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INTRODUCTION
ABSTRACT FHIRGRULTION
The computer controlled rig discussed here was
This paper describes the mechsnical, elec- one element of & project aimed at reducing costs in
trical, computer, and software systems of a proto- drilling slower formations {those that drill at less
type computer controlled drilling rig. The rig has than abeut 25ft/he). The rig has been uaed in
operated under computer control for over three years dozens of experimental wells to drill more than
on a project investigating optimized turbine con- 40,000 feet under complete computer control. This
tral. In addition to describing the advantages and effort should be distinguished from recent efforts
the basic computer control features of the rig, this | ¢o auteomate/computer control the tripping process.
paper presents the practical problems for computer The computer controlled rig discussed here doea have
controlled drilling and suggests possible golutions a mechanized tripping system, but no attempts were
to these difficulties. made to automate the process. Rather, the effort
; focuged on computer centrol of the drilling process
In the past, several attempts &t full computer itself {i.e., when the bit was sctually drilling
control uf the drilling process have been made, but ahead). Consequently, the the points made here will
all have ultimately proven to be short lived. specifically apply to computerization of the drill-
Recent advances in the puwer and reliability of sen~ | ing process. To the extent that the enviranment and
sors and computer control hardware, as well as requirements are similar, however, many of the
reductions in their cost, have brought computerized points made here may also apply Lo computer auto~

rig control closer to reality. However, some impor- mated tripping systems.
tant hurdles remain,
There have been many notable attempts at compu-
it is the authora' experience that most of the terization of the drilling process.' ‘% Generally,
hurdles lie on the electrical and mechanical side of these past attempts combined fine control of.the
the system. Computer hardwsre and software capabil~ | qeight and rotary with drilling models ta prevent

ities have improved to the point that almogt any hydrauiic flounder and to minimize cost per foot.
function can be economically programmed. However, It was intended that by taking the human out of the
problems with sensor reliability and calibration, control loop, there would aisc be increased reli-
and actustion still exist. Each of these problem ability, improved vigilance, smfer ppecation, and
sreas is discussed in this paper. faster redponse to anomalous situations. ALl of
. these projects have been short lived, and the clos-

In susmary, the purpose of this paper ist (1) est that most drilling cperations come to automation
to describe the use of & computer controlled rig, is the use of & pneuymatic sutomstic driller. Cur-
(2) to describe the problems the authors have expe- vent automation projecti®’i® sre mosrly directed at
rienced during three years of computer controiled automating the tripping process.
drilling, {3} te present possible solutions Lo these
problems, end (&) to discuss che future for field The short lives of these past drilling conirol
use of computer controlled drilling. projects is curious, especially in light of the fact

that most of the Literature seems to indicste that
these projects held grest promise. Here we 3it ten
or twenty vears later wondéring what vent wrong.
feferences and illustvations at end of paper. Computers are uged &t the rig #ite to menitor and

H?
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collect dats, and to plan operations, but computer
controlled drilling rigs certainly are not preva~
lent. Why did these projects £ail? Was the com-
puter, electrical, or mechanical hardware too
expensive or unreliable? Did the economic bemefits
prove te bs too small? Was the problem that the
available field personnel did not have the praper
training to operate or vepair the equipment? The
tist of questions could go on and on. Without post
analysea of these projects we will never be able to
agsgess the chances for success of future prejects.
Further, progress towards the gosl of automation is
harmed because, without knowledge of the veal cause
of past failures, the industry as a whole is unable
to efficiently redirect effort.

Thig paper describes a computer controlled
drilling project that succeeded in achieving most of
its technical goals, but was nevertheless econom=~
fcally unviable. It is heped thar this paper will
add to the body of literature by providing a erit-
ical analysis of this project, and will allew future
researchers to realistically identify the pitfalls
and, the possible benefits of computer controlled
drilling.

Project Economic Justification

This project began with the goal of signif—
icantly reducing the cost per foot required to pene~
trate slower drilling formations. Figuré 1 shows
that, depending on the region, between 50 and 80% of
Amoco's total rotating hours occur at leag than 25
fr/hr. Although, most of the foorage is drilled at
much higher penetration rates, most of the time and
money is spent driiling relatively slowly., Because
of this, efforts aimed at improving drilling effi-
ciency would be best directed at increasing the pen~-
etration rate in siower drilling situations.

Civen the economic incentive to improve these
penetracion rates, a project was begun to study ways
that this might be accomplished. One possible sol-
ution identified was the use of drag bite on high
speed motors. Figure 2 shows why the use of drag
bits on high speed motors was congidered as an
siternative. Clearly, very high penstration rates
are pogsible with drag bits on turbines and, signif-
iecant cost per foot reductions would be possible, if
bit Life could be made sufficiently long. Indeed,
by the time the project was started, drag bits on
turbinay had already significas:l¥ reduced the cost
per foot roquired in some areas.'''!® 3o, based on
the premise that the cost per foot gould be signif-
icantly reduced, a project vas ipitiated to deter-
mine the best way to achieve penetration rate
intreages in harder formations uaing turbines and
drag bitg.

One of the tirut steps in the prolect was to
verify that cost savings were possible. Using the
1987 performanne information for every sne of
Amoco's runa, the penetrstion rate required for &
successful high speed system was determined. The
Amoco data set includes every dit run by the company
in Norgh America sud, because Amoco is active in
mest geologic sreas, is assumed to be representative
of the industry.

The study started by eliminatiog from the 64088
bit deta set all those bits larger than 12.2%", or

those that had runs of less than 40 hours ~ this
tefr 3800 bits. The high speed system was not tar-
geted st Large dismeter bits, and bit runs of less
than &0 hours were assumed not to be candidates for
a high speed system {i.e., drilling out casing,
coring, clean cut runs, etc.). Of the 3800 bits,
1900 bivs had an average peretration rate less than
2% fr/he. These 1900 bits accounted for &5% of
Amgce’s total rotating hours.

This data set was used to gquantify the perform-
ance that would be reguired from & successful high
speed system. The actual cost per foot for each bic
run was calculated using actual rotating hours, foo-
tage, bit, and spread casts. The penetration rate
that would have been required by a bit eperated on a
high speed system (given a bit cost of §1Bk, a
system cost aof $350/kr, and bit Life of BO hours) te
either break even, or to save 20 to 40X was deter-
mined. Figure 3 shows the results. The figure
shows that a penetration rate increase of 170%
would have reduced the cost per fout by at least 20%
in 80% of Amoco's 1987 bit runs (in 12-/4" hole and
smaller}, and 40% in 60 of the runs, If the high
spesd system cost could be reduced, or if the bit
and system life could be lengthened, then the incre-
mental gains in penetration rate needed to achieve
the same savings tould be lower. In &ny event, if
the penecration rate in¢reades seen under high speed
operation in the lab could be consistently vealized
in the field, then significant cost per feot
reductions seemed possible.

What the anslysis did not show, however, is
that to be conaidered completely succesaful the high
speed system alsc had o increase the penetration
rate in a broad range of formations. The high speed
drilling system had to be rcbust enough to success-
fully penetrate intervals that would ball normal PCD
or diamond bits, be adaptive enough to drill through
ratty formacions without damaging the bit, and be
tough encugh to drill verv hard formations or inglu-
gions, Turbines and drag bits had achieved the
grestest guccess in uniform formaticns. To achieve
peak performance under & wide range of drilling sit-
uations would require new bits and motor operation
techniques. The bit development section of the high
gpeed project is discussed by Warren and Behr,'?
Brett et al,”® and Warren et ai?! in another set of
papers. The attempts to oprtimally control the motor
vig computerization of the rig is discussed below,

Computer Control Strategy

The entire justification for even considering
computer contrel centered arcund the nature of the
turbine itself. Figure & shows the typical reagonse
of & turbine. For a particular bit, a turbine's
penetration rate is nearly proportional te its
cutput power. The problem is that the output powsr
is very sensitive to the operating conditions (flow
rate, and weight on bit), AND to the formstion being
driiled, This means that, upless the formation is
very uniform, it ie not possible to sttain peak per~
formance out of & turbine by maintaining & constant
weight on bit.

Figure J shows turbine speed fluctuations
during 28 feet of field driiling »ith a nearly con~
stant weight on bit, In this formation, the
bit/motor combination was almost never ovperated st
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peak power {~1200 RPM for this particular tool).
Had the weight on bit been increased, the turbine
would have stslled every time it hit a seft streak.
Had the weight been reduced, the turbine would have
only drilled more slowly. Without & technique to
quickly sense the bit rotary speed and te correct
the weight on bit, it would not be possible to gain
maximum benefit frem the use of a turbine.

1t is not as difficult to keep posivive dis-

placement motors (PDMs) near peak power, because the
pover output is not as strong a function of weight
an bit, FPor this reascn, high speed PDMs (nesr 30D
RPM} were slsc considered as candidates for a high
speed system. In ratty formations however, a sig~
nificant percentage of a PDN's available power can
still be unuged if the weight on bit is not contin~
uously varied.

One other resson why continuous sutomatic con-
trol was envigioned ss necesssary iz that meny fist
faced PDC, thermally stable, or natural diamond bits
have balling problems at high rates of penetration.
Civen the goals of the projest, bit balling is
almost as bad as bit failure. Although the design
was for slower drilling intevvals, {i.e., <25 ft/he)
the system alsc had to ba able to penetrate fast
intervals without balling.

Ir was hypothesized that by continucusly con-
trolling the weight on bit it would be possible tos
{1) Incremse the penetration rate by cperacing a
downhols motor very close to peak powar even in
ratty formations, and (2} limit the penetraticn rate
in fast streaks to levels that would allow the bit
face to remsin clean., Further, it was hypothesized
that operator arror could be reduced, and that pos-
sible problems could be disgnosed earlier with com~
puterized automatic comtrol. Diagnostic tools were
envisioned to include automstically conducted pum-
poff tests,?? continuous comparison of the gerual
with predicted response of the circulating system,
drillstring torgue tension anslysis,®” and poegibly
realtime dynamic analysis of the deill string,

This basic strategy for asctually implementing
the centrol system is suomarised in Figure 6. A rig
with a hydrvaulic feed was required so that the hoist
could be dynamically raised as well as lowered. It
ig not possible to quickly lower the weight on bit
in slow driiling aitustions with conventicnal brake
controlled feed mechanisms. To keep the motor oper—
ating at peak power,; it is oftes necessary to reduce
the weight on bit. A hydraulic mechanism would
#ilow dymamic control (both positively mnd negs~
tively) of the weight on bit, Rig instrumentation
would have to be ascurate and reildblz encugh to
aliow continvous control, and the span of control
required was such that digital implementatiocn of the
gontrol scheme was mors viable then conventional
anslog techniques. This all meant that the rig had
to be computer controllied. The next sscticn of this
pap~r discussss the details of a computer controiled
rig constructed in 1986-1987 to test the hypotheses
outlined above.

Gomputsr Controlled Rig Description

There ave three parts Lo any contzrol system,
sctuation, instrumentaticn, snd the control sige-
ritha, To use the huwan snalogy, actustors (how the

system affects reality) are like the musclas;
instruments {how the system perceives reality) are
tike the genses; and the control algozithm (how the
system decides to sct on reality) ia Like the mind.
All control systema have these three elements -
including the system where a man controls the hoist
position with a draw works and a bresk. Deficien-
cies in any one of the areas will cause the system
to fail,

When it comes to optimally controlling & down~
hole motor, conventional vigs are deficient in at
least two of the three areas. The actuation ig
deficient because the hoist cannot either quickly
add or remove weight from the bit. The iustrumenta-~
tion is daficient becsuse the driller normally does
#ot know the power output of the tool. Given proper
instrumencation and actuation it wmz at least possi-
ble that a driller could process information quickly
encugh to cotttrol the hoist and thus provide nearly
optimal downhole mator control. It was slao posai-
ble that the control job could be done better and
more reliably under computer control. One of the
goals of the pruject was to derermine if a human
could contrel the syastem given sufficient actustion
and instrumentation,

The remainder of this section deseribes a vig
built specifically to determine the economic viabil-
ity of rigs with the actuation, instrumencation, and
control necessary to cperate down hole motors under
optimum conditiong,

Actuation

Figure 7 shows a general view of the computer
controlled rig that was built for this project.
Warren and Canzen®® describe the capabilities of the
rig in some detail. But briefly, the rvig has a
100kip manuai, servo, or computer controlled hydrau-
lic hoist capable of drilling to 3508" wich 5" alu~-
minum drilipipe, 40 kips of drill collmrs, and 40
kips overpull, The rig stands back singles using &
gsemi~automatic pipe handling aystem. Rotary power
is provided by a l5URPM-6U00 £r/lb power swivel,
which is also computer controlled. The pover for
the rig (excluding the mud pump) is provided by «
single 450HP diesel. A pump drive spiits the power
on demand between the hoisting system, the power
swivel, and the pipe handling system. The rig has &
closed loop solids control system, and & single
12008P triplex mud pump.

The hoist actuaticn aystem (shown in Figure 8)
is hydraulic, and on tha surface is similar to asoub~
bing units and sther hydraulically controlied rigs.
Howsver, the system is wvnususl for fwo ressons.
Pirst, &ll comtrol signals are slectric to facili~
tate computsr control. So even undey manusl con-
traol, the drilisr does not physizally move valve
handles. Bscond, the hoisting ram s controlied by
a high precision servo valve while drilling., The
valve's rated Flow is too low to move the hoist fast
anough for efficient tripping. But without the
valve, responsive and accurate control of the ram
would net be possiblie, A larger capscity walve was
installed in parallel to provide scceptable tripping
speeda .,

The rotary powsr is provide by & power swivel
that functions normally except fory (1) like the
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hoist, even when operated in manual mode, the con~
trol signal to the pump is electricy and (2) a fes~
ture has been sdded that allows the gwivel to be
held againat resctive torque or to turn fractions of
& revolution one way or the other. This feature has
been found te be especially useful for orienting
while directional drilling with a motor. Figure 9
shows a schematic of the rotary system,

Hydraulics are not new to the oil patch, and
this was not the first hydraulicslly controlled rig.
All in all, the actuation system for the high speed
rig, {while certainly not standard for a drilling
rig) was based on technology that had been proven in
other fields. A critigue of how well the actuation
system functioned is inciuded in the findings ssc~
tion of this paper.

Inggrumentation

Table I describes the sensors used to inatru-
ment the experimental rig. The sensors can be
divided intc three main typest (1) rig "health"
sensors that allowed the computer to monitor the
status of the rig snd determine that the rig was
functioning as expected, (2) drilling dats sensors
that were used to monitor the, drilling situanion
put were not directly controlled by the rigj and (3}
direct control gensors thet monitored parameters to
bve placed undet computer control. All the surface
sengors, and conditioning equipment used for the
project are commercially availabla.

Besides the surface sensors, & proprietary tur-
bine tachometer and wireline MWD system was also
used. The HWD provided information concerning oper—
ating conditions (weight, torque, acceleration}
directly above the bit at 4 b Hz update rate,*” and
could be used while rotating. The turbine techome-
ter gave an average reading of the turbine speed
about every five seconds, A secondary goal of the
project was to determine whether downhole instrumen~
tarion wes reguired to optimally operaze downhole
moLors.

There are four major differences between the
surface inatrumentation system used for the project
and thuse available from commercial drilling data
logging services. First, the hoist was instrumented
with high bandwidth strain gauges. This, along with
tigh bandwidth strsin gauge torque, and holst aceel-
eration channels allowed study of the dynsmic condi~
tions at the surface. Second, many sensors {i.e.,
oil temperature, accumulator pressures, et ceteral
aliowed the computer to monirtor the rig itself, If
any of these senscra deviated £rom appropriste
bounds (which could depend on the operating condi-~
tions), the computer would issue a warning. Third,
more cAv® was given to senscr calibration than is
acrmel ia drilling situationa. This wan partic-
ularly true for the hookload snd torgue sensors.

The hookload was periodically caiibrated with s test
Jig sgainst a dead pull, An snalog system also was
¢onstructed to compensate for changes in the hook~
load with hoist position dus to the waight »f the
kelly hose. When the hookload was properly cali~-
brated it was not unususl to sccurately measure to
within £1001%s. To calibrate the torque, an
inatrumented brake produced a known load under rota-
tion. FPor every densor, & linear regression coeffi-

cient was used to evaluate calibration guality and
detect instrumentation problems.

Parhaps the biggest difference belween conven-
tional rigs and the instrumenzation system used for
the project was that the instrumentation vas
designed to be the only system of sensors used by
the rig. There was no conventional weight indica-
tor, torque, or rpm gauge, et ceters., This hecessi-
tated that critical measurements be made with
redundant gensers. Table I ligts the redundant sen~
sors, and shows that every effort was made to make
the redundant sensor of a completely different type
than the primary sensor,

Gongrol

There are three different basic types of con-
trol used on the experimental rig! (1} analog con-
rrol, (2) procedural computer control, and
{3) slgorithmic computer control. During normal
epersgtion each of these forms of control can func~
tion simultanecusly, FRigure 10 summarizes the con-
trol scheme,

As shown in Figure 10, the analog control locps
bypass the computer altogether. Commercially avail-~
able serve controllers are used to contval the
rotary speed, and either the hookload or hoist posi~
vion., The rotary speed concrol uses an integral
control scheme for zero steady state error, while
the hookload or boist position controlier uses
simple linear feedback control. The analag control
is necessary so that the computer will nolt be bur-
dened with the demands of relatively high bandwidth,
and so that when cperated manually, the weight on
bit can be serve controlled. Figure 1l shows that
the no i{oad frequency response of the hoist system
is about 15 rad/sec 2.3 Hz).

The procedural computer control routines con-
trol the vig during start up, calibration, shutdown,
and emergency situations, and one of several formac—
ted driliing tests. During svartup, for example,
the computer performs a number of calculations {pre-
dicting hookload, standpipe pressgure, and the
hydraulic pressure required to support the. string),
measures the zero point of tarred parameters and
takeg appropriste action if the caleculated value ig
oaut of bounds. The computer then lowers the bit to
hottom and begins drilling. An emergency control
task runs while drilling and monitors key parame~
ters., IE any of the parameters are out of bounds
whiie drilling & warning ig issued, or the bit is
sutomatically picked up and drilling halved if
apprapriate.

Tie formatted drilling tests include standard
drili~¢ff tests (the hoiat position is locked and
the bit allowed to drill-off), slackeff tasts (used
to determine dismond bir total flow and pump off
areas),** and & paeudo~drill off test where (instesd
of allowing the bit to drill off} the weight on bit
is sutomatically decremented for each data point by
the desired smount. These formacrted cests aliow
consistent and routine bit performance analysis.

For example, Figure 12 shows the resultfs of & com~
puter performed pumpoff tess. The rig was pro-
grammed to conduct thesa tasts after svery
connection as the bit was being set on bottom. This
allowed the total flow and pump off aress of the bit
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to be messured at 30 foor intervals., This informa-
tion could be interpreted to diagnose the state of
the bit, as discssed in refarence 22.

While the analog and procedural computer con~
trol features of the rig add functions not available
vander conventional centrel, the real purpose of the
rig was ta test the possibility of operating a dowm~
hole motor {turbine or BDM) at closer to peak power,
The penetration rate of & specific bit varles nearly
directly with appiied power. If it were poasible te
increase the power produced by the motor, then the
penetration rate would alse increase. Figure 5
shows that is difficultr to continually operate a
turbine at peak power. It is not as widely known
that PDMs suffer from similar problems, The control
algorithms implemented and tested have the purpose
of controlling the weight on bit so that other rele-
vant parameters (turbine RPM, downhole torque, sur-
face torque, or standpipe pressure} are almost
constant. In this manner, the pover cutput of a
motor can remain closer to the peak, and the pene~
tration rate can increase.

Appendix T describes the control algorithms in
some detail. Briefly, the computer would use either
integral or adaptive control schemes to vary the
weight on bit st that the controlled parameter was
held constant. Figure 13 shows an example where an
adaptive routine was used to vary the weight ou bit
applied to a high speed PDH go that the torque would
remain at & sert level about 202 under the stall
torque of the tool. If the weight were to remain
condtant, the average torque would be lower. The
findinga section of this paper includes more dis-
cussion of the performance of the control algo-
rithms,.

The single most important finding of thispro-
ject is not the subject of this paper, but rather
was the discovery of a_fundamental csuse of PDC bit
failure. Brett et al,®® snd Warren et al,
describe s phenomesa called “bit whirl™ thac
explains why PDC bits are usually unsuccessful when
operated at high speeds. Even if motors were con-
vinually controlled at peak power, it was more ece~
nomical to run & sharp PDC bit on conventional
rotary than to use a high speed motor through ratty
formations b se of the d caused by bit
whirl. Readers are refecred to the papers cited
above for & more complete discussion,

During the course of -numerousg drilling tests,
however, the surface compuber control system
deacribed sbove was extensively tested, and ia suill
used as & test driitling rig. A number of points
specifically pertaining to computer contrel can be
made, These findings are aummarired below and may
prove useful to future ressarchers who attempt to
control a drilling rig with computers,

Actuation

Hydraulica is not a new technology, and iz used
with very high reliability in meny other industries.
Qur exparience, however, is that successful opera~
tion of electro~hydrsulic systems in the drilling
anvironment requires & higher leval of training
among saintenance personnsl, and & vary high level

of care given in the design stage to very simple
(but very important) principles of hydraulic clean-
liness. With those caveals wa can say that elec-
tro-hydraulicaily powered drilling rigs work, can
aasily be adapted for computer control, and be made
to sccompiish much finer control than conventional
systeme, Hydraulic systems also have (like elec-
trical systems) the advantsge that a single pover
source can supply any one of & number of different
components without transmissions.

The fundamentsl problem with hydraulic systems
is dirt. If the system is properly designed and
cleanly maintained, then it is possible for hydreu-
lics to cparate reliably almost indefinitely., The
problem is that drilling rigs are among the vorst
possible envirosments for cleanliness. Un larger
rigs, the problem is compoundsd, because hydraulic
lines must be routinely broken during rig moves. We
have found that mosr of cur problems occur fellowing
moves when lines are brokea. This may account for
the fact that most successfully operated hydraulic
systems in dirty environments ave cumpletely closed.
Earth moving equipment, and truck mounted deriliing
rigs ave twa exawples of systems where hydraulics
operate successfully in spite of dirty environments.
in both cases it is not normaily necessary to ever
apent the gystem. Further, the servo valves required
te control the hoisting system with a high baadwidth
are aspecially susceptible to contamination.

Proper design can mitigate the effects of con-
tamination., Judicious and liberal placement of
filter elements throughout the system is one ugeful
technique. Libersi use of filters also has the
advantage of helping to contain sny damage to only
one pert of the system. The best way to prevent
contamination, however, is to make sure that dirt
never enters. Ideally the system would be designed
so that it could remain completely closed. Since
thig may not be possible, the system should be
designed so that a minimum of hydraulic lines ever
need be broken. Lines that must be broken should
have self sealing gquick disconnects. Filter ele-
ments should be placed downstream of any line (even
& high pressure line) that needs to be broken for a
move.

Ocher factors that need to be given careful
consideration are the proper heating and cooling
requivements of the hydraulic fluid, and the proper
hydraulic piping. Oil temperature is so impertant
that it is sot unveasonable to have dual redundant
cooling systems, (This is slso one area where the
vigilance of camputer control can pay off because
human operators can easily overlook climbing hydrau~
lic temperature}. We also found that short runs are
more suitaply made with hoses than pipe because they
are less suscaptible to vibrationz, and when & leak
does occur it is more easily repaired.

There sre two other technical considerstions
more fundamental than thoxe mentioned sbove. First,
active control of the hoist position requires con~
siderably more power than controlled feed. This
would ba true no matter how the hoist position is
sctuated - mechanisal, elecrrical, or hydraulic.
Whan drillisg on # conventional rig, the holst con-
trol. systea newd only sink ensegy {i.e,, with che
brake), Howewer, while drilling with sctive control
{i.0., being «ble to edd or decreass weight}), more
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power is required because the hoist eystem must both
source and sink energy. Ffor shallow rigs with small
hockloads {like the rig deseribed here) this is act
a major concern. Power vequirements cau begin to
present a concern, however, with active contrel ef
high hookloads. Second, hydraslic hoisting and
rotary aystems are subject o pressure transients
higher thar is normal for cther hydraulic systems.
These transients cauge reliability problems even If
the static load is well within the pressure rating
of the system,

The findal problem we have found to ocour on
hydraulically controlled rigs, is thar a more highly
trained crew than normal is requived for proper
mgintenance. This can can be accomplished by either
adding & hydrauiics technician (which incresses man-
power ¢osts), or by increasing training and the
regpondibilities of the existing crew. Our esperi-
ence is that most of the manpower commonly available
in the drilling labor market does net have the expe—
rience necessary to properly maintain hydraulic sys-
temz, Most competent drillers can develop & good
understanding of hydrsulic systems, but the on-the-
job tvaining pericd reguired is something like 3-4
months. This means that for reliable operstion and
gquick repair of damaged hydraulic components and one
of several thinga must happen. Either: (1} a qual~
ified hydraulics technician must be available to
perfarm routine maintensnce and repairs, (2) the
work force must be atable enough to allow the bene-
fits from on-the~job training to be realized (i,e.,
a crew must stay with the specific rig for a lang
encugh period}; or (3) intensive hydraulics system
treining must be available for any new workers.
Organizacionally, we have found it easiest to hire a
qualified hydraulics technician. This increases
manpower COSTS.

Instrumentation

Electronic sensors are commonplace in the
drilling industry. However, theve iz one major dif-
ference between the sensors used for a computerized
rig project and those used to monitor drilling con~
ditions. If sensors used to moniter drilling condi-
tions fail or loose calibration, the rig can atiil
function and drilling continue. If sensord used in
& computer contrel loop fail, then in the best case
the rig will not work, send in the worst case seriocus
damege to the bit, drill string, or rig itgelf will
regult, Under computer control situations, sensors
become as important for operation of the rig as the
prime mover.

Another difference between common oil field
sengors and those used for computer contrel iz that
the degree of sccuracy required by the compuber
sensor ig much higher., On & conventional rig, if
the weight indicator is off by as mach &8 106%, then
there is not really much harm done. The weight on
bit might be higher or lower than thought, but the
rig wiil still fusction. However, inaccurscies in
the control parameler mes £ will & ays—
tematic error in the system set point. The reason
this error is worse than in typical driliing aitu-
ations i3 thas the power peak for high speed down-
hole motors (especisily for turbines) can be quite
stesp. A set point inaccuracy of 10X may mesn 2
decraase in penatystion rate of 25X, For these rea~
gons instrumentation for & computer controlled rig

must be both more reliable and more sccurate than
that of a conventional rig.

The praspects of achieving reliability equal to
that of a conventional rig are constrained by proba-
bitity theory. If a conventional vig's boisting
system experignces a breskdown once every 100 days,
and it is desired that & computer controiled rig
achieve the same level of reliabilicty then EVERY
component of the computer controlled rig will have
to be significantly more reliasble than those used in
the conventional rig. Civen the same prime mover,
the components shown in Figure & replace the hois:z,
the components in Figure il replace the driller, and
the gensors wiving, and conditioning equipment
replace the weight indicator.

A aimple exampla illustretes the point. If
there are ten major components in & conventional
hoisting system, and those component's combined
reliability iz .99 (i.e., one failure every 100 days
of operation}, then the individusal elements of the
system must be able to function without failure for
neariy 1000 days. If a twenty component computer
controlled system is to achieve the same reliabil-
ity, then the compoments (on aversge) will have to
function for nearly 2000 days without faliurea, The
problem is even warse if five of the 20 components
have a failure rate of 1 in 1000 days, then the
remaining component's reliasbility must have only one
failore in 3000 days. The point is that to achieve
equivalent system reliasbility, a computer controiled
rig has more vital components, the reliability of
each component must be significantly increased.

An increased reiiability level need not neces~
sarily be a problem. Electronic instrumentation can
funcrion with a very high degree of reliability in
the right environment. & drilling ripg, however, is
not naturslly in the right envirvonment. We have
found several points absolutely erizieal. First, it
ig criticsl that the wiring be completely isolated
from meisture. Second, like the hydraulics, a mini-
tium number of disconnects should be designed into
the system so problems will net develop after moves,
Third, wiring needs to be designed so that sensor
and control wiring is hardened {and prefecably
tocated in places where it is impossible to smash).
Finally, redunddacy of critical sensors is a must,

To golve these problems attention must be given
te the details, For example, conduit should be
replaced by steel pipe in any place that could pos-
sibly be subject to damage., It is reascnable to
conaider pressurizing the entire wiring system to
keep it dry and to provide an early indicetien of
any leaks. Also, the wiring design must be an inte-
gral part of the overall rig. We have not fsund
instrumentation retiability problems to be with the
sensors themselves, rather the problem is with
making the sensors functiom reliably in & leas than
optimus environment.

Along these lines, sensors tritical to opera~
tion of the rig should be redundant., Preferably,
the sensors should use different techniques to meas~
ure the same parsteter, Redundancy alliows caii~
Sration problams to be noticed sarly, end can
prevent serious problems dua to sansor failure.
Redundancy is important for snother resson. Faiir
ures of properly designed components on conventionsl
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rigs are mot normally catastrophic. There is usu~
ally some kind of forewarning (like the a gradusl
loss of power, s noise, or reduced performanzal.
Electrical control and instrumentation failures,
however, sre often sudden. Redundant sensors (along
with a control scheme to stop operation when the
sengors do not sgrea) can help reduce the chances of
serious problems due vo catastrophic instrument fai-
lure. Pinally, msintaining instrumentation on &
computer controlled rig presents problems similar te
those experienced with hydraulic maintenance. An
experienced instrumentstion technician must be
available Lo repeir and trouble shoot any problems
that develop.

- Gontrol

Ae mentioned above, the initial justification
for computer control of drilling parameters was
opt'mum aperaticn of dowmhole motcrs. The gyatem
dezoribed here could successfully operate motors at
much closer to pesk power than & conventional rig,
but we also found that this control was not neces-
sary to achieve the objectives of the project (i.e.,
reduce drilling costs in slower drilling formz~
tiong). We have found that sharp, non-whirling bits
offer greater promise. 121l go, the most basic find-
ing of the contraol system portion of this project is
that while almost any envisioned control algorithm
can be successfully implemented on a drilling rig,
the algorithms we teated were not able to make
turbine/drag bits operate significantly better than
non-whirling PDC bite. We also found that the reli-
sbility problems experienced with the computer
#system were not nesarly as bad as those with the
instrumentation or sctuation systems,

Besides the project specific findings, there
were a number of more general items that related to
computer automation in the drilling situation., MNost
of these atemmed from the requirement to have s
human monitor the procees, yet not be directly
responsible for control of the system. Complete
computericed control is more than & small step from
computerized dats logging {as is commonly used in
the industry), The fundamental difference is that
under computer control the human iz removed from the
loop.

There definitely is a tension between requiring

& human to be alert enough to assure that the com-
puter control process is functioning properly, and
removing primary control from cthe human so that oo
direct interventien in required. On one hand, a
well functioning computerized gystem might functiom
flawlesaly $97 of the time. Under these circum-
stances it is very essy for the bumen monitoring the
system to become inattentive. This inatteation can
lead to sericus problems during the 1Y of the time
when active humsn intervention is requived, On the
other band, if human intervention iz required 100%
of the time, the benefits of the computer's speed
-and tirelesaness gre lost,

The womputer can be programmed to automatically
identify when scme things are not right {i.e., the
waight on blt caleulated by the redundant systems do
not match, or when the oil tempersture in a certain
smator is too high) and stop drilling compietely,

But unless the program is sophisticated enough to
idencify EVERY posaibie problem (i.e., it looks like

it is time for a core point, the bit is wearing out,
or there ig a strange noise in the transmission),
then human supervision will still be required.

In any event, the point of computer control is
to zupplement the abilities of humans -~ not to
replace them, A4s guch, it is importsnt that the
warnings registered by the computer be significant
virtuslly all the time. If not, an operator can
easily become immune to the warnings and miss impor-
tant problems., Alasc, the "bandwidth" of numerically
digplayed datz is too low to allow the operator to
see thinga like stand pipe pressure, hookload, or
torque fluctuations. This deficiency can be miti-
gated by displaying the HMS velue, along with the DC
maasurement of the relevant signal. With the RMS
vglue, the operator can then get an indication of
the magnitude and severity of any vibrations.
Alternatively, a digital or analog reaitime plot aor
spectral distribution could give the operstor a
petter understanding of any vibrations. Even with
these, however, the operator often cannot see the
character of the vibrations. For this reason, an
operator should be within sight of the driil floor.

Begides the test zig described hsrs, we have
operated & lab rig with computer computer control
capsbilities for five years. Basically, the lab rig
scts like a robot and can be prograrmed to conduct
lab drilling tests in any way desired. We have
found, however, that lab drilling is so varied that
it ig easier and move flexible to tell a skilled
Buman cperator how to conduct the test Chan it is te
program the proacedure into the computer control
system. A similar point can be made for computer
centrol of & fieid rig, Unless every desired con~
trol sequence {i.e., openhole reaming procedures,
reaming procedures before and after connections,
drill-off tests, kick off procedures, emergency pro-
cedutes, ...) is programmed, human intervention of
some kind will be requived. If a critical mass of
thess procedures are not svailable under computer
control, then many benefits of computer control are
lost.

CONCLUSION

This paper is one ¢f the few of dozens on the
subject that expresses anything negative about com-
putar contrelled drilling. Yet, the negative tone
of this paper is not meant to denigrate the possi-
bilities for driiling automation. We believe that
it is possible to instrument, and control & drilling
rig with aimost any control scheme imsginable using
cff-the-shelf actuators, sendors, and computer gys-
tema.

However, our experience alac shows {and we con-
tend that the plethora of failed drilling automation
projests supports the contention), that ECONOMICALLY
computer controlling the drilling process i not an
essy task, We have found & number of factors that
pravent economic application of computer centrol:
{1) The raw number of different compinenis in an
sutomated systes is incressed, the sverage veliabil~
ity of each component in the automated system muat
be much greater than that of the conventional
syatem, (27 A higher level of technical expertise is
required to properly mainzain an automated drilling
system, this requiremsnt most likely means that man-
power cosis on A <omputer contyolled rig will be neo
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lower {and quite possibly higher) tham on a coaven- kt{n) = Estimate of the next step's linear
tional rigy (3) the requirement that the rig be relationghip between the contralled parame-
periodically moved mesns that hydraulic and elec~ ter and the applied weight on bit,
trical systems sre subject to contamination (this
conelusion does not necessarily apply to offghore [ = Difference between the desired and setusl
rigs), (4) the unfavorable environment of the drill~ vaiue of the control parameter.
ing rig means that normsl lab or manufacturing
instrumentation techniques will not give adequate o = Contrel loop gain constant.
reliability; {3) The economic objective of the pro-
jeect could be achieved by means more reliable than t#down = Control loop gain constant for upward
computer control, and (6} because capital costs, and motion,
hourly operational costs of an automated vig will
probably be higher than a conventional rig, the ece- aup = Control loop gain constant for downward
nomic benefits of automstion (i.e., increased pro- motion,
ductivity)} must be demonstrable and quantifiable,
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bit and the control parametwmr is caloculated for the
specific time step {¥q. 5). MNext, & predictios {¥P)
of the relationship between the weight on bit and
che control parameter for the next time step is
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. determined (Eq. &). The dynamic response of this
prediction is controlled by a constant (&), the
value of which depends on the time step belween up
dates and the desired gain of the parsmetric iden-
tification loop., The desired weight on bit (80B{n))
{s then determined as shown (Eq. 7). The weight on
bit actually commanded is then the lLesasor of the
maximum desired weigh on bit sslected by the opera~
tor, or the vaslue determined by the control scheme
{Egqs. 8).

& = {CONemd - COM(n}) * SICN (Eq. 4}
¥{n} = woB{n} / COR{n) (Eq. $)
Ko}y = { 1 - o) * K{n)} + &« * Ki(n~1} {Eq. 6)
WOB(n} = { Kf{n) * & } + WOB{n) - Eq, 7)
If WoB{n)} > W0Smax then WOBout = WOBmax {Eg. Ba}
Elseif WOBout = WOB(n) {Eg. 8b)

Adaptive Rare of Penetration Limiter

The final algorithm programmed for the project
is an adaptive scheme that can either run separately
or concurrently with any other control algorithm.
when this algorithm functions, the weight on bit
commanded by other control schemes can be overruled
if the actusl penetratiocn rate exceeds a limit set
by the operator, If the algorithm functions alone,
it will control the weight on bit independently.

The purpose of the limiter is to control the pene~
tration rate to below levels that are known to pres-
ent a bit balling hazard. The description below
assumes independent operation of the algorithm,

The algorithm begins by calculating the differ~
ence {£) between the the penetration vate limit
(ROPmax), and the actual penetration rate determined
for the Latest time step (ROP(n)}, (Eq. §). Follou~

ing that, a calculation is made to determine the
linear relationship {K{n)} between the penetration
rate and the applied weight on bit (WOB{n)},

{Eq. 10). The next steps determine if the calecu~
lated linear relationship for the time step is
higher or Lower than the last estimste of the
relacionship (Kt{n~1}). The estimator gain {0) is
then selected to one of two values (Bup or adown)
depending on whether or not weight is to be added or
taken off the biv {Eqa. 1}). By selecting twe dif-
ferent estimator gains it is possible to have the
hoist slowly add weight te the bit, or quickly pick
up if necessary. Once the control gain is deter-
mined, & prediction of the next linear relstionship
(xt(n}) between the weight on bit and the vate of
penatration is made (Eq. 12}, The weight desired by
the algorithm (WOB(n)) (Eg, 13), and finally the
commanded weight {set to be between Limits ser by
the aperator) are then determined (Egqs. 14},

£ = ROPmax - ROP(n) {Eq. %)

K{n) = ROP{n) / WOB(n) (8q. 10}

[f €(n) > Kf{n~1) then o = aup
(Eq. ila)

Elseif K{n) <= £H{n-1} then ¢ = tdowm
(Bq. 1ib)

£f(a) = ({1 - @) * &)} + { a * &H{a-1)}  (Bq. 12)
WOB(n} = (& / ¥T(a)) + WOB{n~1) (Eg. 13)

1f WOB(n) > WOBmin and WOB{n) < WOBmax
then WOBout = WOB{n)
(Bq. l4a)

Elge if WOB{n)< WOBmin then WOBocut = WOBmin
(Eq. 14b}

Else if WOB(n)> WOBmax then WOBout = WOIBmax
(Eq. lbc}

B e S
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Table 1 - Sensor Description
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