
IOAI
IOAI
|80|
laol
IBOI
laol
r33;
l07|
IBAI
IFCI
'80'
I64|

|0Cl

Port 2: outputs
Config. Port 23 -

g Port 2='sgo!

Sample #1 & #2 (Init.)
IPR set up: 10011111
IMR set up: 00001000

30. to .- 5F

@4E='80"' (4E~4F = BOxx)
Initial position for both
motors: 10 increments
Initial inputs:

10 increments

Initial outputs:

no motion

Initial previous velocities:
nil (128 dec. for the ADC)
TMR set up: 00110011

PRE1 set up: 00000111

v=138 (t=149.74 us)

Clear flag register
848="'80"' (48-49 = B80xXx)
Counter = 100 ($72=14'97 ms)

}Clear working registers
J
)
J
}

-Load & start T1

khkhkkkkhkhkhhkkhkhkhkhhhhkhhhhkhhhhhhhhkhkhkhhkhhhkhhhkhhhhkhhkhrhhkdkhhkhhAxhhhhd

First part of the loop: controller of the dynamic counterweight
khkkkhkhkAkhkhkkhhkhkkAkdhkhkhkhkhkktdhhkhkhkdthhkhkithkhkhhhkhkthhhkhhhhhhhhidhhhhhhhhkhd

B |1072{18 31
107408 30
1076 |2C 00
10781(3C 01

LD
LD
LD
Lb

31
30
42
43

Tt 34

|41I
1401
lol
131

159

-

Load

} pos 1
Div. by 2°=1 -
Mult. by 1 J coess=1



Ny .o

LEL |ADDR | ‘OPCODE 1D COMMENTS
107A |D6 12 18| CALL MDI °
107D |58 41 "LD 41 =+ 45 '}Move result
107F LD 40 =~ 44 in (44-45)
1081 SUB, 32 , 'so' $ign VEL1(k-1)
1084 JPEK“E\E\_,/ .
1087 ILD 40 « 'FF! Expend to a -ve 16 bit word v
1089 JP «D -
Cc |108C|BO 40 CLR 40
D |108E |18 32 LD 32 -+ 41
1090 |2C 01 LD, 42 « '1°
1092 (3¢ 01 LD " 43 ¢ '1! } coeff =3
11094 /D6 12 18|CALL MDL . :
1097 (22 51 SUB 45 :, 41 45¢45-41 _
1099 |32 40 |SBC 44 , 40 42044-40-C) QU4 —48) = pors (k) - Juchi(¥)
109B [BO 49 CLR 49 : :
109D |82 18 . |LDE 41 ~(48.49) | Load VELl
109F |19 32 LD 41 -+ 32 Store for next loop
J1o0a1(26 1 8p[SUB- 41 , -'80' - 8ign VEL1(K)
10A4 |DD 10 AC|{JPL E ’
10A7 |0C FF LD 40 « 'FF!
~ |10A9 (8D 10 AE| JP F '
E {10AC|{BO 40 [CLR 40
" F {10AE|2C 00 ~¢« LD 42 « '0'
10BO |3C 01 LD 43 «~ '1° "
10B2 |D6 12 18|CALL MDI . R
1085 {02 51 ADD 45 , 41 45¢45+41 . Q44—45) =
10B7 |12 40 ADC 44 , ;%, 44«44¢4o+c}pml&)_évddk;1)+udﬂﬂ
10B9 (18 35 y LD 35 -+ 41 Load input ..
10BB|BO 40 CLR 40 , -
10BD|2C 00 LD 42 « '0° S
10B 01 ID 43 « '1°  coesf=1
1 10c1 12 "18 |CALL MDI ,
10C4 {22 15" |SUB 41 , 45 -
locs |32 0a  |sme 40 . 44 |} QUO-4)=al)
€y | 10C8 {19 3B ID 41 =+ 3B Store
*110CA |09 3A LD 40 -+ 3A }error
10cc |2¢C 02 LD 42 « '2° e
10CE |3€C 09 LD 43 « '9! ] coeff. = ¢
10D0 {D6 12 18 |CALL MDI -
. 10D3 lss 43 LD 41 '+ 45
10D5 {48 40 LD 40 - 44
ToD7 {04 3D 45|ADD 45 , 3D
10DA |14 3C 44 PDC 44 , 13cC
- ’ . ‘
-,
<! Q 160 -
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LBL |ADDR| OPCODE ID COMMENTS
10DD| 18 39 LD 39 = 41 l Load previous
10DF| 08 38 LD 38 - 40 error
10E1l] 2C 05 LD 42 « '5° . _
10E3| 3¢ 41 ID 43 « 1q1v |} weff=8
10ES|Dé 12 18| CALL MDI.
10E8{ 22 51 SUB 45 , - 41
10EA| 32 40 SBC 44 , 40
10EC| 59 3F ID 45 - 3F } Store command
10EE| 49 3E LD 44 -~ 3E signal -
10F0| 18 45 LD 45 -+ 41
10F2108 44 LD 44 - 40
A0F412C 00 LD 42 « 'g!
10Fée|3C 01 LD 43 « '
10F8|D6 12 18|CALL MDI
10FB{A6 40 00| CcP 40 10! O<command<255 ?
l10FE|6D 11 27| J2 J . If Yes, jump
1101jA6.40 FF| CP 40 'FF!' —-255<command<0 ?
1104|6D 3 Jz. I If Yes, jump .
1107i76 40 80| ™ 40 *'80! Command<0 ? -
110A}6D 11 13| JZ H - If No, jump
G |110D|E6 34 00| LD 34 + 'p0° Full reverse motion.
1110(8D 11 32| JP K
“¥|1113|E6 34 FF| LD 34 « 'FF! Full forward motion
1116|8D 11 32| JP K
I |1119|76 .41.80| T™. 41., '80°' -127<command<0 ?
*111C|6D 11 _on| J2 G ‘ LIf No, jump
111F|06 41 80iADD 41 , 'soO° Translate scale for the DAC
1122|119 .34 ID 41 - 34 ’
1124 |8D 11 32| JP X .
J (112776 41 Bo| ™ 41 , T80°7 127<command<0 ?
) 112A|ED 11 13 {JNZ H If No, jump
112Df06 41 80 (ADI? 41 , '80° Tanslate scale for the DAC
113019 34 LD 41 =+ 34’ .
K |1132|E4 3F 3D} LD 3F - 3D
1135]|E4 3E 3C| LD 3E =+ 13C Shift
|1138|E4 3B 39| LD 3B -+ 39 | [ registers
113B(E4 34 38| D 3A - 38 \
L }113E{A6 4B 01 | CP 4B , ol Wait for the
1141|ED 11 3E {JNZ L } T/2 period




LBL{ ADDR| OPCODE ID COMMENTS
khkhkhhh ****************i***************************************
Second part of the loop:
controller of the quasistatic counterweight

(Same form as for the first part)
Khkhhk Rk AR AR ARk A A kA kAR Ak kA khhhhhh Ak kkdkkk kAR Ak kb kr k%

1244 {18 51 LD 51 = 41

1146 |08 50 LD 50 = .40

1148 (2C 00 LD 42 « '0° ' X coeff. = 1
114A|3C 01 LD 43 « '1°

114C|D6 12 18 (CALL MDI .

114F (58 41 LD 41 -~ 45

115148 40 LD 40 + 44

1153 |26 52 80 |SUB 52 , '80!
1156 (DD 11 5E (JPL M
1158 (0C FF | LD 40 « 'FF!
115B{8D 11 60{ JP N
M |115E |BO 40 CLR 40

N 1160118 52 LD 52 - 41
1162 |2C 01 LD 42 « '1! : ] coef f. =
11164 |3C 01 ID 43 + '3 e

1166 |D6 12 18 jCALL MDI
1169 |22 51 SUB 45 , 41

116B |32 40 . SBC 44 , 40

116D |9E INC 49 .

116E |82 18 LDE 41 +(48-49) > )
1170 |19 52 LD 41 » 52

1172 |26 41 80 |SUB 41 , '80!'
1175 |bD 11 7D |JPL O

1178 |0C FF LD 40 « 'FF! _
117A (8D 11 7F| JP P - .
0 [117D|BO 40 CLR 40 .
P |117F |2C 03 1D 42 « '3
1181 [3C 07 LD 43 « '74 .. } coesf. =1
1183 [D6 12 18 |[CALL MDI
1186 {02 51 ADD 45 , 41
1188 {12 40 ADC 44 , 40
118A (18 55 LD 55 - 41
118C [BO 40 CLR 40
118E |2C 00 LD 42 « '0°
1190 |3C 01 LD 43 + 11

—|1192 D6 12 18 |CALL MDI )
1195 |22 15 SUB 41 , 45
1197 |32 04 . SBC 40 , 44

162
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LBL |[ADDR| OPCODE ID COMMENTS
119919 5B ID 41 = 5B
119B|09 5A LD 40 -~ 5A
119D|2C 03 LD 42 « '3 } coeff. = M
119F{3C 11 .} LD 43 « 111 .
11A1{D6 12 18 {CALL MDI
11A4 |58 41 LD 41 =+ 45
* |11A6(48 40 LD 40 - 44
11A8|{04 5D 45{ADD 45 , 5D
11AB|14 5C 44 |ADC 44 , 5C
11AE|[18 59 ID 59 » 41
11B0 |08 58 LD 58 = 40
11B2}{2C 04 ID 42 « 4! .] coeff. = U
11B4|3C 1F .| LD 43 « '1F!
11B6|D6 12_18 [CALL MDI .
11B9|22 51 SUB 45 , 41
11BB|32 40 SBC 44 , 40
.{11BD|59 5F LD 45 = 5F
11BF |49 SE LD 44 -+ 5E
11C1|18 45 LD 45 =+ 41
11C3 (08 44 LD 44 = 40
11CS5{2¢C 00 LD 42 « 'o!
11¢7}3C 01 LD 43 « 11!
11C9 D6 12 18 |CALL MDI
11CC|A6 40 00| CP 40 , 'O
11CF|6D 11 F8| JZ2 T : y
11D2 |A6 40 FF| cP 40 , 'FF'
11D5|sD 11 EA| JZ s
11D8 |76 40 80| T™ 40 , '80!
11DB(6D 11 E4 | JZ R
11DE{E6 54 00| LD 54 « '0Q°'
11E1{8D 12 03| Jp U
R |11E4|E6 54 FF| LD 54 « 'FF!'
11E7{8D 12 031 JP U
S |11EA|76 41 80| ™ 41 , '80°
1iED|6D 11 DE| JZ ©Q
11F0 |06 41 80 |ADD 41 , '80!
11F3 |19 54 LD 41 - 54
11F5|8D 12 03| JP U
T |11F8|76 41 80] T™ 41 , ‘'so0!
11FB|ED 11 E4 [ONZ R
11FE |06 41 80 |aDD 41 , '80'
1201 |19 54 LD 41 - 54
U (1203 |E4 S5F 5D| LD SF = 5D
1206 |E4 SE 5C| LD 5E = 5C
1209 |E4 5B 59 | LD 5B -~ 59
120C{E4 S5A 58 | LD 5A -+ 58



LBL|ADDR| OPCODE . ID ‘ COMMENTS

V |120F|A6 4B 00| CP 4B o
1212 |ED 12 OF|JNZ V

1215|8D 10 72| JP B

********************************i********************************

Subroutine MDI: multiplies a 16-bit number stored in the (40-41)
pair of registers by a coeficient of thé form n/2¢ where both n
and d are integers: 0<n<255 and 0<d<9.

n is stored in register 42 and p in register 43.

The result is writen in the (40-41) pair of registers
***T************************************************************h

MDI|(1218|B0O 4C CLR 4C
121A{BO 4D CLR 4D

121C|A6 43 Q0] CP 43 , '0! Multiply by zero ?
121F|(ED 12 23]JNZ AM ’ '
11222 |AF RET
AM | 122302 D1 - ADD 4D , " 41
1225{12 cCoO ADC 4C -, 40 Multiplication
1227100 43 Y DEC 43 loop
1229 |ED 12 23|JNZ AM :
122C|A6 42 00| CP 42 ‘o’ No division ?

122F|6D 12 3B JZ CM

BM 1232 |D0 4C SRA 4C___ = _ :
1234 |{C0 4D .|RRC 4D Division

1236 |00 42 DEC 42 loop

1238 |ED 12 32|JIJNZ BM e - -
CM [123B|18 4D LD 4D =~ 41 Result stored in the

123D |08 4cC LD 4C = 40 ]

(40-41) pair of registers
123F |AF RET :

***********************************f*****************************

Interrupt routine IQ1: Updates the position feedback of the

quasistatic counterweight
******i**********************************************************

IQ1|1240 |46 03 10f OR 03 10 i} Check the
1243 |FF NOP } direction
1244 (76 03 04| TM 03 04 of motion
1247 |6D 12 4D| JZ Al . -
124A |AO S50 INCW 50 Increment position
124C |BF IRET .

Al [124D |FC 01 LD 4F + '01! Debouncing process: ignore
124F |82 7E LDE 47 ¢(4E~-4F) interrupt signals when there
1251 |[A6 47 7E| CcP 47 , '7E! is no motion
1254 {6D 12 59| JZ Bl :

1257 |80 50 DECW 50 Decrement position

Bl 11259 IBF IRET

164



LBL

ADDR

QOPCODE

ID .

COMMENTS

Tk AR kR AR R AR R R A AN AR RN AR R R AR AR AR R R KRR RN RRRRERRRRRARRR AT RRRTR R

Interrupt routlne IQ2: Updates the position feedback of the.
active counterweight

************************************************i****************

IQ2

A2

B2

125A

1125D
-128E

1261
1264
1266
1267
1269
126B
126E
1271
1273

56
FF
76
6D
A0
BF
FC
82
A6
6D
80
BF

03 EF

03

04

12 67

30

00
7E
47

7E

12 73

12
30

AND
NOP
™
JZ
INCW
IRET
LD
LD
CcP
Jz
DECHW
IRET

03

03
A2
30

4F
47
47
B2
30

EF
04

- lol

«(4E-4F)
17EI

Cheack the
direction
of motion

Increment position
Debouncing process: ignore
1nterrupt 51gnals when there
is no motion

Decrement position

AR AR A A kA AR AR AR A A AT AR AN AR KA AR AR AR AT AR AR ARk Ak kA hhrhhkk

103

A3

B3

C3

Interrupt routine IQ3:

serial communication.

Receives the desired positions for both counterweights
Ahkkgkhk kA hghhhkhhkhhhhkhhAhkhhkdkdhdhkdhhhikdkddddokdhdkd ko d kk %ok gk ok dkkkd

1274
1277
1274
127D
1286
1283
1286
1287
128A
128B
128E
1291
1294
1297
1298
129B

76
ED
46
A6
ED
56
BF
46
BF
56
76
ED
E4
BF
E4
BF

36
12

01

8B

36
Fo
12

01

00

12 87

36
36
36

36
12

FD

02

FE
02

98

FO

FoO

35

55

™
JNZ
OR
cp
JNZ
AND
IRET
OR
IRET
AND
™™
JNZ
LD
IRET
1D
IRET

36
B3
36
FO
A3
36

36
36
36
C3
FO

FO

—+

-

loll

|01l

IOI

IFDI

'D2

IFEI

02

35

55

165

}

Motor selection ?
Jump if Not

Active (6) or quasistatic
(1) selection
Motor (0)

* Motor (1)

Data input:

Store command for motor (0)

Store command for mator (1).)



LBL!ADDR| OPCODE ID COMMENTS
X 2222322222223 32232223x3 232223 3 3202233223221 222222322t dlsd s
Interrupt routine IQ5: 1)Monitors the sample and hold process
of both counterweights motors every 149.74 us

2) controls the sampling period
**********************************rt*****************************

IQ5|129C|A6 46 00| CP 46 ‘00" If i=0:
129F|ED 12 AF3}JNZ A5 T
(12A2 {46 03 20| OR 03  '20° Hold SH quasistatic
12A5|6E INC 46 :
12A6|E4 34 02} LD 34 =-» 02 Load command for active
12A9!56 03 BF|AND 03 , 'BF! Sample SH activs_
12ACi8D 12 BA| Jp BS

A5 |12AF|46 03 40| OR 03 . 40" If i=1: hold SH active
12B2 |BO 46 CLR 46. -
12B4 (E4 54 02| LD 54 -+ 02 Load command for quasistatic
12B7 (56 03 DF|AND 03 DF Sample SH quasistatic

B5 |12BA |00 4A DEC 4A Decrement sampling counter
12BC(6D 12 CO| JZ C5 Time = half-sampling period
12BF |BF IRET

C5 112CO0|A6 4B 00| CP 4B 00

" [12C3|ED 12_CA|JNZ D5

12C6 | BE INC 4B _ jel if =0
12C7 |AC 64 'LD  4A « '64'! Reload sampling counter
12C9BF IRET

D5 |12CA|BO 4B CIR 4B je0 if j=1
12CC|AC 64 LD 4A « '64! Reload sampling counter

.}112CE | BF IRET o ‘
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