CHAPTER IV

Implementation

As a most active research i \\:\“ e ipulator control, adaptive control has

not yet achieved great success as el i lmgy.msisdunmtbefm
that a few of expermental re:
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over the conventional fixed

gain controllers. This is als@
acceptably performing its tasks byfutiizs 1gn of thy gdin :antrol scheme. [n a past few year,
considerable paper in adaptiv
Many control algorithms were s¥nthized aid tesied nostly by computer simulation based on the
mathematical model of a manipulator. mental results implemented on actual

systems have been reported. The gid on ptive control scheme by theoretical
nn:lysismdmmpmer' are, althoagh, o jﬁfj-- s for investigating the

problems but forwmgd namic : m@utm they are not sufficient.
Essential nonlinearities inhereddn dynamic system ofypanipulators prevent us from direct analysis by
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sy S o L LU LEEL e

founded analitical footing of the nonlinear system theory are not restricted only for linear systems.

Nevertheless, in the case of manipulator dynamics, it is still very difficult for direct mathematical
analysis due to its huge structure and the strong nonlinearity of the dynamic equations even when

simple configuration of a manipulator is discussed.
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For adaptive manipulator control which is a unique class of nonlinear, time-varying,
multiinput-multioutput dynamic systems and has its own specific dynamic features, experimental
evaluation would be, in addition to computor simulation, the ultimate way of justification for the
applicability of the control scheme. Since it is a common truth that like the dynamic model can never

be matched with the real physical system we, also, can never account for all existing signals

close to maginally-stable region or

even to be unstable when inherent faetor ihat ae nuiodeled, measurement noise and high-frequency
dynamics neglected are randg st latedd 1o ', - pitude during performing. Based
e proposed self-tuning scheme

with the Chula2 manipulatogerfofinid path-tracking. To be & able in the issues of stability

on this point of view, we sk

robustness and tracking perfogiange, -.,- ement @nd expériment the PD control scheme as
a conventional fixed-gain contralle in commercial robotic
systems even in trajectory tracking™asks and on robustness and stability over some

proposed adaptive schemes.
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the Control stemlxbonmry Chulalongkorn University for educational purpose. It is used as a

basic controlled plant for general control algorithm implementation. The main goal in the design of
our first manipulator, the Chulal, is to construct a simply configurated mechanism with its control
hardware composed of low cost and affordable components such as a PC compatible microcomputer
and its peripheral interface cards. As the needs in industrial applications directed into more precisely

manipulation task that requires more and more sophisticated robot operating with higher precision in
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trajectory tracking manner. The Chula2 project was created in 1988, With capabilities to do
industrial manipulation tasks such as a most common in product assembly line in factory, pick-and-
place job, the manipulator design also still maintains the concept of using low cost microcomputer
and its advanced accessories as control hardware in mind. After we had considered servoing

ed with the Chula1, we had decided to design a new
Bobidtro st o some types of task maipulatice.
' tracking motion, control hardware of
the Chula2 had been carefulljd sing Uigital lechfiiquess. For the issue of computational

m\\\\\ er working in parallel. This
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The Chulal robot fiiipulaion was-constiucied-in-155 \‘ pable of only point-to-point
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course, Thnu‘mnflhﬂﬂhhl#mmdﬂfmm for minimum weight and configured to be
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Joint motion. We merely v
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shown in Figure 4.1

The controller comprises a PC/XT compatible microcomputer and a 12-bit A/D, D/A

inﬁdmcardusedmmmpuﬁngpurﬁmmdduhmqﬂﬁﬁmpmﬁmmmmplmmlmp.m
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control algorithm implemented was three simple independent PID loops of DC motors for each of
three joints. The resultant system was fairly in performance for point-to-point movement but its

static accuracy was rather poor due to limitation on qualities of our equipments used.

As we use this simple manipulator as a vehicle to survey some important problems that will

1. With a PC/XT puting facility, the low cost

simple point-to-point contrg o advance into exploitation of
more sophisticated control fosfigh'y 3se, making use of one microcomputer

2. Position feedback byfotdBtion ters althogh has linkar characteristic, subjects to many
sources of noise, first from its power supply, secont e generated within itself as common
resistive noise and electromagnetic-ind « Ligh free Epnoise content that can be caused along the
to interconnection with A -: "Tj ement is degraded.

‘iThnuuofalummummtantuhumtbaumbady akes mechanical structure much
AR
during actuating the &fm.
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motor at high speed so that power generated by the motor will be high enough to drive the arm

transmission lines from themanipulator and potentiometer bods

against gravity and achieve desire position, but joint operating velocity is very low relative to motor
speed. This fact directs to making use of speed reducer such common and inexpensive as a gear box.
Every gear always presents some backlash that introduces strong nonlinearity into the dynamics and

can decreases position accuracy.
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The design phase of the Chula2 project was started in the early of 1988. We had the
objective of building a high performance robot manipulator that is capable of trajectory tracking.

The principal pugglise g il ghulEz-saths rition design is to simplify mathematical terms

the dynamic equations. With the

goal to design a robot ther for industrial applications it
must be configured to suit for some - ' i ion tasks. We used a conventional task of
pmnlpmdmmwmb_lyiiuu s a case and with the need of high

Chula2 in the design. Auﬁnt o1
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pper h ith the sake of simplicity in

distance can be obtained by translation of the third joint. The three-axis wrist will be attached at the
end of the third link for 3-dimension orientation. The wrist construction will be in the later phase.



B. Accuracy and Speed

Accuracy during trajectory tracking is of most interest in our case as it is one of our major
research issue. Speed requirement for the Chula2 is not critical. We specified desired tracking

accuracy at moderate speed. It is, however, our target that the average tracking speed in planar reach

achieved. In order to achieve high.se /o-accura el akeuse of digital techniques in every
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speed reducer attachment. T

. Incremental optical encoders

h motor shaft end before

resolution of the optical

’ﬁm\\\ . With the use of a 1: 160
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encoders used will permit vg i
harmonic gear as a speed redug \- fmhjumtmurdmutushuuld

not be more than 10 microradiag s and, \ .' microns resolution should be

achieved for translational joint confprisifig setor and eW composition working as rotary-to-

linear motion converter. Thgeﬁac redn -u.,; _«— _ ree dimensions that we prefer should be
within 0.5 mm, although ‘W _ aci-obwatt 4 /- 1 LSB. Additional
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mmhmicﬂmmsxpmtﬁl cOm clearance and backlash

unavoiding in mechanism msmlinnnn including flexibi ty of the material used.
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payload of 5 kg. at maximum design speed. With this requirement, we can specify a maximum
amount of actuating torque needed from actuators at each joints. Size and model of the actuators can
then be selected to properly match with the requirement. The use of aluminum alloy that we
preferred will then be justified for its static and dynamic loading capability. Stiffness of the arm

body is another issue that is of importance in dynamic response considerations. We will make use of
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this property estimated from strength data of material and specification of payload to investigate for

mechanical resonance and other vibrational characteristics of the manipulator mechanism.
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According to our research direction, we decided to divide the whole Chula2 project into two

phases of design and construction of mechanical system corresponding to two basic effective
movement of manipulators, translation and orientation of its end effector. The first three joints of the
Chula2 manipulator are applied as the least configuration for doing translation of the end effector in

three dimensions. Whereas the end effector onentation can be obtained from operation of a three-axis
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wrist which is to be constructed in the second phase, attached next to end of the third link of the
arm. At the time of this presentation, we had completed the first phase of the project as the three-axis

arm was already designed and constructed. Its final configuration is shown in Figure 4.1.

A. Manipulator Arm

degrees. Restricted by the gébmetais ¢ ot be rotate within range of 180

degrees. Two couple of i e _. nstalled (o detect s of angle. Joint 3 has vertical

shape. It is suitable for pick-and®pla€e job piipisédsive previously specified.

Structural design of the apm Wag dorie concept of having maximum structural

stiffness as much as poss Dlsactio-yeidng-mcns 2uisn that is conventional
requirement in general mnﬂlm mechs cﬂﬂlﬂ of machined parts, we
took into account the sake of simplicity in machining, gssembly and installation in addition to

e JALES TNBID R S i e

tools were used meuwntnthﬁepma. Light-weight Alumigum alloy was usgg to make most of
prts of ok Vo). e bl el ke b, b i s s
mmiamdnguplhgu&mmmshﬂs.mmdnhysﬁﬂmmlmgﬂnjoimwhmd
stiffness. High quality bearings were used to support joint rotation relative to motors and arm body
with less friction. In order to free joint composition of the first two joints which have joint axes of
vertical orientation from gravitational force, low-friction trust bearings were installed to transfer
whole weight of joint composition to joint aluminum housing. All of these parts had been accurately

machined for mechanical precision when they were totally assembled. The base of the arm was
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design to support whole weight of the arm and have its own weight as much as possible to increase
total inertia of the whole arm for the purpose of having good vibrational behavior. It was constructed
from conventional steel pipe of 80 kg. weight. And it allows the motor-gear housing of the first joint

to be installed inside.

As we emphasize to ing [use of harmon s to obtain zero backlash speed
reduction, the composition was designed and high p cision machining of every parts
involved was needed. Each of tiffe jéinfs s it- fidiaue cor 2 due to different motors and

gears used.

The aluminum de the base steel pipe for the sake

Vi _" ed as a joint actuator.

uanf?(@ﬂm was equipped with the

motor shaft. Its outer taethnd the motor casilig’' were fixed with aluminum allo
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between joint shaft and aluminum housing can, instead of joint shaft, withstand bending moment

of compactness. An Electtd
Harmonic drive model whucﬂm withstand maximum

occurred by weight of further arm span leaving the joint shaft for delivering actuating torque alone.

For position and velocity feedback, an incremental optical shaft encoder of the Suntax model with a
resolution of 2048 pules per one shaft revolution was asserted at another side of the motor shaft. We
did not use tachometer signal, although was embodied with the motor housing from factory, as a

velocity feedback signal in servo loop for that we can digitally extract velocity content from



measurement of encoder pulse frequency instead. This joint configuration can offer a resolution of
more than 1,300,000 steps per one revolution of the joint shaft corresponding to a step size of less

than 5 microradians.

It is one of our objectives, gmurll control apparatus, we

intended to select various equipmes ad selected a moving-coil DC
motor as an actuator of join allowing the joint to be more
dexterous. Although it has sathe; e to the moving-magnet

ve of speed reduction ratio, the
ition of joint 2 which has much
lower link inertia than the prevights i@int acsurding {0 fhe conlfigufation. The joint subjects to a few
% . ic drive for the sake of joint
compactness. Thamnqmmlon of am

much lower rotational inagtha

flat-type harmonic drive that possesses
--- tion with higher maximum

speed. For position sensor, I Rence enco 1M with a moderate resolution of

lmﬂpulsasparmnluuonm.mmﬂa:lattbaﬁoutnflhemmrshuﬂbefumrh:ahnhmuphngmm
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This joint is prismatic for doing vertical translation. We used the nearly zero-backlash
composition of worm gear and ball screw to convert rotary motion into translational motion
perpendicular to the rotation axis. A high power and compact-size model of An Electro-craft

moving-magnet DC servo motor which can deliver maximum power of 500 watts was directly
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coupled to the shaft of the worm gear. Since the worm gear and ball screw composition has rather
low rotational friction. It, therefore, possesses high mechanical efficiency of power transmission.
This power transmission system is quite satisfactory and can carry a payload of more than 5 kg. with
0.3 m/s vertically travel speed. This performance matches with the proposed payload and speed

requirements. The same type and model of a Suntax optical encoder as in joint 1 was used yelling a

Wy

position resolution of less than 0.1 micre

Figure 4.2: System interconnection of the Chula2 control hardware



4.1.5 Control Hardware Designs

The Chula2 manipulator is designed for high performance tracking purpose. It sometime
operates at rather high speed. The

rate over all the operating range

be able to provide sufficient sampling

ical information. As we

aforementioned that one of the gg vide a basic apparatus, as a

highly nonlinear controlled g problems and implementing
advanced control schemes sudh as alfapfl  fonirol o jon-adptive robust control, the
controller we had to design il nplicity of various scheme
implementation and applicatic :pt of using a low cost
microcomputer as system controller i§ diffi ult : possible beeduse of limitation of its computing
power. We have discussed the iss imental papers that implementation

of most of advanced aduptiw control-s puter-level of computational power

to achieve sufficient s !
M

In discussion of mmpt‘tauonli requirement, we referred to the proposed self-tuning scheme
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time processing and tmi]mg We cxpwteéln Intel Bmsﬁ-buad PC/AT cowublu
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computed in a real-time fashion. In spite of facing with computing speed problem, however, we had
still agreed that an advantage of using a microcomputer lies in its open bus architecture which is
industry standard. The microcomputer, usually referred as the PC, permits external electronic
hardware to communicate with it or even with other microcomputer in the easy way. Furthermore,

the way of communicating or cooperating can be customized to extremely match with our rigorous
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requirements. Inspired by this fact, we turned our attention to exploitation of more than one PC
working in parallel as the Chula2 system controller.

To effectively utilize this controller structure, we have to properly break down all work in
general control schemes into many specific jobs relevant to its applications and real hardware

implementation. After we had considered basic work done by all parts of general controllers, we can

is to do computing jobs that do not

involve with any hardware o W, mes, this part is usually
incorporated as minor loops eaB&nciaf 5636 Capabilities ¢ feedback loop which contains
all necessary control equipménts i gg real conte d plant, Inithe case of adaptive control, an
ngitation:past:of e s e . ‘ to offer more correct
parameter information to the gfh k will be done within one

section of computer program op I equipments. The second aspect

of the control computer is to be together with actuators, sensors,
controlled plant and additional contro} hiscdware 10.¢ : the principal feedback servo loop of the

whole control system. &o——————————————

Blmdnuthmeconce%s mPCmmpnnhlemnmmpummusadmpufumﬂmnm
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necessary interfaces to obtain optimal system performance. Data transmission between the two
microcomputers had been considered to be critical subsystem for overall data throughput. We
preferred direct and fastest way to transmit computed information between them. Data transfer must
be bidirectional and asynchronous in timing for retaining flexibility of various scheme

implementation. A simple but fast asynchronous parallel communication interface had been



specifically devised using low cost Intel CPU peripheral VLSI chips. The interface can offer parallel
communication with little CPU attention through fast hardware interrupt mechanism. Data to be
transferred such as parameter estimates computed by one computer will be transformed into a
sequence of characters and directly outputed to another computer upon interrupt request. By this

mﬂnﬂ,dﬂhthrﬂughpmwﬂlbeuﬁsﬁcmry 5 ing functional independence of the two

An IBEM PC/AT coafpatible @ - MHz-80286 Central Processing Unit
(CPU) augmented with 802874m I
with all dedicated custom-desiggél ghriphe filces composifig data acquisition unit and Digital-
to-Analog converter as output unit™o s d into servo amplifiers. Accompanied

with servo amplifiers, Motor, manip nsors, the mmpuhormll represent the

rest of all necessary cont “i? iiits-to-sullivienily-complele-tie-tasic feedback servo loop. The
3 ‘
conventional fixed-gain mﬂ]er o8 lizati ... f this adequate configuration.

To enhance the main feedback w:thalgonlhm-u mdmmcrloupsupmmadvmmdmntml

mwﬂ%wwﬂsﬂwmm

selected the fastest Hz-30336 PC/AT microcomputer fxﬂus task. The W
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spoaduptn mips (million instructions per second) adequate for heavily computing tasks such as
those in the self-tuning scheme that we will experiment on the Chula2.

In cooperation, the SCS will serially receives encoder information form the Servo Data
Processor (SDP). The serial information will be transformed into 16-bit word and the Direct-

Memory-Access (DMA) function will be invoked without CPU attention to acquire the data word
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into the computer's memory. At the same instant, the same operation will also take place in the ECS.
Overall data throughput of the operation is maximum at 500 Hz for three-joints manipulation. As a
result, the two computer can simultaneously realize kinematic situation every 2 msec. Depend on the
control scheme used, the main control program in the SCS will command the action and control

of communication burden and further

violating by maximum speed of DM A fdér information, processing capability of the

two computer will be decreased abou8-10%. computing performance is retained.

The resolution and"a Cvot -lr_._j it ig of, ‘1_ .\ '., tﬁrﬂbmwm
servo performance. The unig : the da

essentially needed for suitabilit

acquisition module is
n. We had to custom-design and
build this data acquisition module to ¢ for the Chula2 and to be excessive to

support system enhancement tha cording to the past experience

with the Chulal manipuld{; We emphasized 10 avoid; 88 MUGH A8 Pos able, treatment about analog
signals. Digital techniques g‘b P
gnal is much immune to meaSugement noise than agalog one. The application of optical encoder to

N

mpomuonmmsummtwhmhm g to the number of digital pulsés.generated from the
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othuayshmmuapadmmtﬁummaagmlwmummhmnfmdng

e data @uiﬁﬁun unit. Since, digital

measurement coming from application of the frequency-to-voltage converter which tends to be quite
noisy, instead ,we used very accurate computer-controlled digital frequency counter to measure
speed of rotation from encoder signal. In explanation of the unit, we will describes its function and

performance according to all equipments we built.



Servo Data Processor (SDP)

This computerized digital circuits contains all necessary function for processing digital
information from the encoders. The basic functional modules are long distance line receivers,

decoders, position collectors or counters and frequency measurement circuits all controlled by a Z-80

processed into joint speed hyfthe sing n@rd *-_-‘u: : \ peed and position data retrieve will
be serially transmitted to theS .other through the long-distance

line driver circuits. This data fransmis i ed data up to six joints with

maximum cycle r \\

Sial | Lme 824 ’ | eition

. Lime Sevial Data £- 80
-— : FE— Misroprodessor
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Figure 4.3: Functional block diagram of the SDP
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period of less than 4 ms. This means that the SDP can simultaneously deliver servo data of six

encoders allowing relevant servo controller to perform the maximum sampling rate of more than 250

Hz.

SDP-to-DMA Interface (SDI)

This is a PC/AT compatible int t for fast delivery of SDP data into the
PC/AT compatible computer mem % of Direct-Memory-Access (DMA).
initially transmitted from theglBP eACArH: By the SDI Willgapture and recognize all serial

data within its own memory At this moment afier

completely 16-bit data gnal into the PC/AT system bus

and common DMA cycle will Be ganer od o tramsfe: data into thécomput r memory. This

ISA

"1 s

AN TUNNTIMNA Y
g :

Figure 4.4: Functional block diagram of the SDI
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operation will interfere the whole system bus cycle of the computer no more than 2% of the system

bus bandwidth. There are two of this interfaces installed into the open bus of the SCS and the ECS
for simultaneously receiving position and speed data gaining degree of parallelism to the computing

system.

General 1/O Interface (GIO)

il

il

1

Figure 4.5: Functional block diagram of the GIO
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communication between the two computer can be rapidly taken place. Installed with the GIO, the
SCS can absolutely control all function of the three LA-5600 amplifiers. In addition, the GIO digital
inputs are used to monitor current operating condition of the amplifiers. The analog part comprises
an Analog-to-Digital (A/D) converter for analog signal measurement and Three Digital-to-Analog

(D/A) converters for delivering analog control output. Both are used with the amplifiers. The A/D
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Figure 4.6: Functional block diagram of the APIs.
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The function of this customized interface is to offer bidirectional communication between
the SCS and the ECS. The interface design is making use of the rapid PC/AT interrupt structure and

IEEE standard bus driver to obtain fast and precise asynchronous data transfer. Its structure is

composed from standard VLSI building manner to achieve the function. The
MHz which is approximate to a
bandwidth of PC/AT open bus arg eaves the interrupt mechanism of the

PC/AT the slowest portion g
C. |

The unit comprises thrgé sefs iers for deiving DC servo motors of the joints.
The servo amplifier can be prog : yop of a motor or to be as a current
amplifier for exerting an exact amount of DO eu rding to a torque command from the servo
controller to a motor. L,l s o case that the :.:.:.:.:.-.:;:.:.:-;;%‘4 ent amplifier and a
wrrﬂpondingl}cm tf G ycomn:undinde:ﬁtm
mtmmtnftorqmmﬂu?mpxﬂmrmhmsm.
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operation. uutpﬂnumtmdmﬁmmﬂylmmdmpmwdupmtammﬁ}rthuamphﬁcrmdtha
" servo motor. The LA-5600 amplifier has a peak current limit circuit which limits the maximum
current available from the amplifier. The RMS current limit circuit is also provided as for limiting
the length of time excessive current is applied to the motor. The basic operation of the amplifier can
be occurred in the four quadrants of the torque-speed relation in addition to normal operation of the

motor and the amplifier interconnection which is usually performed in the first and the third quadrant
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torque and speed have different sign the amplifier is then fell into the dynamic braking mode. This is
a special condition where the motor acts as a generator decelerating the attached load and its own
rotor. During dynamic braking, the kinetic energy stored in moving parts of the motor-load

interconnection will be turned to be electrical power in the form of direct current fed back into the

amplifier. This electrical power will dis the output stage of the amplifier in the
form of heat. '

The amplifier set-has t at will be summed together to
get a reference command to € summing junction in the
feedback loop. In our case, breference input to the current
amplifier. The amplifier also ggnerg \‘?D and MCO, which may be
used for servo feedback purpose AVO) signal is an analog voltage
signal which is proportional to thegc peed. The signal is obtained from the

buffered tachometer voltage input to .'- amplifier, The Motor Current Output (MCO) which comes

et ALy oY T o
from the internal current sehsin alog @ Si ___,;:" ortionally indicating the
; \ ' )}‘ S
amount of the instantanect$ mo squinitly also indicative of motor

generated torque at that moif

t When npettﬁng'tnlhecm-rmt amiplifier mode, we will disconnect
Q.
Y, IERAL NI
incorporating wﬂhm mel:mmtad | |
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the purpose of amplifier control, the amplifier offers internal clamp circuits used to
limit operating range or restrict the function of itself. In the Chula2 system, we built an interface
circuit between the SCS and the amplifier clamps. All function of the amplifiers are completely
controller by the microcomputer including safety mechanism that the microcomputer will
automatically cut off the amplifier when the arm reaches clockwise or counter-clockwise limits.
Furthermore, the interface will allow the external clamping circuit to exert clamp inhibit signal in

parallel to the microcomputer command. This external clamping circuits which receive joint inhibit
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parallel to the microcomputer command. This external clamping circuits which receive joint inhibit
signal from the infrared sensors installed at the manipulator joints will act as the second safety

mechanism always working, though facing with computer failure.

4.2 Experimental Evaluation

So far, we have di matical model of a manipulator

and established physical insight manipulator dynamics to realize
inherent physical complicati controlled plant. An indirect

adaptive control scheme fo ivalence approach proposed in

(6) is chosen to be implemend . Relevant theoretical backup
was laid down to support for led explanation of designs and
/construction of the Chula2 magip e mechanical structures and its
associated control equipments for ill base our experimental evaluation
on the practical :pplicahi!il:_v ot' the adépir already have adequate background to

go on into actual h i) =:'-

way that m]]reﬂectpmmlﬂg C pﬂ:mncemdermalopwing

environment, tha.tahnuldsxhﬂrmg;mﬁmtd.l among the results inferred from theoretical

o s o TTIT AP —

Derivative cnnl:rul acceptably proved itgelf to be erﬁiact: in controlling lw.m:t-dnve, low
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thaaamaopmmg condition to offer comparable results to compare to the adaptive performance.
According to our theoretical consideration, we know that the strong advantage of the indirect

adaptive control lies upon the ability of the on-line estimator to capture the effects of uncertainty in
parameters and unmodeled dynamics at once in the resulting estimated model. Since our manipulator
adopts high ratio speed reducers in order to amplify the amount of joint actuating torques, the

influence of that uncertainties is then greatly scaled down by a factor of the square of the speed



reduction ratio. Hence, under normal operating conditions, general tracking operation of the
manipulator seems to be too smooth for the adaptive control to display its control capability. As a
result, we need to exaggerate effects of dynamic uncertainties in the experiments to deliver * worse"

environment where the conventional fixed-gain controller is expected to be taken into the limit of its

robustizability, while the adaptive control is pradicted to significantly outperform the PD. In this
way, adaptive performance should ~L 61 uE #nd'the objective of the scheme's justification
will be satisfied. |
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Figure 4.7 : Affixing coordinate frames
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We note that joint n is defined to be a joint connecting link n-1 and link n. The link numbering

begins at link O that is considered to be dynamically fixed with respect to the earth ground and will
preserve as the inertial frame of reference of the whole dynamic discussion in the consequence. The
mdﬂmﬁmaﬂpmtinmm!hammmumﬁm&mnﬁubﬁoﬂhkmi.u., it

is rigidly attached to link n, and its z-axis is coincident with joint n+1 axis. As a consequence, we

see that we can describe the current position\and afigntation of a body of link n implicitly by the
current description of the coordinate frame n in terut; § he goordinate frame n-1. Therefore, the

Qnmmthajoimmﬁimtaﬂlmd

so on for 8. For joint 3 that pegf he joint coc e d amounts to vertical

distance made by frame 3 me: pe 2. The following table

summarized Chula? link param

Table 4.1 : Lmkpuﬂmmd_jmnw of the Chula2 manipulator.

ﬂUEI’JVlEWIﬁWEﬂ’]ﬂ‘E

Rm]lthadsﬁmhmu the A matrix describifig geometrical sglation between cnsecutive linkages,

v i o G i o s o i

following hnemma descriptions, for brevity of term presentation, c, 1513 Cy and 5y are used to

denote msﬂi,smﬁncus(ﬂi +9_,] and sin ﬂ, +ﬂ'!) respectively,

G =% 0 ac

|5 e 0 as
Y=o 0 1 0
0 0 0 1

(4.1)



4.2)
(4.3)
With respect to the base frime, 6 lifiahalié équl
(4.4)

(4.5)

5:2 0 “z‘-':z +a,c,

ﬂ ummy Tﬂ EI'TTLT‘"
(4.6)

’QWlﬁ\iﬂ‘iﬂJ IMANIAY

Hsingﬁnmmpulmfhmhnmnupmm{z.m we then have the closed form of the kinetic

energy of the Chula2,

K =(A+BcosB, + Csind, )02 + (D + Beosb, + Csin®, 8,0, + -zl-uég



2 4.7)

A=51{I:u+f:m + 1y, +(“1= 4.3, )m, +(a] +a} +2a,%,)m,

B=a[(a, +%,

C=-a,(y,m,

While the amount of its potér

(4.8)

- m@ummmmm:mm
ARIAN A ANLASY

+(Ccosb, — bsin6, )(26,0, +62) “.9)

7, =(D+ Bcos#, + Csin#, )8, + D8, +(Bsin8, — Ccos#h, )6? 4.10)

=mydy —m,g 4.11)
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where T, and T, are driving torques of joint 1 and 2 respective;y, delivered from power
transmission systems consisting of joint actuators and speed reducers to manipulator linkage. f;

represents linear force that drive link3 to translate in vertical direction.

From the above, we can in the Chula2 equations of

motion. Despite the SCARA the kinematic terms so simple, we

still face with a large dynamic struct for only three joints.

aptive control presented in Section 3.1.
microcomputers are used to serve 88 by : ng modules for sufficiently delivering
computational power to support Chuls2 opefuticn. The, €8 is implemented to perform basic servo

calculation upon receivi, e of the Chula2

Vi

controller. We shall detail thelco , the ECS, and connected

hardware. Mshnmanlgurn43 onrhnISﬁbusoftthCSmmmcumpuwrwehwemmﬂad

i 4 24 1 Yt s

servo loop, the SDPWill mmpumandmlle?mmdﬂdmmmslymm its counter memory.
oG RARANTHUNAGNH A e
andWelocity values, and then will be serially transmitted to both the SCS and ECS. the SDI
modules on that two computers are responsible for interfacing this transmitted information with
particular memory location whose addresses are preset by main software of the computers. Thereby,
with this mechanism, the joint moving data can be flown into memory of the two computers without
processing attention of the main programs. The rate of this transmission can be achieved at about 650

cycles per second for three joint data acquisition. To calculate servo errors and control efforts, the



will look at that particular memory location for current joint data and perform the calculation, and
thereafter the results will be sent to the D/A converter unit on the GIO. In this way, the basic servo
control can be completed within the SCS itself allowing the ECS to utilize its full computing
capability on the identification algorithms. The achieved PD servo rate delivered from the SCS

md-ﬂmiumlmuﬁmismmthmm enough to support control implementation in a

We had construc : W ' fagillities to serve the need of rapid data

transfer between the algorithiffis ’ \the The correspondence
W
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Figure 4.8: Implementation of the adaptive control on the Chula2 manipulator system



software module on the SCS takes control of all data transfer operations. Its transfer mechanism is
designed to be versatile, and can be reprogrammed to in a way that will most suit for the
implemented scheme. The correspondence on the ECS is a passive functional block whose response
depends on commands from its counter part on the SCS. All software functions are timed by a
from a programmable digital hardware timer

sampling control timer of the SCS, its ope: --..

//// p\\\\ = s

e 'n\ el Tdtifiar

Figure 4.9: Software implementation.



Software design is based on the certainty equivalence scheme in Section 3.2. The strategy of
software implementation is that all adaptive algorithms are separated from the basic servo
computation and implemented in the ECS computer. Two levels of system identifications constitute
the whole adaptive algorithms. one is the identification of the linearized perturbed dynamics

at is used to compute the LQ optimal gains.

ibed by the matrix A and is installed
¢ results that are to be sent back the
SCS are that of the nominal to dbs.hmmvur,mmdthattha
computation of the two values oc 5), the nominal torque was
computed at every trajectory poigt vl .. omp tion of K was taken place twice rate of that,
the same as the rate of con method, but with little
modification.
The implementation also re b u theoretical development. As they had

been detailed in Section 3.3, the validity of « cextainty equiValence control law to be applicable in

practical situation relies e 2l identification or the

uqmﬁmufpammﬂnupdn%m perf , i o the actual closed loop
dynamics. The implementation#fage of K relative to that of the servo reflects this point of view.

s, e oSl 4 o A bbb s

trajectory fnrthulmnmdpmmbedmodnﬂnbnnhdlyw the rate ofjthe nominal torque
BT GRKBEAIER TR T T

of trajectory point update.

All algorithms were written in C language exploiting single precision floating point
arithmetic running on the Intel processors. Their machine codes was obtained under Turbo C
compilation. The reason behind the selection of the arithmetic relies upon the necessity to

compromise numerical performance on the basis of having small round-off error, while retaining



high speed calculation in order for possessing sufficient sampling rate. As a result, we obtain the
servo running at a rate of 200 Hz, the optimal gain K is updated at a rate of 40 Hz, and the nominal
torque is computed at the same rate as the trajectory update that is at 20 Hz twice times that of K as

implemented in (6).

Figure 4.10: Tu:nmg tf cnlmd:tl

AuTENNnT
ammnim YRIINYIAY

MMofmwmwmdmmmmmwmdmwtynfﬂm

indirect adoptive control via path tracking performance characteristics. To make the results
comparative with those of conventional path tracking controllers, the PD controller was also
implemented to perform the same sets of experiments with the same operating environment.
Excluding the need to examine the basic tracking performance of the controllers, the experiments

were conducted to reflect two aspects of advanced control performance, in which the certainty



equivalence control law is expected to offer significant advantages over the conventional fixed-gain
controller according to our previous theoretical development. The first is to show capability of the
adaptive control to compensate small uncertainty in parameters during control operation. This small
effect can be captured by virtue of the identification of the linearized perturbed dynamic model and

corresponding compensation comes from the serve with the adaptive optimal gains. This aspect was

tested in the first two sets of the experim ‘ ] pect is inspired from advanced feature of
the identification of the nominal y Brques that are to be sent to the identifier

module should reflect an actual amaunt’

wat instant. Hence, the effects of
parameter uncertainty and uns ding should be recognized at
once in the quantity of the g nts aims at examining the
controller under unmodel - rbance to the manipulator while
tracking the desired trajectory JAll fhe Experiintrisy : e first two links of the
manipulator. Inclusion of the third lir %‘ . .;‘,"‘ Efit © r justification on the adaptive control.

Since, the third link dynamics are #is rally decouplet hose of the first two links. This stems

from the SCARA configuration of the otpulatir & i e observed from the equations of motion
in the previous section. Apdrt from this , the inclusion of tink 3 yill make up considerable
\ 7 AY )
computational burden to l.bem: mted matrix manipulation will
diverge.
The mtmjrusndmlllﬂ?upmmmmwsmem ahl‘.tmadfmm

commandfy WWﬁWﬁ‘%W%

position, q [ 0.0, 0.0 ] rad., and the destination, q = [ 3.0, 2.0 ] rad., with various averaged
tracking speed. Off-line trajectory calculation was used, and the results were already stored in the
computer's memory before tracking operation began. The third experiment set was designed to be
carried out at rather tracking, in which the PD performance is expected to degrade due to its fixed-
gain feature that is unable to compensate for large velocity-dependent nonlinearity, and the

condition was made more severe by adding 20 kg. load into the end of link 3 at t = 1 sec. This
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aims to exaggerate dynamic effects in order to achieve reasonable justification from appropriate
experimental results specifically originated from our manipulator which is an indirect-drive
manipulator exploiting high ratio speed reducer, that all dynamic effects at the transmission system
output side will be scaled down, when consider the effects at the actuators, by the square of the

speed reduction ratio as mentioned before.

In experiments, the PD uned & performance under the condition

-

of the first experiment set, i.e.; ware EQ“H overall system nearly

critically-damped when running Leaf€ 2o , "\\"'*: veraged speed 0.5 rad/sec. And these
gains were fixed and used perg / h .Thufolluwing:mmmlrim

their values.

Kn
K,
The above values of the b sproximated by 4.0 mber of experimental trials.
R L)
They just M o ‘ their values could not result

noticeable changes in controbresponse. However, their order of magnitude can increase more

ndMﬂwwjﬂlﬁﬁt 3ia mwﬁchweinferrhe

lbﬂvevﬂumuflhn'ns.:t be said tha linkmnhmorcdimpingthanlinkz,hm,

¢

o T T T TR T

overcome lafige moment of inertia of link1. This reflects the fact, we have known before from its
design, that joint 2 should be much more dexterous than joint 1 due to the use of very low inertia
moving-coil motor as the actuator af joint 2. Rather large value of K, should be interpreted that, by
its own mechanical combination, the damping is rather too small to cause critically-damped

response, thus, most of the damping required has to be acquired from the control.
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For the indirect adaptive control, we reduced the number of the design parameters involved
to a limited value in order to ease our experimental consideration. Referring to the one-step-ahead
optimal regulator, the weighting matrices (Q and R is presumed to be non-negative and positive

definite respectively and are left for the designer to choose their specific values to penalize the

valwufﬂ:sperfommamdex:sm
lpmpuﬂuufthermﬂhnz
regulator. But in fact, it is, in the servo error cost and the
control effort cost co

control weighting with respect tg
stabilize the overall
converse, the larger error uracy regulator without
concern of how much control efergy will be-d; \& latter can cause system instability in

the final due to excessive exertion of

Our selection is-Hased Gpon th uinstahlcregulamr
performance. meanymp@tl .I‘hﬂﬁ'ﬂmﬂﬂiﬁunfﬂft&am@*
ahead LQ regulator to be asymgtotically stable is thag the first recursive matrix solution, P, of the

woiat 05 ol aCTC TR T A

md;uwwuhlmmdmbespwnﬁed\ﬁlhnulmmd(l From theorgtical point of view,
A L
thﬂthaw!uamﬂbehrgumuughmbulugﬂlhmmypmhlawlmmumym but this
contradicts the aspect of practical implementation. The best way we could do under this
circumstance is that we choose Q to be large and justify it with experimental trials, and then we can
choose R to be small with respect to Q. For simplicity, we choose the weighting matrices to be
diagonal and all diagonal elements of each matrix have the some positive scalar values as can be

expressed by the followings.



Q=adal, a>0,
R=bl, b>0.

The experimental trials were done under the condition of the first experimental set as in the case of

”// ended with @ = 10,000 which seemed
“é 10,000 and b = 1 were used

find the PD gains. The trials began wi

to deliver very good tracking at

throughout the experiments. Zperiments are illustrated in Figure
4.11 -4.16.
Figure 4.11 displa g/pdrformar : the BD eontrol at 0.5 rad/sec. averaged speed.

cing with the servo error being
within 0.05 rad. for joint 1 and0/06frad. fof joiat2: , We observe that the final error at the

destination with zero velocity are 0. ‘ . for joint 1 and 2 respectively. These
results represent nearly perfect he controller to obtain its best

performance. The ame from the presence of the

: wwy .--..:::.-.'.‘ by
deadzone nﬂniinuritjrinal OImne ..llil ator joints. A set of a D/A
mnveﬂmmdmamphﬁwpow?aaamﬂmgeufmmhvud:g:m command that will not be able to

e S B B G Y e i

machmalmmpom mnkasupacammgmnunmfsuun.fhulnmh mﬂ friction, that the
e AR AL AR AL YT

mmnﬂnd manipulator joints to move, digital commands referring to amounts of actuating

torques must be larger than a certain value that represent the size of the deadzone.

However, the problem may be solved directly by increasing the proportional gains so that small error

can be scaled up by the gains to represent a larger amount of actuating torques, hence, forces the

control system to further regulate small servo error. However, this means may violate smoothness
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of error regulation characteristics of the control system as it could introduce oscillatory effect to the

system.

A large amount of measurement noise is observed in measurement of joint velocity. Since, it
was at first time that this manipulator system was officially tested and operated. Hence, there was no

attempt, at that time, to correct the measureme | | e observed that there was high frequency
noise distributed throughout the velogity traci 'n&imnﬁmmmemminwimity

T—
e 1o us that despite we made use of

measurement of joint 2. This nois
digital techniques througho tem to avoid analog noise
problem associated with ta erable level of velocity noise
as in analog case. Neverth uation in measured velocity

did not disturb path regulatiogiVery'n

The results on the indiregf addptitd !' ol sicted in Figure 4.6 with no load at
averaged tracking speed 0.5 rad/sec. s '_. ary infé i hearetical dm[ﬂpm] the unloaded
Sj"stcl:l:l mﬂtm]lﬂluﬂm _}T'm- Oraue comonirt - trom e Trcy

Yo . 4

along with the optimal contrsl o . '.-,.‘...

e least square identification,

, tracks the desired

trajectory. Fuﬂhumnm.thnr?umshuwbcﬂermhngmrrdmwmtthDpuﬁmmm For

ot s 8 5 e

mumamd&ﬂmmﬂﬂsm Wh:ipmjnmtz mnsysmmuhhud%ﬂmlevalufme

) a5 e

m&wqgammhhdﬁﬂmjmqﬁﬁmmﬁmthﬂtuﬂhnm. There exists

fluctuation distributed over the error regulation characteristics. This causes from the operation of the
nominal torque as can be observed in the output, nominal torques results. As we have discussed
before, identification process is much sensitive to measurement noise, the fluctuation in value of the

nominal torque and, as a consequence, of the tracking error should reflect this point of view.
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Figure 4.11: PD control with no load, averaged speed 0.5 rad/sec.
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Figure 4.12: Adaptive control with no load, averaged speed 0.5 rad/sec.
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Figure 4.13: PD control with no load, averaged speed 1.0 rad/sec.
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Figure 4.14: Adaptive control with no load, averaged speed 1.0 rad/sec.
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Figure 4.15: PD control with large load, averaged speed 1.0 rad/sec.
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Figure 4.16: Adaptive control with large load, averaged speed 1.0 rad/sec.
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As tracking speed is increased, it is apparent that the performance of the PD degrades.
Since, the fixed-gain characteristics may be thought of as being equivalent to fixed performance at a
selected condition, the critically-damped gains are no longer properly work. The PD gains that yield
optimum performance at 0.5 rad/sec. seem to offer too stow response for a new, and faster
a satisfactory advantage that speed of tracking
response was automatically adjusted i .' tlmkd:mnuwu'njecmr_v The

t from the desired trajectory so

that the future effect of the traje torque value representing one-
acmmgmrquufurhwnctory

ster time scale to handle higher

step expectation of the adapli
tracking. The optimal reg

frequency closed loop dynam

acking error is generally better
than that of the PD, while smoothness of =rro: regulation is apparently poorer. In the sense of

robustness, therefore, it ¢ag b elivers no benefit to the

x>

conventional fixed-gain somtroller due t [ s nsitivity.

The se reasing of the mass of

the third link .13 and 4.14. If can be
observed
trajectory
while in joint 2, the error is 0.13 rad.. The adaptive control results show a significant improvement
over the PD control. After the mass of link 3 was perturbed at t = 1 sec., the adaptive control was
still able to regulate the system to track the prescribed position. The error regulation results show
the same leve] of the final error as occurred in the unloaded system. It should be noted that the effect
of loading reflects in the identification of the nominal system dynamics and affects the nominal

torque value as can be seen in the output, nominal torque results. Hence, after the loading effect
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perturbed away the nominal operating point along the nominal trajectory, the identifier of the
nominal dynamics realized this within the new identified model and the resulting nominal torque
calculated using this model compensated for this effect readdressing a more proper operating point to
make the linearization of the perturbed dynamics still further valid and the optimal regulator resulted
from this perturbed model was still able to stabili e system., and thus, the control system

continued to track the desired traj om the loading perturbation had died
out.

The experimental ity of the indirect adaptive
control of a manipulator aftain 1 \ce prir incorporated with feed forward
compensation from nonlinelf 1dgftifiéd Mmodel 1s Ayvailable. \Cofuparison with the PD in tracking
performance., the adaptive 4 in three aspects. First, in all
operating condition it delivers of both the accumulated error along
trajectory and the final error at the endigt {fjéetory. Second, the tracking response
characteristics of the ad 'v"ﬂ. co i operaling circumstance.

Third, the adaptive cont »-yf'; e

uncertainties and in rm[uingtlhi izahil

disturbance such as the insertiah pf mass perturbatiog in the third set of experiments. However,

—— m@ummmm bt o 0, i e

interpreted that the PD has lower sensitivity®to measurementnoise than thnnallw Therefore, in

o e Nl b0 & bbbl bedubd )

Despite we have theoretical results to support our experimental evaluation . The asymptotic
mhiﬁtypmfnf&amﬁwﬂudupﬁm]mguhhrisjumbm&dupmthnmnﬂnﬂphnl model.
The robustness results insist us that the stabilizing regulator designed on the basis of the nominal

= mgb face of undetectable external

plant model will also stabilize the real plant that stays in the neighborhood of the model, provided

that the difference between the real plant and the model is sufficiently small. But in spite of much of
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our attempt spent to elaborate explicit size of this difference, there is no guarantee yet to confirm us
how much the model we select to base the regulator design is far away from the real plant, because
the real plant represents a thing that we never know its details exactly. To bridge this plant/model
mismatch gap, model identification technique is introduced. The theoretical development further

states that for a regulator design utilizing LQ methodology and for a plant model obtained from RLS

ill be-Guasanteed to be small enough to be within
-ﬂ

. m\x

the real plant, if restricted and sn

the robust region so that LQ :ntified model, will also stabilize

rmesiaon
¢/ ’\ Ay epiicns s
7 / 1 \——
.,,i' oSl ""'L\ A

AT

satisfied. This pleasing restll r
practical system, but still
imperfection appeared in the

attempt to apply theoretical resilts
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