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CLOSED LOOP CONTROL SYSTEM FOR DIAMOND CORE DRILLING
BACKGROUND OF THE INVENTION

This is a continustion-in-part spplication of U.S. Patent Application Serial Number

08/567,184, filed on February 2, 1998.

Field of the Invention
The present invention relates to closed loop control systems for monitoring the
conditions of a working machine and for automatically modifying those conditions as

necessary. More particularly, the present invention relates to such control systems that

" simultaneously and continually sense the load applied to o core drilling bit carried by a ¢ o

string, the rate at which the drill bit is advanced or retracted, and the torque load applicd to
the drill string, with the control automatically switching between the respective sz e
variables as drilling conditions chenge to keep the weight on the bit, the rate of penetration,

and the torque load on the drill string within pre-set ranges of valugs,

Description of the Related 2

Core drilling is 2 widely employed method for inspecting earth formations deep
below the surface. The typical method involves drilling a borehole on the order of a few
inches in diameter, and obtaining onc or more core samples. The cores are stored in the

coring device and may be studied after the device is removed fiom below the surface.
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One popular type of drill bit used in core drilling is a diamond bit, which includes a
matrix to which is affixed a plurality of diamonds. The bit is rotated at high speeds and is
advanced downwardly in order to create a cylindrical borehole. The drill bit is typically
annular to definc a central opening. Thus, as the drill bit is advanced through the earth, &
portion of the carth is forced through the central opening. In this manner, a core sample is

obtained and stored for later inspection.

While disamond dnill bits are efficient when used properly, there are 2 number of
shortcomings assaciated with those bits as well. When using diamond drill bits, the weight
on the bit is of critical importance. If too hittle weight is applicd to a bit, then the rack in
contact with the rotating bit tends to polish the diamonds, such that they become much less
efficient in cutting through the rock, On the other hand, if too much weight is applied to the
bit, diamonds tend to be stripped from the matrix, thereby destroying the bit. In either event,
the operator must replace the bit, which is not only expensive, but cen be very time-
consuming as the drill string must be raised and dismantled piece-by-piece before access can
be had to the bit. In the case of a drill string hundreds of feet long, with each drill string
scgment being 10 1o 20 feet long, such a procedure is time-consuming and extremely

inefficient.

Many prior art systems simply rely on the operatars' expertise in order to prevent
damage to the drill bis. Those systems include support/feed hydraulics to control

advancement of the deill bit, and also incorporate pressure gauges that monitor the pressure
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in the hydraulic system. Thus, the operator must monitor the pressure gauge and use that
information to estimate the actual weight applied to the bit. To further complicate matters,
these prior art systems operate in two mades, a "pull down” mode and & "hold back" mode.
Tn the *pull down” mode, the hydraulic system actually forces the bit downwardly through the
earth. In the "hold back” mode, the hydraulic system takes weight off of the drill string and
thus the ddll bit, Tn the *pull down" mode, the weight on the drill bit is determined by reading
the pressure gauge in a straightforward manner. However, in the "hold back" mode, the
pressure gauge must be read in reverse to estimate the weight on the drill bit. Thus, it is
apparent that such systems require an experienced, attentive operator who can perform these

estimations virtually instantaneously in his or her head. Any operator error or a momentary

’ lapse of atiention can result in destruction of the drill bit which, as described shove, results

in a costly and time-consuming replacement procedure.

A feedbazk control loop for a core drilling system is disclosed in U.S, Patent Number
4,714,119 1o Hebert et al. The system includes a core drilling mechgnism that can be rotated
from 2 vertical to 8 horizontal position in order to obtain & core sample from a side wall of
2 pre-drilled borehole. The system Includes a feedback loop that controls the weight on the
bit. The feedback loop operates in response ta the back pressure on the coring motor to
manipulate a needle valve m the hydraulic circuit. Thus, as resisting torque increases, the
back pressure increases. In response, the feedback controller slows the forward movement
of the coring bit. This system is not concerned with or suitable for use in solving the problem

of the entire string weight being applicd 1o a vertically moving drill bit. When 2 drill bit stops
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penetrating or slaws down considerably, it can be due to a mismatch between the bit and the
rock, or due to a dull bit. Neither of these scenarios necessarily result in an increase in the
back pressurc in the motor circuit. Thus, this prior ant system would be wholly ineffective in
such situations and would not prevent drill bit damage. Furthermore, this gystem does not
moaitor the weight on the bit, but simply monitors whether the head resists rotation, which
could happen if, for example, the drilled hole were to collapse, This is quite possible,
wpwially in a horizontal drlf hole. Thus, this prior art system addresses different problems

and is not suitable for use in solving the problems addressed by the present invention.

A number of prior art systems uscd in the oil drilling art include feedback systems for
comtrofling weight-on-bit by slowing down, or stopping, the penetration of the drill bit.
Examples are U.S. Patent Numbers 4,875,530 to Frink et al. and 5,474,142 to Bowden.
These references fail to provide any means for controiling the penetration rate, aside from
reducing or zeroing out the penetration rate in the event the weight-on-bit exceeds the preset
limit, Thus, these references do not provide a penetretion rate feedback control, and are

clearly not concerned with drilling at an gptimal penctration rate.

Diamond core drilling typically involves relatively light-weight tubing far the drill
string, unlike oil well drills, aﬁger drills, rotary percussive drills, and the like, which use much
heavier-weight tubing. Thus, & significant concern in the case of diamo;\d core drilling 1s that
the drill string will be subjected to excessive torque loads and will twist off. Often, these

torque loads are reached well before the drill bit is subjected to the maximum weight-on-bit
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that it can handle,

Accordingly, it will be apparent 1o those skilled in the art that there continues to
be a need for 2 control system for automatically controlling the weight applied to a core drill
bit, the torque load applied to the drill string, and the penetration rate of the drill bit, and for
maintaining all three within preset ranges. Furthermare, there exists a need for such 2 control
system that simultaneously prevents both the drill bit and drll string from being damaged and
optimizes the efficiency of the drilling system. The present invention addresses these needs

and others.

SUMMARY QOF THE INVENTION

Briefty, and in general terms, the present inveation provides a closed loop ec ol
system for core drilling that automatically controls the penetration rate of the drill bit, the
torque load applied to the drill string, as well as the weight on the drill bit, and maintains ali
three within preselected maximum values, while at the same time optimizing the rate of
penetration of the drill bit. The closed loop control system of the present invention
incorporates a controller that receives sensed information and generates corresponding
control signals to control the penetration rate, and thereby indirectly contral both the weight
on the drill bit and the torque load on the drill string. One or more sensors are provided to
sense the penietration ratc of the drill bit, and are coupled with the controller. Similarly, onc
or more 5ensors are provided to determine the weight on the drill bit and the torque load on

the drill string. The controller is programmed with preselected penetration rate, torque load,

AP/P/991u1453



10

15

20

APO0C108 1

and weight-on-bit maximum values.

Initially, the system controls advancement of the bit in & closed loop fashion to
maintain the drill bit operating at s preselected penetration rate as it monitors the weight-on—
bit and torque load. If the weight-on-bit exceeds a preselected weight-on-bit maximum, the
controller automatically controls the drive system to reduce the penetration rate and thereby
reduce the weight on the drill bit. As drilling continues, if the weight-on-bit should happen
to drop below the preselected maximum, the controller then controls the drive system to
increase the penetration rate until it returns to the preselected value, all the while monitoring
the weight-on-bit to ensure that it docs not exceed the preselected maximum value, Similarly,
the controller monitors the torque loaci on the drill string, ensuring that the torque load does
not exceed the preselected maximum value, while simultaneously optimizing the penetration

rate,

Thus, the closed loop control system of the present invention in one preferred
ambodiment comprises: & first sensor that is aperative to sense one of the rate af penctration
of a drill bit, the weight en the drill bit, and the torque load on a drill string, and to gencrate
a corresponding first signal; & second sensor that is operative to sense one ot"thc rate of
penetration of the drill bit, the weight on the drill bit, and the torque load on the drill string,
and to generate a correspon.ding second signall and a controller in electrical communication
with the respective sensors and in communication with a drive system, the controller being
programmed with preselected maximum values for the weight on the drill bit, the rate of

penetration, and the torque load, the controller being responsive to one of the signals having
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a value sbove the maximum value to control the drive system to reducc the rate of penetration

of the drill bit,

In yet another embodiment, the method of the present invention comprises the
steps of sensing at least two of the weight on the drill bit, the rate of penetration of the drill
bit, and the torque load applied to the drill string; determining whether at lcast one of the
sensed weight, rate of penetration, and tc;rque load exceeds a preselected maximum value for;
respectively, the weight, rate of penetration, and torque load; and reducing the ratc of

penetration if at least one of the sensed weight, rate of penetration, and torque losd exceeds

the presclected maximum value.

Other features and advantages of the present invention will become apparent
from the following detailed des’; tion, taken in conjunction with the accompanying drawir, -

which illustrate, by way of example, the features of the present invention.

DRESCRIPTION OF THE DRAWINGS

FIGURE 1 is a side view of a rig with a care drilling mechanism mounted thereon,

FIG. 2 is a fragmented side view of the 1ig of FIG. 1 with the core drilling mechanism

in an upright, vertical position;
FIG. 3 is a rear plan view of the core drilling mechanism of FIG. 2;

FIG. 4 is a front view of a hoist assembly included in the core drilling mechanisia of

the present invention;

Ap/p/99,‘u11,53
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FIG. 5 is a schematic view of a lower tensioner assembly and sheave assembly
included in the core drilling mechanism;

FIG. 6 is a block diagram of a closed loop control system embodying the present
invention;

FI1G. 7 is & flow chart of the operational flow of the control system of FIG. 6;

FIG. 8 is a block diagram of another illustrative embodiment of the closed locp
control system of the present invention; and

FIG. 9 is a flow chart of the operatianal flow of the control system of FIG. 8.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT
In the following detailed description, like reference numerals will be nsed to refer to
like or corresponding elemcnts in the different figures of the drawings. Referring now to the
drawings, and particularly to FIGS. 1 through 3, there is shown, generally, a core drilling
mechanism 10 that incorporates a closed loop control system 12 comprising a preferred
embodiment of the present invention. The core drilling mechanism is intended to illustrate

one embodiment of a care drilling mechanism with which the closed loop control system of

the present invention may be utilized, and thus is shown merely for illustrative purposes and

is not intended 10 limit the invention in any way. The core drilling mechanism is described in
co-pending United States Patent Application Serial Number 08/567,184, assigned 10 Boart
Longyear Company, the assignec of all rights in the present invention. The disclosure of
application Serial Numﬁcr 08/567,184 is incorporated herein by reference. Briefly, the core

drilling mechanisin of the cited and incorporated application includes a frame 20, plural pad
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assemblies 30, a mast assembly 40, a hoist assembly 60, a pair of sheave groups 80, and a
drillhead group 100. The core drilling mechanism in one embodiment is mounted to a truck
15 for transport to and from a dall site. The mast assembly may be pivoted between upright

and retracted or partially retracted positions (FIGS. 1 and 2).

The hoist assembly 6O is mounted on top of the mast assembly 40 and includes a pair
of hydraulic motors 65 on opposite ends of a drum 63 (FIG. 4). The motors operate to rotate
the drum 1in either a clockwise or counterclockwise direction. Four cables 250 wrap around
the drum in grooved portions 69 and extend downwardly from the drum to the drilthesd
assembly 100. The cables are wound such that the two central cable windings 250a extend
downward from the front of the drum, while the outer cable windings 250b extend downward
from the back of the drum. Thus, upon rotation af the drym in a first direction, the ceptr.
¢ables are wound onto the drum and the outer cables are let out (the "hold cack® mowe, 4
described in greater detail below), If the direction of rotation of the drum is reversed, the
central cables are let out and the outer cables are wound onto the drum (the “pull down"

mode) .

The "pull-down" mode is required v;!hen the leagth of the drill string 101 is relatively
short, and thus when the drill string is not heavy encugh to apply sufficient weight on the drill
bit. Thus the "pull-down" mode actually forces the drillhead assembly 100 downwardly to
increase the weight on the bit. The "hold back” mode is entered when the drill string is heavy

enough {or toa heavy) to create sufficient (or too much) weight on the drill bit by itself.
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The sheave groups 80 arc housed within the mast assembly 40 a( the opposite end
from the hoist assembly 60 and on either side of the maxt 41. Sheaves 81 of the sheave
groups 80 reccive the respective outer cables 250b, which run on the sheaves 81 and then
connect to the bottom of the drillhead assembly 100. A pair of bottom cable tensioner
agsemblies 86 mount the sheave assemblies to the mast. The tensioner assemblies include
respective hydraulic cylinders 87 and pistons 88, as well as a pair of fluid conduits 89 and 91.
As shawn in FIG, S, the piston partitions the cylinder into & pair of compartments which
communicate with the respective fluid conduits. Thus, it will be apparent that by feeding fluid
to or drawing fluid from one of the compartments, the piston is driven accordingly and thus
pulls or pushes the corresponding sheave to cause the associated outer cable 250b to be in

tension.

A pressure transducer 92 is connected for communication with the upper conduit 91
ta sense the pressure in the upper compartments of the hydraulic cylinders. The pressuie
transducer is usad ta determine the weight-on-bit during the “pull-down® mode. As the hoist
61 is rotated to draw the outer cables 250b upwardly, the cables 250b and sheaves 81 act 10
pull the drillhead assembly 100 downwasdly, which causes an increase in the weight-on-bit
and excr;‘ts an upward force on the sheaves 81. The piston 88 is thus forced ypwardly such
that the.oil pressure in the compartment abave the piston head rises, and is sensed by the
pressure transducer. This increased pressure is interpreted to ascertain the weight-on-bit, as
d&smibéd in greater d@ below. The drilthead assembly 100 includes an electronic load cell

assembly 110 and a drive motor assembly (FIG. 3). The drilthcad assembly travels vertically

AR/P/ 9970145 %
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along rails 90 located on the outside of the mast 41 and is driven by the hoist 60. The central
cables 250a are attached to the drillhead assembly via a pair of bolt eyes 111 formed on the
load cell assembly (FIG. 3). The drive motor assembly comprises & pair of conventional
hydraulic drive motors (not shown) that are engaged to the drillhead assembly and are driven
by the hydraulic system of the device to rotate the drillhead assembly and thus the drill bit
mounted thereon. In the “hold bagk” mode, the hoist 60 is rotated in a direction such that the
inner cables 250a are wound on the drum 63, This supports & portion of the combined weight
of the drillhead 100, drill string 101, and drill bit that otherwise woild be e#crted on the face
of the bit. In this mode, the load cell 110 senses the weight on the bit and generates a

corresponding electrical signal, as described in greater detail below.

The closed loop control system 12 includes, in & nreferred embodiment, the load cell
110, the pressure transducer 92, a linear displacement transducer essembly 220, a controller
2722 in communication with the transducers and load cell, a servo amplificr 224, and a servo
valve 226 in the hydraulic circuit feeding the drive motors 65. The controller preferably
comprises a programmable logio controller (PLC), such as Model Number SLC 500 PLC
from the Allen Bradley Company, The controller can also comprise a personsl computer or

other camputing entity with the proper programming, as described in greater detail below.

As shown in FIGS. 1 and 2, the linear displacement transducer assembly 220 includes,
in a preferred embodiment, a pair of horizontally offset, vertically extending lineac transducers

228 contained within housings that are mounted on the mast 41 at different heights. The

94/01453
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linear transducer assembly further includes a pair of offset magnetic elements 230 carried by
an arm 232 mounted to the drillhead assembly, Thus, as the drillhead assembly 100 moves
vertically, one of the magnetic clements will be aligned with the correspouding sensing

tmnsduocr and the relative movement of the magnetic element is gensed by the transducer and

- a corresponding electrical signal is generated. In one embadiment, the kinear displacement

transducer assembly 220 comprises a pair of transducers, model number BTL-2-All-3606.-
PKAQS from Balluff Company. It will be apparent that many types of lirear displacement
transducers may be used, including those that incorporate potentiometric resistance elements,
and the fike. In addition, rotary transducers can also be used to determine the penetration rate

of the drill bit.

The servo amplifier 224 comprises a conventional amplifier such as model number 23-
5030 from Dynamic Valves, Inc. The servo amplifier receives a contral signal from the
controller 222 and generates an error signal that is transmitted to thc servo valve. The control
signal results when either a process variable (the penetration rate or weight-on-bir) exceeds
the presclected maxima, or when the preselected maxima are changed by the aperator through
an /O device 235, as described in greater detail below. The servo valve 226 is responsive to
the error signal to either increase or decrease the penetration rate of the drill bit. The servo

valve includes a pair of output ports, each of which feed the motors 65 to rotate in a different

direction.

Thus, depending on the signal received by the servo valve, fluid is fed to one of the

AP/P/99 /01453
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ports of the motors to cause the drum to rotate in either a clockwise or counterclockwise

direction.

Referring now to FIG. 6, there is shown a block diagram of the components included
m the closed loop control system 12 of the present invention. The control system comprises
the controller 222, a memory 224 for long term or permanent storage, and the user
input/output ("I/O") device 236. The user I/O device includes an interface, such as a display
screen 200 (FIGS. 1 through 3), and user controls that are manipulated by the user to input
operstional data for use by the controller, as described in greater detail below. The user I/O
device preferably comprises an alphanumeric keyboard or keypad in a conventional

configuration, or other similar devices as are . well known in the art,

The special features of the control system 12 of the present invention are
implemented, in part, by software programs stored in the memory 234 of the controller 222.
The software programs are stored in one or more preselected data files and are accessible br:
fhe controller, the function of which is deseribed in greater detail in connection with FIG. 7.
The Mow preferably takes the form of a non-volatile memory device, such as a magnetic

or optical storage unit or the like.

Referring now to FIG. 7, the operation of the method and system of the present
invention is described in conjunction with the above structurnl description of the drilling

mechanism 10 and control system 12. Before operation begins, the controller prompts the
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operator for 2 maximum penetration rate and maximum welght-on-bit. The operator may

enter such information through the I/O device 236,

Alternatively, the controller can be pre-programmed with default values for the

maximum peniciration rate and weight-on-bit. The values are stored in the memory 234, The
suspended drill string 101 is weighed while the string is suspended within the hole and that
weight is used to calibrate the controller to properly determine weight-on-bit. In addition,
if the weight of the drill string is below the set weight-on-bit, then the controller determines
that the system must operafe in the "pull-down" mode, whereas if the weight of the drill string
is above the set weight-on-bit, the controller determines that the system must operste in the
“bold bacic mode. In one embodiment, a button is included on the control panel 200. When
the mnre drill string is assembled, and before the drill bit comes into contact with the earth,
the operator may depress the button to signal the cantroller 222 to record the weight signal
being generated by the load cell 110. Alternatively, the controller can be programuned to
automatically record the weight signal from the load cell immediately prior to the start or

continuation of the drilling procedure.

As illustrated in FIG. 7, the operation begins with the drillhead assembly 100 drilling
at the preselected maximum rate of penetration, as indicated by function block 201, The
controller 222 then deterrines whether the weight-on-bit is above the preselected maximum
weight-on-bit, at query block 202. As deseribed above, in the-“pull-dowr” mode, this is

determined by the electrical signal received from the pressure transducer 92, whereas in the
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"hold back” mode, the signal from the load cell 110 is interpreted by the controller to
determine the weight-on-bit. If at query block 202 the weight-on-bit is determined to be
below the preselected maximum, operation then flows to query block 204 where the
coatroller determines whether the rate of penetration is below the preselected maximum rate,
This is detcrmined by the linear displacement transducer assembly 220, as described sbove,
If so, the controller increases the rate of penetration, at function block 205, and operation
flows back to query block 202 to once again monitor the weight-on-bit now that the rate of
pesietration has been incressed. If at query block 204, the rate of penctration is determined

to not be belaw the preselected maximym rate, then operation flows to query block 206, and

the controller determines whether the rate of penetration is above the preselected maximum.

If 50, then at function block 207 the rate of penetration is reduced, and operation flows back
to block 202 to monitor the weight-on-bit, If at block 206, the rate of penetration is not
above the maximum allowable rate, operation flows directly back to query block 202 to again

monitor the weight-on-bit,

At query blaek 202, if the weight-on-bit is determined to be above the preselected
nmximdm weight, operation flows to function block 208, and the rate of penetration is
reduced. This is accomplishad by the controller transmitting an appropriate control signal to
the servo amplifier 224, which operates to drive the servo valve 226 to feed the sppropriate
port of the motors 65, as deseribed above. operation then flows back to queryAblock 202 to
detarmine the weight-on-bit after the rate of penetration has been reduced. The controller is

programmed to reduce the rate of penetration in predetermined increments in an effort to

AP/P/O99/+145 3
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maintain the most ¢fficient penetration rate while simultaneously ensuring that no damage will
come to the ddll bit. This routine is repeated urﬁ.il the weight-on-bit is determined to be

below the preszlected maximum level.

From the above description, it will be apparent that the penetration rate is maintained
within an operating window such that the penetration rate is neither too fast nor too slow, as
determined by the weight on the drill bit. A raie that is too fast can result in excessive weight-
on-bit, while a rate that is too slow can act to polish the diamonds and dull the drill bit. it will
be understood that the weight-on-bit or rate of penetration may, for an instant, exceed the
preselected maximum values before the rate of penetration is reduced by the servo amplifier
224 ard servo valve 226. Thus, it will be apparent that the praselected maximum rate of
penetration and weight-on-bit should be chosen at levels slightly below the absolute maximum
levels for the particular bit involved. Alternatively, the controller can be programmed to
reduce the rate of penetration once the weight-on-bit is within some predetermined range
slightly below the maximum allowabie weight, rather than begin 1o reduce the penetration rate

only after the weight-on-bit exceeds the preselected threshold.

The controller 222 may be programmed to allow an operator to temporarily increase
the maximum value for Lhe weight-on-bit, such as in instances where the drilling stops or
slows to a wxy low rate (i.e., when there is little or no further penetration). The operator can
increase the weight-on-bit maximum value through the /O device 236. However, the weight-

on-bit can never be set to exceed the absolute maximum value, which is stored in memory

AP/P/39/01453
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234.

It will be understood that there are two different states in which the control system
12 of the present invention operates, namely & penctration rate-controlled state, and a weight-
controlled statc, In the penetration rate-controlled state, the weight-on-bit is below the
preselected maximum value, and the controller 222 controls the servo amplifier 224 such that
fhe servo valve 226 i3 at a setting to maintain the rate of penetration at or close to the
maximum rate, As shownin FIG. 7, this corresponds with blocks 204 through 207 and 214,
216, and 217. This ensures that the penetration rate is maintained within the operating
window as described above. In the weight-controlied state, the weight-on-bit is at the
maximuﬁ level, and the rate of penetration is reduced to keep the weight-on-hit from
exceeding the maximum allowable value. This state corresponds with blocks 205, 210, and
212. Thus, in either mode, it will be understood that the rate of penetration is optimized

while maintaining the weight-on-bit at or below the preselected maximum value.

It is desirable to maintain the penetration rate below a prc:dctcmﬁned maximum rate,
regardless of the weight-on-bit. For example, when the drill bit is passing through very soft
earth or even voids below the surface, the weight-on-bit will almost certainly be below the
maximum weight-on-bit sct by the operator, no matter what the rate of penetration is. If the
rate of penetration were allowed to increase without limit, the rate could gt so high that
when the drill bit came into contact with harder earth, the weight-on-bit would instantly

become 50 high that the drill bit and possibly a portion of the drill string would be damaged
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or destroyed. In addition, when dealing with broken ground, it is desirable to tnaintain the
penetration rate at a relatively low rate to keep the core as intact as possible and to prevent

wedging of the core inside the dnill.

Furthermore, so long as the weight-on-bit is below the set maximum, it is
advantageous to control the penetration rate to maintain it at or near the preselected
maximum penetration rate in order to optimize the penetration rate and pravide an efficient
system, ‘The present invention accomplishes this goal while ensuring that the drill bit is not

damaged by having excessive weights applied to it.

By way of example, the maximum weight-on-bit is typically set between.2,000 -
12,000 pounds, while the maximum penetration rate is set between 5 - 10 inches per minute,
In additian, in relatively hard earth such as granite, the penetration rate st which the maximum
\m;-:ighh 22 on-bit is achieved is approximately 0.5 - 1.0 inch per minute, while in limestone
or other relatively soft earth, the penetration rate at which the maximum weight-on-bit is

achieved is approximately 10 - 20 inches per minute,

Referring now to FIG. 8, there is shown another illustrative embodiment of the closed
loop control system 300 according to the present invention. The control system 300
comprises the pressure transducer 92 and foad cell 110 ﬁhich cooperate to sense the weight
on the drill bit, as described above. The control system also includes the linear transducer

assembly 220 which is operative to monitor the penetration rate of the drill bit, as described
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above. The system also includes the memary 234, the /O device 236, servo anplifier 224,

servo valve 226, and the controller 222,

In this erobodiment, the control system 300 additionally includes a sccond pressure
transducer 302 which detcrmines the torque load being applied to the drill string 101 by
semsing the pressure in 8 hydraulic drive system 304 which drives the hydraulic drive motors
that ratate the drill string, As mentioned above, and as set forth in greater detail in co-
pending U.S. Patent Application Serial Number 08/567,184, assigned to Boart Longyear
Company, which is expressly incorporated herein by reference, the hydraulic drive system 304
comprises a drive motor assembly including a pair of conventional hydraulic drive motors that
are engaged to the drllhead assembly 100 and operative to rotate the drillhead assembly ar
thus the dril! int mounted therean. The torque-sensing pressure transducer 302 is connecie!
for fluid communication with the drive system 304, and is operative to sense the fluid pressure
1a the hydraulic drive system and to generate a corresponding signal. The controller receives
the signal which corresponds with the pressuare in the hydraulic system, and from which the
forque Joad applied to the drill string can be determined, as is well known to those skilled in

the art.

The memory 234 stores preselected maximum values for the weight on the drill bit,
the rate of penctration of the drill bit, and the torque load on the drill string. Thus, the
controller receives the signal from the pressure transducer 302, determines the torque load

being applied to the drill string, accesses the memory to retrieve the maximum value for the

AP/P/YY /01453
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torque load, and compares the sensed torque load value with the preset maximum torque load

value.

Referring to FIG. 9, the operation of the control system 300 is described. Before
operation begins, the contraller 222 prompts the operator to input penetration rate, torque
load, and weight-on-bit maximum values. The operator may enter such information through
the 170 device 236. The input data is stored in the memory 234 for future retreval, If no
such values are input, the memory stores default maximum values which are retrieved by the

controller 222,

As illustrated in FIG. 9, the drillhead assembly 100 begins drilling at the preselected
maxirnum rate of penetration, as indicated by function block 310, The controller 222 then
determines whether the weight-on-bit is above the preselected maximum weight-on-bit value
stored in memory 234, at query block 312. As described above, in the “pull-down” mode,
this is determined from the electrical signal received from the pressure transducer 92, whereas
in the "hold back" mode, the signal from the load cell 110 is used to determine the weight-
on-bit. If the weight-on-bit is above the preselected maximum, operation flows to function
block 314 and the controller 222 controls the drive assembly to reduce the rate of penetration,
which also reduces the weight-on-bit. This is accomplished by means of the controller
transmitting an appropriate control gignal to the servo amplifier 224, which operates to drive
the servo valve 226 to feed the appropriate port of the drive motors 65. Operation then flows

back to query block 312,

AP/P/I9Y/0145 3
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I£ on the other hand, the weight-on-bit is below the preselected maximum weight-on-
bit value, operation procecds to query block 316, and the controller 222 determines whether
the torque Joad being applied to the drill string exceeds the preselected maximum torque load
value. As described above, this is accomplished by receiving the pressure signals from the
pressure transducer 302 and determining the torque load from the pressure signals. If the
torque load exceeds the preset maximum, operation flows to block 314, and the controller

conttrols the drive assembly to reduce the rate of penetration of the drill bit, which reduces the

torque load on the drill string, as well as the weight-on-bit.

If the torque load on the drill string is at an acceptable level, operation proceeds to
query block 318 and the controller determines whether the rate of penetration is above the
preset maximum, by comparing the signal from the linear displacement transducer with the
maximum value stored in memory 234, If the rate of penctration exceeds the preset
maximum, the controller controls the drive assembly to reduce the rate of penetration, at

block 314, and operation then procesds back to query block 312, and the process is rcpea.ted'.

If the rate of penetration does not exceed the preset maximum, the controller then
determines whether the penetration rate is below the preset maximum, at step 320. If so, the
controller contrals the drive assembly to increase the rate of penetra’;ion, at step 322, and
operation then proceeds back to step 312. By increasing the rate of penstration, the weight-
on-bit and torque load will ikely increase. Thus, the process is repeated to ensure that neither

the weight-on-bit or torque load now exceed their respective maxima after increasing the

AP/P/ 99 /0145 3
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penetration rate. If, on the other hand, at step 320 the cantroller 222 determines that the
actual rate of penetration being sensed is equal to the preset maximum penetration rate, then
the rate of penetration remains unchanged, and operation flows back to step 312 to repeat the

process.

In this manncr, the system 300 maintains the weight-on-bit, torque load, and rate of
penetration within preselected maxima, while simultaneously maximizing the rate of

penetration to optimize the perforinance of the deviee,

From'the foregoing, it will be appareat that the closed loop contraol system of the
present invention provides a reliable system that automatically reduces the penetration rate
of a drill bit in the event the weight on the drill bit exceeds a preselected maximum value, In
addition, the system continually monitors the weight on the bit and the penetration rate and
maximizes the penetration rate while keeping the weight on the bit belaw the pr:ée‘.ccied
maximum value. Furthermore, the system cnsures that the torque load applicd to the drill
string is maintained within acceptable levels, while simultaneously optimizing the rate of

penetration of the drill bit.

While forms of the invention have been illustrated and descn'b‘ed, it will be apparent
to those skilled in the art that various modifications and improvements may be made without
departing from the spirit and scope of the invention. As such, it is not intended that the

invention be limited, except as by the appended claims.

AP/P/Q9 /014K 1
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CLAIMS

What is claimed is:

1. A control system for controlling operation of a core drilling device, the

core drilling device including a drive system to advance and retract a drill string carrying a

drill bit, the control system comprising:

a first sensor in communication with the core drilling device, the first sensor
being operative to sense one of a rate of penetration of the drill bit, a weight
on the drill bit, and a torque load on the drill string, and > Jes *:a ~

corresponding first signal;

a second sensor in communication with the core drilling device, the second

sensor being operative to sense one of the rate of penetration of the drill bit, °
the weight on the drill bit, and the torque load on the drill string, and to

generate a corresponding second signal; and

a controller in electrical communication with the respective sensors and with
the drive system, the controller being programmed with preselected maximum
values for the weight on the drill bit, the rate of penetration, and the torque

load, the controller being responsive to one of the signals having a value
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above the respective maximum value to control the drive system to reduce the

rate of penetration of the drill bit.

2. The control system of claim 1, wherein the first sensor comprises

a linear displacement transducer or a pressure transducer.

3. The control system of claim 1, wherein the second sensor comprises

a load cell.

d

4. The control system of claim 1, wherein the controller is responsive to the «
second signal having a value corresponding to a torque load on the drill string below the ~
<

maximum torque load value and the first signal having a value corresponding to a rate of <

penetration below the maximum value for the rate of penetration to control the drive system

Nn N

to increase the rate of penetration of the drill bit.

& Py ¥,

5. The control system of claim 1, wherein the drive system includes a
hydraulic circuit comprising one or more hydraulic motors connected to the drill string, the
hydraulic circuit further including a servo valve, the controller being electrically connected

for communication with the servo valve to control the drive system.

6. The control system of claim 1, wherein the controller comprises a

programmable logic controller.
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7. The control system of claim 1, wherein the controller is responsive to
receipt of a signal having a value corresponding with a rate of penetration below the

maximum value to control the drive system to increase the rate of penetration.

8. The control system of claim 1 and further including an input device to
allow an operator to input rate of penetration, torque load, and weight-on-bit maximum value
values, and wherein the controller is electrically connected to the input device and is

responsive to input of new values to modify the respective maximum values.

9. A control system for a core drilling device, the core driiling « =2

i~

including a drive system to advance and retract a drill string carrying a drill bit, the control

system comprising:

a first sensor in communication with the core drilling device and operative to

sense

the rate of penetration of the drill bit and generate a corresponding first signal;

a second sensor in communication with the core drilling device and operative
to sense the weight on the drill bit and generate a corresponding second

signal;

“y

I -
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a third sensor in communication with the core drilling device and operative to

sense the torque load applied to the drill string and generate a corresponding
third signal; and

a controller in electrical communication with the respective sensors and in
communication with the drive system, the controller being programmed with
preselected maximum values for the weight on the drill bit, the rate of

penetration, and the torque load, the controller being responsive to the second
2
signal having a value corresponding to a weight above the maximum value fors<"

hat

the weight on the drill bit to control the drive system to reduce the rate of «

N
penetration of the drill bit, the controller also being responsive to the first<

c
signal having a value corresponding to a rate of penetration above the

maximum value for the penetration rate to control the drive system to reduce §
{
the rate of penetration of the drill bit, the controller being further responsive ¢
to the third signal having a value corresponding to a torque load above the

maximum value for the torque load to control the drive system to reduce the

rate of penetration of the drill bit.
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10.  The control system of claim 9, wherein the controller is further
responsive to the third signal having a value corresponding to a torque load below the
maximum value for the torque load, and the first signal having a value corresponding to a
rate of penetration below the maximum value for the penetration rate, to control the drive

system to increase the rate of penetration of the drill bit.

p@;7%!0G101[\53

11.  The control system of claim 9, wherein the controller comprises a

programmable logic controller.

12 .  The control system of claim 9, wherein the controller is responsive to
the first §g1m1 having a value that corresponds with a rate of penetration below the maximum

value to adjust the drive system to increase the rate of penetration.

13.  The control system of claim 9 and further including an input device to
allow an operator to input rate of penetration, weight-on-bit, and torque load maximum

values, and wherein the controller is electrically connected to the input device to receive and
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store the maximum values.

14-  Amethod of controlling a rate of penetration of, and weight on, a drill
bit, the drill bit being carried by a drill string and driven by a core drilling device, and of

controlling a torque load applied to the drill string, comprising the steps of:

sensing at least two of the weight on the drill bit, the rate of penetration of the

drill bit, and the torque load applied to the drill string;

!hf

L
determining whether at least one of the sensed weight, rate of penetration, and -

torque load exceeds a preselected maximum value for, respectively, the‘<

weight on the drill bit, rate of penetration of the drill bit, and torque load on :

the drill string; and

reducing the rate of penetration if at least one of the sensed weight, rate of

penetration, and torque load exceeds the preselected maximum value,

15.  The method of claim 14gwherein the step of sensing includes sensing

at least the torque load and the rate of penetration.

16 . The method of claim 14, wherein the step of sensing includes sensing

at least the weight on the drill bit and the rate of penetration.

]
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17.  The method of claim 14, wherein the step of reducing includes
reducing the rate of penetration until the rate of penetration is at or below the preselected

maximum value for the rate of penetration.
18. The method of claim 14 and further including the steps of:

determining whether the sensed rate of penetration is below the preselected

maximum value for the rate of penetration;

determining whether the torque load applied to the drill string is beiow tne
preselected maximum value, if the sensed rate of penetration is below the

preselected maximum value; and

,—ﬂlf\ﬂ\ln"

increasing the rate of penetration if the torque load is below the preselected

maximum value.
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