
US 20020007971A1 

(19) United States 
(12) Patent Application Publication (10) Pub. No.: US 2002/0007971 A1 

Beaufort et al. (43) Pub. Date: Jan. 24, 2002 

(54) ELECTRO-HYDRAULICALLY (57) ABSTRACT 
CONTROLLED TRACTOR _ _ _ _ 

A tractor for movmg Within a borehole comprises an elon 
gated tractor body and tWo propulsion assemblies that are 
longitudinally movably engaged With the body. The tractor 
body has annular pistons con?gured to receive hydraulic 
thrust to propel the body longitudinally. Each propulsion 
assembly includes a gripper and one or more propulsion 
cylinders. The gripper has an actuated position in Which the 
gripper limits relative movement betWeen the gripper and 
the inner surface of the borehole, and a retracted position in 
Which the gripper permits substantially free relative move 
ment betWeen the gripper and the inner surface of the 
borehole. Each propulsion cylinder contains one of the 
pistons. The tractor includes a control assembly having a 
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ELECTRO-HYDRAULICALLY CONTROLLED 
TRACTOR 

PRIORITY 

[0001] This application claims priority to US. Provisional 
Patent Application No. 60/112,833, ?led Dec. 18, 1998. 

BACKGROUND 

[0002] 1. Field of the Invention 

[0003] This invention relates generally to tractors for 
moving Within boreholes, and speci?cally to a hydraulically 
poWered tractor having electrically controlled motors that 
control tractor position, speed, thrust, and direction of travel 
by controlling ?uid pressure acting on pressure-actuated 
valves. 

[0004] 2. Description of the Related Art 

[0005] The art of drilling vertical, inclined, and horiZontal 
boreholes plays an important role in many industries, such 
as the petroleum, mining, and communications industries. In 
the petroleum industry, for example, a typical oil Well 
comprises a vertical borehole Which is drilled by a rotary 
drill bit attached to the end of a drill string. The drill string 
is typically constructed of a series of connected links of drill 
pipe Which extends betWeen ground surface equipment and 
the drill bit. A drilling ?uid, such as drilling mud, is pumped 
from the ground surface equipment through an interior ?oW 
channel of the drill string to the drill bit. The drilling ?uid 
is used to cool and lubricate the bit, and to remove debris and 
rock chips from the borehole, Which are created by the 
drilling process. The drilling ?uid returns to the surface, 
carrying the cuttings and debris, through the annular space 
betWeen the outer surface of the drill pipe and the inner 
surface of the borehole. 

[0006] The method described above is commonly termed 
“rotary drilling” or “conventional drilling.” Rotary drilling 
often requires drilling numerous boreholes to recover oil, 
gas, and mineral deposits. For example, drilling for oil 
usually includes drilling a vertical borehole until the petro 
leum reservoir is reached, often at great depth. Oil is then 
pumped from the reservoir to the ground surface. Once the 
oil is completely recovered from a ?rst reservoir, it is 
typically necessary to drill a neW vertical borehole from the 
ground surface to recover oil from a second reservoir near 
the ?rst one. Often a large number of vertical boreholes must 
be drilled Within a small area to recover oil from a plurality 
of nearby reservoirs. This requires a large investment of time 
and resources. 

[0007] In order to recover oil from a plurality of nearby 
reservoirs Without incurring the costs of drilling a large 
number of vertical boreholes from the surface, it is desirable 
to drill inclined or horiZontal boreholes. In particular, it is 
desirable to initially drill vertically doWnWard to a prede 
termined depth, and then to drill at an inclined angle 
therefrom to reach a desired target location. This alloWs oil 
to be recovered from a plurality of nearby underground 
locations While minimiZing drilling. In addition to oil recov 
ery, boreholes With a horiZontal component may also be used 
for a variety of other purposes, such as coal exploration and 
the construction of pipelines and communications lines. 

[0008] TWo methods of drilling vertical, inclined, and 
horiZontal boreholes are the aforementioned rotary drilling 
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and coiled tubing drilling. In rotary drilling, a rigid drill 
string, consisting of a series of connected segments of drill 
pipe, is loWered from the ground surface using surface 
equipment such as a derrick and draW Works. Attached to the 
loWer end of the drill string is a bottom hole assembly, Which 
may comprise a drill bit, drill collars, stabiliZers, sensors, 
and a steering device. In one mode of use, the upper end of 
the drill string is connected to a rotary table or top drive 
system located at the ground surface. The top drive system 
rotates the drill string, the bottom hole assembly, and the 
drill bit, alloWing the rotating drill bit to penetrate into the 
formation. In a vertically drilled hole, the drill bit is forced 
into the formation by the Weight of the drill string and the 
bottom hole assembly. The Weight on the drill bit can be 
varied by controlling the amount of support provided by the 
derrick to the drill string. This alloWs, for example, drilling 
into different types of formations and controlling the rate at 
Which the borehole is drilled. 

[0009] The inclination of the rotary-drilled borehole can 
be gradually altered by using knoWn equipment, such as a 
doWnhole motor With an adjustable bent housing to create 
inclined and horiZontal boreholes. DoWnhole motors With 
bent housings alloW the ground surface operator to change 
drill bit orientation, for example, With pressure pulses from 
the surface pump. Typical rates of change of inclination of 
the drill string are relatively small, approximately 3 degrees 
per 100 feet of borehole depth. Hence, the drill string 
inclination can change from vertical to horiZontal over a 
vertical distance of about 3000 feet. The ability of the 
substantially rigid drill string to turn is often too limited to 
reach desired locations Within the earth. In addition, friction 
of the drilling assembly on the casing or open hole fre 
quently limits the distance that can be achieved With this 
drilling method. 

[0010] As mentioned above, another type of drilling is 
coiled tubing drilling. In coiled tubing drilling, the drill 
string is a non-rigid, generally compliant tube. The tubing is 
fed into the borehole by an injector assembly at the ground 
surface. The coiled tubing drill string can have specially 
designed drill collars located proximate the drill bit that 
apply Weight to the drill bit to penetrate the formation. The 
drill string is not rotated. Instead, a doWnhole motor pro 
vides rotation to the bit. Because the coiled tubing is not 
rotated or not normally used to force the drill bit into the 
formation, the strength and stiffness of the coiled tubing is 
typically much less than that of the drill pipe used in 
comparable rotary drilling. Thus, the thickness of the coiled 
tubing is generally less than the drill pipe thickness used in 
rotary drilling, and the coiled tubing generally cannot With 
stand the same rotational, compression, and tension forces in 
comparison to the drill pipe used in rotary drilling. 

[0011] One advantage of coiled tubing drilling over rotary 
drilling is the potential for greater ?exibility of the drilling 
assembly, to permit sharper turns to more easily reach 
desired locations Within the earth. The capability of a 
drilling tool to turn from vertical to horiZontal depends upon 
the tool’s ?exibility, strength, and the load Which the tool is 
carrying. At higher loads, the tool has less capability to turn, 
due to friction betWeen the borehole and the drill string and 
drilling assembly. Furthermore, as the angle of turning 
increases, it becomes more dif?cult to deliver Weight on the 
drill bit. At loads of only 2000 pounds or less, existing coiled 
tubing tools, Which are pushed through the hole by the 
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gravity of Weights, can turn as much as 90° per 100 feet of 
travel but are typically capable of horizontal travel of only 
2500 feet or less. In comparison, at loads up to 3000 pounds, 
existing rotary drilling tools, Whose drill strings are thicker 
and more rigid than coiled tubing, can only turn as much as 
30°-40° per 100 feet of travel and are typically limited to 
horiZontal distances of 5000-6000 feet. Again, such rotary 
tools are pushed through the hole by the gravity force of 
Weights. 
[0012] In both rotary and coiled tubing drilling, doWnhole 
tractors have been proposed to apply axial loads to the drill 
bit, bottom hole assembly, and drill string, and generally to 
move the entire drilling apparatus into and out of the 
borehole. The tractor may be designed to be secured 
betWeen the loWer end of the drill string and the upper end 
of the bottom hole assembly. The tractor may have anchors 
or grippers adapted to grip the borehole Wall just proximal 
the drill bit. When the anchors grip the borehole, hydraulic 
poWer from the drilling ?uid may be used to axially force the 
drill bit into the formation. The anchors may advantageously 
be slidably engaged With the tractor body, so that the drill 
bit, body, and drill string (collectively, the “drilling tool”) 
can move axially into the formation While the anchors are 
gripping the borehole Wall. The anchors serve to transmit 
axial and torsional loads from the tractor body to the 
borehole Wall. One example of a doWnhole tractor is dis 
closed in alloWed US. patent application Ser. No. 08/694, 
910 to Moore (“Moore ’910”). Moore ’910 teaches a highly 
effective tractor design as compared to existing alternatives. 

[0013] It is knoWn to have tWo or more sets of anchors 
(also referred to herein as “grippers”) on the tractor, so that 
the tractor can move continuously Within the borehole. For 
example, Moore ’910 discloses a tractor having tWo grip 
pers. Longitudinal (unless otherWise indicated, the terms 
“longitudinal” and “axial” are herein used interchangeably 
and refer to the longitudinal axis of the tractor body) motion 
is achieved by poWering the drilling tool forWard With 
respect to a ?rst gripper Which is actuated (a “poWer 
stroke”), and simultaneously moving a retracted second 
gripper forWard With respect to the drilling tool (“resetting”), 
for a subsequent poWer stroke. At the completion of the 
poWer stroke, the second gripper is actuated and the ?rst 
gripper is retracted. Then, the drilling tool is poWered 
forWard While the second gripper is actuated, and the 
retracted ?rst gripper is simultaneously reset for a subse 
quent poWer stroke. Thus, each gripper is operated in a cycle 
of actuation, poWer stroke, retraction, and reset, resulting in 
longitudinal motion of the drilling tool. 

[0014] The poWer required for actuating the anchors, 
axially thrusting the drilling tool, and axially resetting the 
anchors may be provided by the drilling ?uid. For example, 
in the tractor disclosed by Moore ’910, the grippers com 
prise in?atable engagement bladders. The Moore tractor 
uses hydraulic poWer from the drilling ?uid to in?ate and 
radially expand the bladders so that they grip the borehole 
Walls. Hydraulic poWer is also used to poWer forWard 
cylindrical pistons residing Within propulsion cylinders slid 
ably engaged With the tractor body. Each such cylinder is 
longitudinally ?xed With respect to a bladder, and each 
piston is axially ?xed With respect to the tractor body. When 
a bladder is in?ated to grip the borehole, drilling ?uid is 
directed to the proximal side of the piston in the cylinder that 
is secured to the in?ated bladder, to poWer the piston 
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forWard With respect to the borehole. The forWard hydraulic 
thrust on the piston results in forWard thrust on the entire 
drilling tool. Further, hydraulic poWer is also used to reset 
each cylinder When its associated bladder is de?ated, by 
directing drilling ?uid to the distal side of the piston Within 
the cylinder. 

[0015] Tractors may employ a system of pressure-respon 
sive valves for sequencing the distribution of hydraulic 
poWer to the tractor’s anchors, thrust, and reset sections. For 
example, the Moore ’910 tractor includes a number of 
pressure-responsive valves Which shuttle betWeen their vari 
ous positions based upon the pressure of the drilling ?uid in 
various locations of the tractor. In one con?guration, a valve 
can be exposed on both sides to different ?uid streams. The 
valve position depends on the relative pressures of the ?uid 
streams. A higher pressure in a ?rst stream exerts a greater 
force on the valve than a loWer pressure in a second stream, 
forcing the valve to one extreme position. The valve moves 
to the other extreme position When the pressure in the second 
stream is greater than the pressure in the ?rst stream. 
Another type of valve is spring-biased on one side and 
exposed to ?uid on the other, so that the valve Will be 
actuated against the spring only When the ?uid pressure 
exceeds a threshold value. The Moore tractor uses both of 
these types of pressure-responsive valves. 

[0016] It has also been proposed to use solenoid-con 
trolled valves in tractors. In one con?guration, solenoids 
electrically trigger the shuttling of the valves from one 
extreme position to another. Solenoid-controlled valves are 
not pressure-actuated. Instead, these valves are controlled by 
electrical signals sent from an electrical control system at the 
ground surface. 

[0017] One limitation of prior art tractors is that they 
provide limited control over tractor position, speed, thrust 
capacity, and direction of travel. For example, While Moore 
’910 teaches a highly effective design, the tractor tends to 
travel at high speeds, except When under a large load. Thus, 
there is a need for a tractor Which provides enhanced control 
over tractor position, speed, thrust, and direction of travel. 

SUMMARY OF THE INVENTION 

[0018] Accordingly, it is a principle advantage of the 
present invention to overcome some or all of these limita 
tions and to provide an improved doWnhole drilling tractor. 

[0019] The present invention provides a tractor con?gured 
to push and/or pull a bottom hole assembly and drill string 
through a borehole. The tractor is preferably used in con 
junction With a coiled tubing drill system. Advantageously, 
the tractor is capable of moving long distances horiZontally, 
and provides enhanced control over position, speed, thrust, 
and direction of travel, compared to prior art tractors. In 
particular, the tractor includes motors that control the posi 
tion, speed, thrust, and direction of travel of the tractor. The 
motors can be electrically controlled by electronic command 
signals transmitted from logic componentry located at 
ground surface or on the tractor itself. 

[0020] One goal of the present invention is to provide 
enhanced control over position and speed of the tractor. 
Accordingly, the present invention provides a tractor having 
a throttle valve and load control valves, Which provide 
varying degrees of control over tractor speed and position. 
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Desirably, the throttle valve provides relatively rougher 
control, and the load-control valves provide relatively ?ner 
control. The throttle valve and load-control valves can be 
controlled by electronic command signals transmitted by 
electronic logic componentry on the tractor or at ground 
surface. 

[0021] In one aspect, the present invention provides a 
tractor for moving Within a borehole, comprising an elon 
gated body, a gripper longitudinally movably engaged With 
the body, a How channel, a chamber, and a pressure 
regulator. The elongated body has at least one thrust-receiv 
ing portion, such as an annular piston. The gripper has an 
actuated position in Which the gripper limits relative move 
ment betWeen the gripper and an inner surface of said 
borehole, and a retracted position in Which the gripper 
permits substantially free relative movement betWeen the 
gripper and the inner surface of the borehole. The How 
channel eXtends to the thrust-receiving portion of the body 
and is con?gured to contain a ?rst ?uid ?oWing to the 
thrust-receiving portion. The chamber is con?gured to con 
tain a second ?uid. The pressure-regulator is con?gured to 
control the pressure of the second ?uid in the chamber. The 
tractor is con?gured such that the pressure of the second 
?uid in the chamber controls the ?oWrate of the ?rst ?uid in 
the How channel, as the ?rst ?uid ?oWs to the thrust 
receiving portion. 

[0022] In one embodiment, the pressure-regulator com 
prises ?rst and second valve portions. The second valve 
portion has a closed position and an open position. In the 
closed position, the second valve portion mates With the ?rst 
valve portion to prevent the second ?uid from ?oWing out of 
the chamber. In the open position, the second valve portion 
permits the second ?uid to How out of the chamber betWeen 
the ?rst valve portion and the second valve portion. The 
second valve portion is biased to its closed position by a 
closing force that is controllable to control the pressure of 
the second ?uid inside the chamber. In another embodiment, 
the pressure-regulator further comprises a biasing means 
providing the closing force. In another embodiment, the ?rst 
valve portion comprises an ori?ce in ?uid communication 
With the chamber, and the second valve portion comprises a 
plug siZed and con?gured to seal the ori?ce. In yet another 
embodiment, the biasing means comprises a spring. Also, a 
controller, such as a motor, is provided to control the closing 
force. The motor is con?gured to be controlled by electronic 
command signals. 

[0023] In another aspect of the present invention, the siZe 
of a portion of the How channel can be altered to control the 
thrust received by the thrust-receiving portion from the ?rst 
?uid. This is due to the fact that as the siZe of the How 
channel increases, so does the volume ?oWrate of the ?rst 
?uid. In another aspect of the invention, the tractor further 
comprises a ?rst valve movable to vary the siZe of the 
portion of the How channel, Wherein the thrust received by 
the thrust-receiving portion is controllable by moving the 
?rst valve. In another aspect, the ?rst valve has a ?rst 
position in Which the How channel is closed, and a second 
position in Which the portion of the How channel has a 
maXimum siZe. The valve is movable so that the How 
channel can have multiple sustainable siZes greater than 
Zero. In another aspect, the tractor further comprises an 
additional biasing means, such as a spring, Which eXerts a 
spring force onto the ?rst valve. The spring force tends to 
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push the ?rst valve to its ?rst position, and increases as the 
?rst valve moves toWard the second position. The ?rst valve 
is in ?uid communication With the chamber con?gured to 
contain the second ?uid, so that the ?rst valve is con?gured 
to receive a pressure force from the second ?uid. The 
pressure force opposes the spring force and tends to force the 
?rst valve toWard its second position. Desirably, the position 
of the ?rst valve is controllable by controlling the pressure 
of the second ?uid in the chamber. 

[0024] In another aspect, the present invention provides a 
tractor for moving Within a borehole, comprising an elon 
gated body and a gripper longitudinally movably engaged 
With the body. The elongated body has a thrust-receiving 
portion, such as an annular piston. The gripper has an 
actuated position in Which the gripper limits relative move 
ment betWeen the gripper and an inner surface of the 
borehole, and a retracted position in Which the gripper 
permits substantially free relative movement betWeen the 
gripper and the inner surface of the borehole. The tractor is 
con?gured such that longitudinal movement of the thrust 
receiving portion in a ?rst direction relative to the gripper 
can be opposed by a ?uid pressure force. The ?uid pressure 
force is controllable to at least partially control the position 
and speed of the thrust-receiving portion relative to the 
gripper. 

[0025] In another aspect, the present invention provides a 
tractor for moving Within a borehole, comprising an elon 
gated body, a gripper longitudinally movably engaged With 
the body, a container longitudinally ?Xed With respect to the 
gripper and longitudinally movable With respect to the body, 
and a ?rst valve. The elongated body has a thrust-receiving 
portion, such as a cylindrical piston. The gripper has an 
actuated position in Which the gripper limits relative move 
ment betWeen the gripper and an inner surface of the 
borehole, and a retracted position in Which the gripper 
permits substantially free relative movement betWeen the 
gripper and the inner surface. The container contains the 
thrust-receiving portion. The ?rst valve is con?gured to 
prevent a ?rst ?uid on a ?rst side of the thrust-receiving 
portion from being displaced by the thrust-receiving portion 
When the ?rst ?uid is beloW a threshold pressure. 

[0026] In one embodiment, the above-mentioned thresh 
old pressure can be varied. Advantageously, the tractor 
further comprises a second valve con?gured to regulate the 
pressure of a second ?uid eXerting a pressure force on the 
?rst valve, Wherein the threshold pressure can be controlled 
by controlling the second valve. 

[0027] In another embodiment, the tractor further com 
prises a chamber con?gured to contain a second ?uid, and a 
pressure-regulator controllable to control the pressure of the 
second ?uid in the chamber. In yet another embodiment, the 
?rst valve comprises a ?rst ori?ce and a ?oW-restrictor. The 
?rst ori?ce is con?gured to be in ?uid communication With 
the container. The ?oW-restrictor has a ?rst surface in ?uid 
communication With the ?rst side of the thrust-receiving 
portion, and a second surface in ?uid communication With 
the chamber. The second surface generally opposes the ?rst 
surface. The ?oW-restrictor has a closed position in Which 
the ?oW-restrictor completely restricts ?uid ?oW through the 
?rst ori?ce, and an open position in Which the ?oW-restrictor 
permits ?uid ?oW through the ?rst ori?ce. The ?rst surface 
of the ?oW-restrictor is con?gured to receive a ?rst pressure 
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force from the ?rst ?uid, the ?rst pressure force tending to 
move the ?oW-restrictor to its open position. The second 
surface of the ?oW-restrictor is con?gured to receive a 
second pressure force from the second ?uid, the second 
pressure force tending to move the ?oW-restrictor to its 
closed position. 

[0028] In another embodiment, the ?oW-restrictor is 
biased toWard its closed position by a biasing force and is 
con?gured to move toWard its open position When the ?rst 
pressure force eXceeds the sum of the biasing force and the 
second pressure force. In another embodiment, the ?rst 
valve further comprises a biasing means providing the 
biasing force. 

[0029] In another embodiment, the pressure-regulator 
comprises a second ori?ce, a plug, and a spring. The second 
ori?ce is in ?uid communication With the chamber. The plug 
has a closed position in Which the plug prevents the second 
?uid from ?oWing out of the chamber through the second 
ori?ce, and an open position in Which the plug permits the 
second ?uid to How out of the chamber through the second 
ori?ce. The spring eXerts a closing force onto the plug Which 
tends to maintain the plug in its closed position. Desirably, 
the closing force is controllable to control the pressure of the 
second ?uid inside the chamber. In yet another embodiment, 
the second valve further comprises a motor controlling one 
of compression or extension of the spring so as to control the 
closing force. The motor is con?gured to be controlled by 
electronic command signals. 

[0030] Another goal of the invention is to provide greater 
control over the direction of travel of the tractor. Accord 
ingly, the present invention provides a tractor comprising an 
elongated body, a gripper substantially as described above, 
a ?uid distribution system, a reverser valve, and a motor. The 
body has a thrust-receiving portion having a ?rst surface 
con?gured to receive hydraulic thrust to propel the body in 
a ?rst longitudinal direction, and a second surface con?g 
ured to receive hydraulic thrust to propel the body in a 
second longitudinal direction generally opposite the ?rst 
direction. The ?uid distribution system is con?gured to 
provide hydraulic thrust to the ?rst and second surfaces. The 
reverser valve has a ?rst position in Which the distribution 
system provides hydraulic thrust to the ?rst surface, and a 
second position in Which the distribution system provides 
hydraulic thrust to the second surface. The motor is con?g 
ured to control the position of the reverser valve. 

[0031] In one embodiment, the reverser valve is biased 
into its ?rst position, and the tractor further comprises a 
chamber and a pressure-regulator. The chamber is in ?uid 
communication With a surface of the reverser valve, and is 
con?gured to contain a ?rst ?uid. The pressure-regulator is 
con?gured to control the pressure of the ?rst ?uid in the 
chamber. In use, the pressure of the ?rst ?uid opposes the 
bias of the reverser valve. Advantageously, the motor con 
trols the pressure-regulator. In yet another embodiment, the 
pressure-regulator comprises a pilot valve having a ?rst 
position and a second position. In the ?rst position, the pilot 
valve is con?gured to permit higher pressure ?uid into the 
chamber, Wherein the higher pressure ?uid is con?gured to 
exert a pressure force onto the surface of the reverser valve 
to push the reverser valve to its second position. In the 
second position, the pilot valve permits the ?rst ?uid to How 
out of the chamber so that the bias maintains the reverser 
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valve in the ?rst position. Advantageously, the motor con 
trols the position of the pilot valve. 

[0032] In another aspect, the present invention provides a 
tractor for moving Within a borehole, comprising an elon 
gated body, a ?rst gripper, a second gripper, a ?rst elongated 
container, a second elongated container, a ?uid distribution 
system, a reverser valve, and a motor. The body has ?rst and 
second thrust-receiving portions on an outer surface of the 
body. Each gripper is longitudinally movably engaged With 
the body and has an actuated position in Which the gripper 
limits relative movement betWeen the gripper and an inner 
surface of the borehole, and a retracted position in Which the 
gripper permits substantially free relative movement 
betWeen the gripper and the inner surface. The ?rst container 
is longitudinally movably engaged on the body and longi 
tudinally ?Xed With respect to the ?rst gripper. The ?rst 
container de?nes a ?rst elongated space betWeen the ?rst 
container and the body, and encloses the ?rst thrust-receiv 
ing portion such that the ?rst thrust-receiving portion ?uidly 
divides the ?rst space into a ?rst chamber and a second 
chamber. Similarly, the second container is longitudinally 
movably engaged on the body and longitudinally ?Xed With 
respect to the second gripper. The second container de?nes 
a second elongated space betWeen the second container and 
the body, and encloses the second thrust-receiving portion 
such that the second thrust-receiving portion ?uidly divides 
the second space into a third chamber and a fourth chamber. 

[0033] The ?uid distribution system is con?gured to dis 
tribute ?uid to the ?rst, second, third, and fourth chambers 
to propel the body longitudinally. The reverser valve is 
con?gured to control the direction of the tractor. The 
reverser valve has a ?rst position in Which the tractor moves 
in a ?rst longitudinal direction according to a ?rst cycle of 
steps comprising: actuating the ?rst gripper; retracting the 
second gripper; supplying ?uid to the ?rst chamber to propel 
the body in the ?rst direction; supplying ?uid to the fourth 
chamber to propel the second container in the ?rst direction, 
the second container being propelled With respect to the 
body; actuating the second gripper; retracting the ?rst grip 
per; supplying ?uid to the third chamber to propel the body 
in the ?rst direction; and supplying ?uid to the second 
chamber to propel the ?rst container in the ?rst direction, the 
?rst container being propelled With respect to the body. 

[0034] The reverser valve also has a second position in 
Which the tractor moves in a second longitudinal direction 
according to a second cycle of steps comprising: actuating 
the ?rst gripper; retracting the second gripper; supplying 
?uid to the second chamber to propel the body in the second 
direction Which is generally opposite the ?rst direction; 
supplying ?uid to the third chamber to propel the second 
container in the second direction, the second container being 
propelled With respect to the body; actuating the second 
gripper; retracting the ?rst gripper; supplying ?uid to the 
fourth chamber to propel the body in the second direction; 
and supplying ?uid to the ?rst chamber to propel the ?rst 
container in the ?rst direction, the ?rst container being 
propelled With respect to the body. Advantageously, the 
motor is con?gured to control the position of the reverser 
valve. 

[0035] Yet another goal of the present invention is to 
provide a tractor in Which the grippers are in?atable, and in 
Which the de?ation rates can be ?nely controlled to facilitate 
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faster subsequent in?ation and, hence, tractor speed. 
Accordingly, in one embodiment at least one gripper is 
in?atable to move to its actuated position and de?atable to 
move to its retracted position. The tractor further comprises 
a gripper control valve con?gured to de?ne a ?rst ?oW 
ori?ce and a second ?oW ori?ce. The gripper control valve 
has a ?rst position in Which ?uid is con?gured to ?oW 
through the ?rst ?oW ori?ce to the gripper to in?ate the 
gripper to its actuated position, and a second position in 
Which ?uid is con?gured to ?oW from the gripper through 
the second ?oW ori?ce to de?ate the gripper to its retracted 
position. Advantageously, the gripper control valve is con 
?gured to vary the siZe of the second ?oW ori?ce so that the 
de?ation rate can be ?nely controlled. 

[0036] Yet another goal of the present invention is to 
provide a tractor in Which the timing of the poWer strokes 
and reset strokes can be more precisely controlled. Accord 
ingly, the present invention provides a tractor for moving 
Within a borehole, comprising an elongated body, a gripper, 
?rst and second valves, and ?rst, second, third, and fourth 
?uid chambers. The body has a thrust-receiving portion 
having a ?rst surface and a second surface generally oppos 
ing the ?rst surface. The gripper is longitudinally movably 
engaged With the body, and has an actuated position in 
Which the gripper limits relative movement betWeen the 
gripper and an inner surface of the borehole, and a retracted 
position in Which the gripper permits substantially free 
relative movement betWeen the gripper and the inner sur 
face. 

[0037] The ?rst valve has a ?rst position in Which the ?rst 
valve directs ?uid to the ?rst surface of the thrust-receiving 
portion, and a second position in Which the ?rst valve directs 
?uid to the second surface of the thrust-receiving portion. 
The ?rst valve has a ?rst end surface con?gured to receive 
a ?rst ?uid pressure force acting to push the ?rst valve to the 
?rst position of the ?rst valve. The ?rst valve is con?gured 
to receive a ?rst opposing force opposing the ?rst ?uid 
pressure force. The second valve has a ?rst position in Which 
the second valve permits ?uid communication betWeen the 
?rst chamber and the ?rst end surface, and a second position 
in Which the second valve permits ?uid communication 
betWeen the second chamber and the ?rst end surface. The 
second valve has a second end surface in ?uid communica 
tion With the third chamber, and is con?gured to receive a 
second ?uid pressure force acting to push the second valve 
to the ?rst position of the second valve. The second valve 
also has a third end surface in ?uid communication With the 
fourth chamber. The third end surface is con?gured to 
receive a third ?uid pressure force opposing the second ?uid 
pressure force. Pressure variations in the ?rst, second, and 
third chambers cause the ?rst and second valves to cycle 
betWeen their ?rst and second positions. Advantageously, 
the ?uid pressure in the fourth chamber is controllable to 
control the movement of the second valve. 

[0038] For purposes of summariZing the invention and the 
advantages achieved over the prior art, certain objects and 
advantages of the invention have been described herein 
above. Of course, it is to be understood that not necessarily 
all such objects or advantages may be achieved in accor 
dance With any particular embodiment of the invention. 
Thus, for example, those skilled in the art Will recogniZe that 
the invention may be embodied or carried out in a manner 
that achieves or optimiZes one advantage or group of advan 
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tages as taught herein Without necessarily achieving other 
objects or advantages as may be taught or suggested herein. 

[0039] All of these embodiments are intended to be Within 
the scope of the invention herein disclosed. These and other 
embodiments of the present invention Will become readily 
apparent to those skilled in the art from the folloWing 
detailed description of the preferred embodiments having 
reference to the attached ?gures, the invention not being 
limited to any particular preferred embodiment(s) disclosed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0040] FIGS. 1A-E are schematic diagrams of a prior art 
tractor, illustrating a method by Which the tractor moves 
Within a borehole; 

[0041] FIG. 2 is a schematic diagram of the major com 
ponents of one embodiment of a coiled tubing drilling 
system of the present invention; 

[0042] FIG. 3A is a schematic diagram of the control 
assembly of the tractor of the present invention; 

[0043] FIG. 3B is an exploded vieW of the throttle valve 
of FIG. 3A; 

[0044] FIG. 3C is an exploded vieW of one of the load 
control valves of FIG. 3A; 

[0045] FIG. 4 is a fold-out vieW of the control assembly 
of the tractor of the present invention; and 

[0046] FIG. 5 is a schematic vieW of an alternative 
embodiment of the gripper control valve of FIG. 3A. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

[0047] This application hereby incorporates by reference 
the following US. patent applications in their entirety: (1) 
US. patent application Ser. No. 08/694,910 to Moore, 
entitled “Puller-Thruster DoWnhole Tool,” ?led Aug. 9, 
1996; (2) US. Provisional Patent Application No. 60/112, 
833 to Moore, et al., entitled “Smart Tractor,” ?led Dec. 18, 
1998; and (3) a US. patent application entitled “Electrically 
Sequenced Tractor,” ?led Dec. 3, 1999, in its entirety. The 
latter application discloses an electrically sequenced tractor 
(EST) Which permits extremely precise control over posi 
tion, speed, thrust, and direction of travel. HoWever, the 
tractor of the present invention is believed to be less expen 
sive to manufacture, and is thus more desirable for certain 
applications, such as Walking and moving equipment Within 
a borehole. 

[0048] FIGS. 1A-E shoW a prior art tractor 1 con?gured to 
move Within a borehole. Tractor 1 includes an elongated 
body 2 having cylindrical pistons 3, 4, 5, and 6 Which are 
?xed to body 2 and are con?gured to receive hydraulic thrust 
to propel body 2 longitudinally Within the borehole. Pistons 
3, 4, 5, and 6 reside Within propulsion cylinders 9, 10, 11, 
and 12, respectively. An aft gripper 7 and a forWard gripper 
8 are longitudinally movably engaged With body 2, and are 
con?gured to grip onto the inner surface of the borehole. In 
the illustrated tractor, grippers 7 and 8 are in?atable blad 
ders. Gripper 7 is ?xed With respect to propulsion cyinders 
9 and 10, and gripper 8 is ?xed With respect to propulsion 
cylinders 11 and 12. 
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[0049] FIGS. 1A-E illustrate hoW tractor 1 moves Within 
a borehole. In particular, the ?gures shoW tractor 1 moving 
from left to right. HoWever, it is clear to those skilled in the 
art that the tractor can move in the opposite direction 
according to the same principles. In FIG. 1A, aft gripper 7 
is retracted and forWard gripper 8 is actuated. Propulsion 
cylinders 9 and 10 are positioned to perform a reset stroke, 
and pistons 5 and 6 are positioned to perform a poWer stroke. 
Fluid is supplied to the forWard sides of pistons 3 and 4, 
causing cylinders 9 and 10 and gripper 7 to slide forWard 
With respect to body 2 and the borehole, as shoWn in FIG. 
1B. This is referred to herein as a reset stroke. Simulta 
neously, ?uid is supplied to the aft sides of pistons 5 and 6, 
causing pistons 5 and 6 to slide forWard Within cylinders 11 
and 12, as shoWn in FIG. 1B. This is referred to herein as 
a poWer stroke, since the forWard motion of pistons 5 and 6 
propels body 2 forWard. Then, ?uid is supplied to aft gripper 
7 and released from forWard gripper 8. As shoWn in FIG. 
1C, this causes aft gripper 7 to grip onto the borehole, While 
forWard gripper 8 releases its grip. Then, ?uid is supplied to 
the aft sides of pistons 3 and 4 and to the forWard sides of 
pistons 5 and 6. This causes pistons 3 and 4 to perform a 
poWer stroke and cylinders 11 and 12 to perform a reset 
stroke, as shoWn in FIG. 1D. Then, as shoWn in FIG. 1E, 
forWard gripper 8 is in?ated and aft gripper 7 is de?ated. At 
this point tractor 1 is in the same con?guration as in FIG. 
1A. The cycle is then repeated. 

[0050] FIG. 2 shoWs a tractor 20 for moving equipment 
Within a passage, con?gured in accordance With a preferred 
embodiment of the present invention. In the embodiments 
shoWn in the accompanying ?gures, the tractor of the present 
invention may be used in conjunction With a coiled tubing 
drilling system 120 and a bottom hole assembly 132. System 
120 may include a control boX 121, poWer supply 122, 
tubing reel 124, tubing guide 126, tubing injector 128, and 
coiled tubing 130, all of Which are Well knoWn in the art. 
Assembly 132 may include a measurement While drilling 
(MWD) system 134, doWnhole motor 136, and drill bit 138, 
all of Which are also knoWn in the art. The tractor 20 is 
con?gured to move Within a borehole having an inner 
surface 142. An annulus 140 is de?ned by the space betWeen 
the tractor and the inner surface 142. 

[0051] Control boX 121 is electrically connected to various 
controllers included Within tractor 20, as described beloW. 
Box 121 is con?gured to transmit electronic command 
signals that control the motion of tractor 20. Box 121 may 
comprise, for eXample, a programmable logic device, 
EPROM, or other electrical logic unit. Alternatively, a 
control boX, such as a programmable logic device, EPROM, 
or other electrical logic unit, may be provided on the tractor 
body Within a pressure-compensated housing. The electrical 
components are preferably housed in a pressure-compen 
sated environment to alloW operation to 16,000 psi doWn 
hole pressure. Electrical inputs for other doWnhole sensors 
(such as a Weight on bit electrical output, pressure drop from 
doWnhole tool, tension sub located above the tool, or other 
electrical sensor that may be desirable to control the tool). 
The tool may be controlled by a performance algorithm 
embodied in the electronic logic. 

[0052] It Will be appreciated that the tractor of the present 
invention may be used to move a Wide variety of tools and 
equipment Within a borehole. Also, the present invention can 
be used in conjunction With numerous types of drilling, 
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including rotary drilling and the like. Additionally, it Will be 
understood that the present invention may be used in many 
areas including petroleum drilling, mineral deposit drilling, 
pipeline installation and maintenance, communications, and 
the like. Also, it Will be understood that the apparatus and 
method for moving equipment Within a passage may be used 
in many applications in addition to drilling. For eXample, 
these other applications include Well completion and pro 
duction Work for producing oil from an oil Well, pipeline 
Work, and communications activities. It Will be appreciated 
that these applications may require the use of other equip 
ment in conjunction With an drilling tool according to the 
present invention. Such equipment, generally referred to as 
a Working unit, is dependent upon the speci?c application 
undertaken. 

[0053] For eXample, one of ordinary skill in the art Will 
understand that oil and gas Well completion typically 
requires that the reservoir be logged using a variety of 
sensors. These sensors may operate using resistivity, radio 
activity, acoustics, and the like. Other logging activities 
include measurement of formation dip and borehole geom 
etry, formation sampling, and production logging. These 
completion activities can be accomplished in inclined and 
horiZontal boreholes using a preferred embodiment of the 
present invention. For instance, the tractor of the present 
invention can deliver these various types of logging sensors 
to regions of interest. The tractor can either place the sensors 
in the desired location, or the tractor may idle in a stationary 
position to alloW the measurements to be taken at the desired 
locations. The tractor can also be used to retrieve the sensors 
from the Well. 

[0054] Examples of production Work that can be per 
formed With a preferred embodiment of the present inven 
tion include sands and solids Washing and acidiZing. It is 
knoWn that Wells sometimes become clogged With sand, 
hydrocarbon debris, and other solids that prevent the free 
?oW of oil through the borehole. To remove this debris, 
specially designed Washing tools knoWn in the industry are 
delivered to the region, and ?uid is injected to Wash the 
region. The ?uid and debris then return to the surface. Such 
tools include acid Washing tools. These Washing tools can be 
delivered to the region of interest for performance of Wash 
ing activity and then returned to the ground surface by a 
preferred embodiment of the present invention. 

[0055] In another eXample, a preferred embodiment of the 
present invention can be used to retrieve objects, such as 
damaged equipment and debris, from the borehole. For 
eXample, equipment may become separated from the drill 
string, or objects may fall into the borehole. These objects 
must be retrieved, or the borehole must be abandoned and 
plugged. Because abandonment and plugging of a borehole 
is very expensive, retrieval of the object is usually 
attempted. Avariety of retrieval tools knoWn to the industry 
are available to capture these lost objects. The present 
invention can be used to transport retrieving tools to the 
appropriate location, retrieve the object, and return the 
retrieved object to the surface. 

[0056] In yet another eXample, a preferred embodiment of 
the present invention can also be used for coiled tubing 
completions. As knoWn in the art, continuous-completion 
drill string deployment is becoming increasingly important 
in areas Where it is undesirable to damage sensitive forma 
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tions in order to run production tubing. These operations 
require the installation and retrieval of fully assembled 
completion drill string in boreholes With surface pressure. 
The present invention can be used in conjunction With the 
deployment of conventional velocity string and simple pri 
mary production tubing installations. The present invention 
can also be used With the deployment of arti?cial lift devices 
such as gas lift and doWnhole ?oW control devices. 

[0057] In a further example, a preferred embodiment of 
the present invention can be used to service plugged pipe 
lines or other similar passages. Frequently, pipelines are 
dif?cult to service due to physical constraints such as 
location in deep Water or proximity to metropolitan areas. 
Various types of cleaning devices are currently available for 
cleaning pipelines. These various types of cleaning tools can 
be attached to the tractor of the present invention so that the 
cleaning tools can be moved Within the pipeline. 

[0058] In still another example, a preferred embodiment of 
the present invention can be used to move communication 
lines or equipment Within a passage. Frequently, it is desir 
able to run or move various types of cables or communica 
tion lines through various types of conduits. The tractor of 
the present invention can move these cables to the desired 
location Within a passage. 

[0059] FIGS. 3A-C schematically illustrate one embodi 
ment of the tractor 20 according to the present invention. 
Those of ordinary skill in the art Will understand the manner 
by Which tractor 20 moves Within a borehole from FIGS. 
3A-C. HoWever, prior art FIG. lA-E have been added to 
facilitate faster understanding by those not of skill in the art. 

[0060] Tractor 20 comprises an elongated tractor body 22 
and propulsion assemblies 24 and 26. Tractor body 22 is 
siZed and shaped to move Within a borehole and is preferably 
generally cylindrical in cross-section. In the illustrated 
embodiment, tractor body 22 comprises a ?rst or aft shaft 28, 
control assembly 30, and a second or forWard shaft 32 
connected end-to-end. Shafts 28 and 32 and control assem 
bly 30 include longitudinal bores Which collectively form a 
passage 96 con?gured to contain drilling ?uid ?oWing from 
the coiled tubing through tractor 20. Shafts 28 and 32 and 
assembly 30 are preferably cylindrical. Body 22 also 
includes one or more thrust-receiving portions, such as 
cylindrical pistons 34, 36, 38, and 40, Which are ?xed to the 
shafts. The pistons are con?gured to receive hydraulic thrust 
from a ?uid inside tractor 20 to poWer body 22 doWnhole or 
uphole in a manner described beloW. In particular, the aft 
surfaces of the pistons are con?gured to receive hydraulic 
thrust to poWer body 22 doWnhole, and the forWard surfaces 
of the pistons are con?gured to receive hydraulic thrust to 
poWer body 22 uphole. 

[0061] Propulsion assemblies 24 and 26 each comprise a 
gripper and one or more containers Which are longitudinally 
movably engaged With body 22. Aft propulsion assembly 24 
comprises a ?rst or aft gripper 42 and one or more contain 
ers, such as propulsion cylinders 44 and 46 in the illustrated 
embodiment. Aft gripper 42 and cylinders 44 and 46 are 
longitudinally movably engaged With aft shaft 28. Prefer 
ably, gripper 42 and cylinders 44 and 46 are connected 
end-to-end so that they are longitudinally ?xed With respect 
to each other. Cylinders 44 and 46 contain pistons 34 and 36, 
respectively. Similarly, forWard propulsion assembly 26 
comprises a second or forWard gripper 52 and one or more 
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containers, such as propulsion cylinders 48 and 50 in the 
illustrated embodiment. ForWard gripper 52 and cylinders 
48 and 50 are longitudinally movably engaged With forWard 
shaft 32. Preferably, gripper 52 and cylinders 48 and 50 are 
connected end-to-end so that they are longitudinally ?xed 
With respect to each other. Cylinders 48 and 50 contain 
pistons 38 and 40, respectively. Although tWo aft propulsion 
cylinders and tWo forWard propulsion cylinders are shoWn in 
the illustrated embodiment, any number of cylinders may be 
provided, Which includes only a single aft cylinder and a 
single forWard cylinder. Note that the thrust capability of the 
tractor increases With the number of cylinders and associated 
thrust-receiving portions. 

[0062] In the illustrated embodiment, propulsion cylinders 
44, 46, 48, and 50 engage tractor body 22 so as to form 
annular chambers surrounding shafts 28 and 32. Pistons 34, 
36, 38, and 40 reside Within and divide such annular 
chambers into aft chambers and forWard chambers Which are 
desirably ?uidly sealed from one another by the pistons. 
Moreover, the pistons are desirably con?gured to slide 
longitudinally Within said cylinders so as to maintain a ?uid 
seal betWeen the aft and forWard chambers inside the 
cylinders. For instance, piston 34 resides Within cylinder 44 
and ?uidly divides the interior of cylinder 44 into an aft 
chamber 80 and a forWard chamber 82. As piston 34 slides 
longitudinally, aft chamber 80 and forWard chamber 82 
remain ?uidly sealed from each other. Similarly, piston 36 
divides the interior of cylinder 46 into an aft chamber 84 and 
a forWard chamber 86, piston 38 divides the interior of 
cylinder 48 into an aft chamber 88 and a forWard chamber 
90, and piston 40 divides the interior of cylinder 50 into an 
aft chamber 92 and a forWard chamber 94. 

[0063] Grippers 42 and 52 may comprise any of a variety 
of anchoring devices. Desirably, grippers 42 and 52 com 
prise in?atable engagement bladder-type packerfeet. When 
tractor 20 is in a borehole, the grippers are operable to grip 
against the inner surface of the borehole. Each gripper has 
an actuated position in Which the gripper limits relative 
movement betWeen the gripper and the inner surface of the 
borehole, and a retracted position in Which the gripper 
permits substantially free relative movement betWeen the 
gripper and the inner surface of the borehole. In the illus 
trated embodiment, the grippers include engagement blad 
ders Which may be in?ated to grip onto the borehole. In the 
actuated position, each gripper prevents relative longitudinal 
movement betWeen its associated propulsion cylinders and 
the inner surface of the borehole. For example, When gripper 
42 is actuated, propulsion cylinders 44 and 46 are prevented 
from moving longitudinally With respect to the borehole 
Wall. 

[0064] Tractor 20 is con?gured to move Within a borehole 
according to the folloWing cycle: First, aft gripper 42 is 
in?ated and forWard gripper 52 de?ated, thus preventing 
longitudinal motion of cylinders 44 and 46 With respect to 
the borehole and permitting motion of cylinders 48 and 50 
With respect to the borehole. Fluid is then supplied to aft 
chambers 80 and 84 of cylinders 44 and 46. This causes 
pistons 34 and 36 to move toWard the forWard or doWnhole 
ends of cylinders 44 and 46 due to the volume of incoming 
?uid. This is referred to herein as a poWer stroke, since the 
motion of the pistons poWers tractor body 22 doWnhole 
through the borehole. As pistons 34 and 36 perform a poWer 
stroke, ?uid is simultaneously supplied to forWard chambers 
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90 and 94 of cylinders 48 and 50. Since forward gripper 52 
is de?ated, the volume of incoming ?uid causes cylinders 48 
and 50 to move forward With respect to body 22, so that 
pistons 38 and 40 approach the aft ends of cylinders 48 and 
50. This is referred to herein as a reset stroke, since cylinders 
48 and 50 are reset for a subsequent poWer stroke of pistons 
38 and 40. Next, forWard gripper 52 is in?ated and aft 
gripper 42 is thereafter de?ated. Then, ?uid is supplied to aft 
chambers 88 and 92, causing pistons 38 and 40 to execute 
a poWer stroke. Simultaneously, ?uid is supplied to forWard 
chambers 82 and 86, causing cylinders 44 and 46 to execute 
a reset stroke. The cycle is then repeated. 

[0065] Control assembly 30 includes a plurality of valves 
and motors operable to distribute ?uid throughout tractor 20. 
In the illustrated embodiment, assembly 30 includes throttle 
valve 54, propulsion-control valve 56, aft cycle valve 58, 
forWard cycle valve 60, gripper-control valve 62, reverser 
valve 64, aft load-control valve 66, forWard load-control 
valve 68, throttle pressure-regulator 70, reverser pilot valve 
72, load-control pressure-regulator 74, and ?lter 76. 

[0066] Tractor 20 is hydraulically poWered by a ?uid such 
as drilling mud or hydraulic ?uid. Unless otherWise indi 
cated, the terms “?uid” and “drilling ?uid” are used inter 
changeably hereinafter. In a preferred embodiment, tractor 
20 is poWered by the same ?uid Which lubricates and cools 
the drill bit. Preferably, drilling mud is used in an open 
system. This avoids the need to provide additional ?uid 
channels in the tool for the ?uid poWering tractor 20. 
Alternatively, hydraulic ?uid may be used in a closed 
system, if desired. 

[0067] Referring to FIGS. 2 and 3A, in operation, drilling 
?uid ?oWs from the drill string 130 through passage 96 of 
tractor 20 and doWn to drill bit 138. A diverter diverts a 
portion of the drilling ?uid from passage 96 to control 
assembly 30, to provide hydraulic poWer for moving tractor 
20 Within the borehole. Preferably, the diverter includes a 
?lter 76 Which removes larger ?uid particles that can dam 
age internal components of the control assembly, such as the 
valves. Any of a variety of knoWn types of ?lters can be 
used. Fluid exiting ?lter 76 enters chamber 200, shoWn in 
FIG. 3A as a set of connected ?uid lines. The term “cham 
ber” herein refers to a volume of any siZe and shape, such 
as, for example, one or more connected tubular ?uid pas 
sages. Chamber 200 extends to throttle valve 54 and to 
reverser pilot valve 72. A chamber 204 is in ?uid commu 
nication With chamber 200 through a ?oW-restriction 202. 
Similarly, a chamber 208 is in ?uid communication With 
chamber 200 through a ?oW-restriction 206. FloW-restric 
tions 202 and 206 permit chambers 200, 204, and 208 to 
simultaneously have different operating ?uid pressures. 
Chamber 204 extends to and communicates With throttle 
pressure-regulator 70 and throttle valve 54 in a manner 
described beloW. Chamber 208 extends to load-control pres 
sure-regulator 74, load valves 66 and 68, and cycle valves 58 
and 60 in a manner described beloW. 

[0068] Referring to FIGS. 3A and 3B, throttle valve 54 
controls the ?oWrate of ?uid to the thrust-receiving pistons 
34, 36, 38, and 40. Throttle valve 54 is designed to permit 
?uid to ?oW from chamber 200 to chambers 214 and 216 of 
the control assembly. Chambers 214 and 216 are illustrated 
as ?oW lines in FIG. 3A. In the illustrated embodiment, 
throttle valve 54 comprises a valve spool 210 con?gured to 
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de?ne portions of tWo ?oW channels extending from cham 
ber 200 to chambers 214 and 216 and eventually to the 
propulsion cylinders. Spool 210 is movable to vary the 
cross-sectional siZes of such portions of these tWo ?oW 
channels. Throttle valve 54 may be con?gured so that 
motion of spool 210 is limited betWeen extreme positions. 
Spool 210 preferably has a ?rst extreme position in Which 
both ?oW channels are closed so that ?uid is prevented from 
?oWing from chamber 200 to chambers 214 and 216. When 
spool 210 is in this position, ?uid inside chambers 214 and 
216 is free to ?oW through spool 210 to annulus 140, shoWn 
as dotted lines throughout FIG. 3A. Spool 210 preferably 
also has a second extreme position, shoWn in the ?gures, in 
Which the siZes of the above-mentioned portions of both 
?oW channels are maximiZed so that the ?oWrates of ?uid 
from chamber 200 to chambers 214 and 216 are also 
maximiZed. When spool 210 is betWeen these positions, the 
?oW channel siZes are betWeen Zero and maximum. Thus, 
the ?uid ?oW and, hence, thrust received by the pistons is 
controllable by moving spool 210 betWeen such ?rst and 
second positions. In other Words, the position of spool 210 
is controllable so that the ?oW channels can have multiple 
sustainable siZes greater than Zero, and, preferably, any siZe 
betWeen Zero and maximum. 

[0069] Spool 210 is desirably biased on one end by a 
spring 212, such as a coil spring, leaf spring, or other biasing 
means. Spring 212 exerts a spring force onto spool 210, 
Which tends to force the spool to the ?rst extreme position 
described above. Fluid in chamber 204 exerts a ?uid pres 
sure force onto the other end of spool 210, Which tends to 
force the spool to the second position described above. Thus, 
the spring force from spring 212 is opposed by the pressure 
force from the ?uid in chamber 204. Note that the spring 
force varies depending upon the position of spool 210. As 
the spool moves toWard its second position, the spring force 
increases as spring 212 becomes compressed. When the 
pressure in chamber 204 is beloW a loWer threshold, the 
spring force exceeds the pressure force, causing spool 210 to 
occupy its ?rst position. When the pressure in chamber 204 
exceeds an upper threshold, the pressure force exceeds the 
spring force, causing spool 210 to occupy its second posi 
tion. When the pressure in chamber 204 is betWeen the loWer 
and upper thresholds, the spool occupies a position betWeen 
the ?rst and second positions, at Which the spring force is 
equal to the pressure force. Thus, the position of spool 210 
can preferably be precisely controllable by controlling the 
pressure of ?uid in chamber 204. 

[0070] Throttle pressure-regulator 70 permits the pressure 
Within chamber 204 to be controlled. Various types of 
knoWn pressure-regulators can be used. Desirably, hoWever, 
pressure-regulator 70 comprises a ?rst valve portion 218, a 
second valve portion 220, a biasing means 222, and a 
controller 224. Valve portion 220 has a closed position in 
Which it mates With valve portion 218 to prevent ?uid from 
?oWing out of chamber 204, and an open position in Which 
it permits ?uid to ?oW out of chamber 204 betWeen valve 
portions 218 and 220. In the illustrated embodiment, ?rst 
valve portion 218 comprises a valve seat or ori?ce in ?uid 
communication With chamber 204, and second valve portion 
220 comprises a plug 220 siZed and con?gured to seal the 
valve seat or ori?ce. Biasing means 222 exerts a closing 
force onto second valve portion 220, Which tends to main 
tain valve portion 220 in its closed position. Biasing means 
222 preferably comprises a spring, such as a coil spring or 
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leaf spring. A spring is desirable because the force can be 
correlated With the spring constant to more precisely control 
the valve. Controller 224 controls the closing force of 
biasing means 222. In a preferred embodiment, controller 
224 comprises a motor con?gured to control compression or 
extension of a coil spring type biasing means 222. In one 
embodiment, the motor is coupled to a leadscreW engaged 
With a nut, Wherein the nut is restrained from rotating. 
Operation of the motor causes the nut to translate along the 
leadscreW. Desirably, the coil spring is coupled to the nut, so 
that the motor controls compression or extension of the 
spring and, hence, its closing force onto second valve 
portion 220. Preferably, the motor is con?gured to be 
controlled by electronic command signals generated by 
control box 121 or by logic componentry on the tractor 
itself. 

[0071] The ?uid pressure inside of chamber 204 depends 
upon the closing force of biasing means 222 against second 
valve portion 220. Fluid inside chamber 204 exerts a pres 
sure force against valve portion 220, Which opposes the 
closing force. During operation of tractor 20, ?uid continu 
ally ?oWs from chamber 200 into chamber 204 through 
?oW-restriction 202. As a result, the pressure inside chamber 
204 continually tends to rise. If the pressure rises above a 
target pressure, the ?uid pressure force acting on valve 
portion 220 exceeds the closing force from biasing means 
222, causing valve portion 220 to move to its open position. 
When valve portion 220 is in its open position, ?uid inside 
chamber 204 exhausts out to annulus 140 by ?oWing 
betWeen ?rst and second valve portions 218 and 220. This 
causes the pressure inside chamber 204 to drop. When the 
pressure drops beloW the target pressure, biasing means 222 
forces valve portion 220 back to its closed position. Thus, 
biasing means 222 acts to maintain the pressure inside 
chamber 204 at the target pressure. Controller 224 is oper 
able to vary the closing force of biasing means 222 and, thus, 
control the pressure inside chamber 204. As Will be appre 
ciated, the pressure Within chamber 204 is prevented from 
exceeding a predetermined pressure by the controller 224 
and biasing means 222. As mentioned above, the pressure 
inside chamber 204 controls the position of spool 210 and, 
hence, the ?uid ?oW and thrust received by pistons 34, 36, 
38, and 40. 

[0072] During forWard motion (left to right in FIG. 3A) of 
tractor 20, ?uid in chamber 214 provides thrust for the 
poWer strokes of pistons 34, 36, 38, and 40. Thus, ?uid in 
chamber 214 ?oWs to chambers 80 and 84 When aft gripper 
42 is actuated, and to chambers 88 and 92 When forWard 
gripper 52 is actuated. Fluid in chamber 216 provides poWer 
for the reset strokes of the propulsion cylinders. Fluid in 
chamber 216 ?oWs to chambers 82 and 86 When aft gripper 
42 is retracted, and to chambers 90 and 94 When forWard 
gripper 52 is retracted. Thus, during forWard motion, ?uid in 
chamber 214 provides poWer for thrust, and ?uid in chamber 
216 provides poWer for reset. 

[0073] The opposite is true for backWard motion (right to 
left in FIG. 3A) of tractor 20. During backWard motion, 
?uid in chamber 214 provides poWer for the reset strokes of 
the propulsion cylinders. Thus, ?uid in chamber 214 ?oWs 
to chambers 80 and 84 When aft gripper 42 is retracted, and 
to chambers 88 and 92 When forWard gripper 52 is retracted. 
Fluid in chamber 216 provides thrust for the poWer strokes 
of the pistons. Fluid in chamber 216 ?oWs to chambers 82 
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and 86 When aft gripper 42 is actuated, and to chambers 90 
and 94 When forWard gripper 52 is actuated. Thus, during 
backWard motion, ?uid in chamber 214 provides poWer for 
reset, and ?uid in chamber 216 provides poWer for thrust. 

[0074] Preferably, throttle valve 54 is con?gured to pro 
vide a variable-siZe ori?ce betWeen chambers 200 and 214, 
indicated in the ?gures by a ?oW line With a superimposed 
X (reference numeral 203), as Will be understood by those 
skilled in the art. During forWard motion, the variable-siZe 
ori?ce 203 advantageously permits ?ner control over the 
?oWrate in chamber 214 and, hence, the speed of tractor 20. 
Such ?ner control over speed is particularly useful for 
operations such as milling, drilling, tagging bottom, etc. In 
the illustrated embodiment, throttle valve 54 does not 
include a variable siZe ori?ce betWeen chambers 200 and 
216. Hence, the speed at Which the propulsion cylinders 
reset cannot be as ?nely controlled. HoWever, the cylinder 
reset speed is not as critical as the piston speed controlled by 
ori?ce 203. During backWard motion, ori?ce 203 permits 
regulation of cylinder reset speed, but there is no Way to 
more ?nely control tractor speed. Thus, the tractor Will tend 
to move backWard at high speeds. HoWever, backWard 
motion Will be used primarily for Walking back out of a hole. 
It is believed that precise control of speed is not critical for 
backWard motion. In an alternative embodiment, throttle 
valve 54 may be con?gured to also have a variable-siZe 
ori?ce betWeen chambers 200 and 216, so that speed can be 
more ?nely controlled in either direction. 

[0075] Throttle valve 54 advantageously provides a fail 
safe mode to stop the tractor. When the ?uid pressure in 
passage 96 is loWered beloW a threshold, valve 56 closes to 
cut off ?uid supply to the propulsion cylinders and grippers. 
Thus, by limiting ?uid pressure in passage 96, tractor 20 can 
easily be disengaged from the borehole to facilitate removal 
of the tractor from the borehole. 

[0076] Propulsion-control valve 56 controls the distribu 
tion of ?uid to the propulsion cylinders so that aft cylinders 
44 and 46 execute a poWer stroke While forWard cylinders 48 
and 50 execute a reset stroke, and vice-versa. Valve 56 
preferably comprises a 6-Way valve spool 57. In various 
positions, spool 57 permits ?uid ?oW from and betWeen 
chambers 214, 216, 226, 228, 230, and 232 (shoWn as ?oW 
lines in FIG. 3A), and annulus 140 (shoWn as dotted lines). 
Chamber 226 is in ?uid communication With aft chambers 
80 and 84 of cylinders 44 and 46, respectively. Chamber 228 
is in ?uid communication With aft chambers 88 and 92 of 
cylinders 48 and 50, respectively. Chamber 230 is in ?uid 
communication With forWard load-control valve 68. Cham 
ber 232 is in ?uid communication With aft load-control valve 
66. 

[0077] In operation, propulsion-control valve spool 57 has 
tWo positions. In a ?rst position, shoWn in FIG. 3A, spool 
57 causes pistons 34 and 36 to execute a poWer stroke, and 
simultaneously causes cylinders 48 and 50 to execute a reset 
stroke. When spool 57 is in this position, chamber 214 is in 
?uid communication With chamber 226, chamber 216 is in 
?uid communication With chamber 230, and chambers 228 
and 232 are in ?uid communication With annulus 140. 
High-pressure ?uid in chamber 214 ?oWs to rear chambers 
80 and 84 of cylinders 44 and 46, tending to cause pistons 
34 and 36 to execute a poWer stroke. Fluid displaced from 
forWard chambers 82 and 86 can ?oW through aft load 
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control valve 66 (described below) and chamber 232 out to 
annulus 140. Also, high-pressure ?uid in chamber 216 ?oWs 
through forward load-control valve 68 (described beloW) to 
forWard chambers 90 and 94 of cylinders 48 and 50, causing 
cylinders 48 and 50 to execute a reset stroke. Fluid displaced 
from rear chambers 88 and 92 ?oWs through chamber 228 
out to annulus 140. 

[0078] In a second position, propulsion-control valve 
spool 57 causes pistons 38 and 40 to execute a poWer stroke, 
and simultaneously causes cylinders 44 and 46 to execute a 
reset stroke. When spool 57 is in this position, chamber 214 
is in ?uid communication With chamber 228, chamber 216 
is in ?uid communication With chamber 232, and chambers 
226 and 230 are in ?uid communication With annulus 140. 
High-pressure ?uid in chamber 214 ?oWs to rear chambers 
88 and 92 of cylinders 48 and 50, tending to cause pistons 
38 and 40 to execute a poWer stroke. Fluid displaced from 
forWard chambers 90 and 94 can ?oW through forWard 
load-control valve 68 and chamber 230 out to annulus 140. 
Also, high-pressure ?uid in chamber 216 ?oWs through aft 
load-control valve 66 to forWard chambers 82 and 86 of 
cylinders 44 and 46, causing cylinders 44 and 46 to execute 
a reset stroke. Fluid displaced from rear chambers 80 and 84 
?oWs through chamber 226 out to annulus 140. 

[0079] Load-control valves 66 and 68 are con?gured to 
impede the poWer strokes of the pistons. Each load-control 
valve is preferably con?gured to generate a ?uid pressure 
force that opposes forWard movement of the pistons Within 
the propulsion cylinders. Moreover, the ?uid pressure force 
is desirably controllable to at least partially control the 
position and speed of the pistons relative to the gripper and, 
When the gripper is actuated, the borehole. More preferably, 
each load-control valve is con?gured to prevent ?uid on the 
forWard side of the pistons from being displaced by the 
pistons When the ?uid is beloW a threshold pressure. Desir 
ably, the particular threshold pressure can be controllably 
varied by, for example, a pressure-regulator. 

[0080] In the illustrated embodiment, load-control valves 
66 and 68 are identical. Thus, it is not necessary to herein 
describe both valves 66 and 68 in detail. Therefore, only 
valve 66 is described in detail herein. With reference to 
FIGS. 3A and 3C, valve 66 comprises check valves 234 and 
236, Which are in ?uid communication With forWard cham 
bers 82 and 86 of propulsion cylinders 44 and 46 via a 
chamber 238. Check valve 234 comprises ?oW-restrictor 
240, ori?ce 242, spring 244, and passage 246. Passage 246 
has a ?rst end in ?uid communication With chamber 238 and 
a second end in ?uid communication With chamber 208. 
FloW-restrictor 240 is movable Within passage 246 and 
forms an effectively ?uid-tight seal betWeen the ?rst and 
second ends of passage 246. FloW-restrictor 240 has a ?rst 
surface exposed to ?uid in chamber 238, and a second 
surface exposed to ?uid in chamber 208. The ?rst and 
second surfaces of ?oW-restrictor 240 are generally oppos 
ing. Ori?ce 242 is in ?uid communication With passage 246. 
FloW-restrictor 240 has a closed position, shoWn in FIG. 3A, 
in Which ?oW-restrictor 240 completely restricts ?uid ?oW 
through ori?ce 242, and an open position in Which ?oW 
restrictor 240 permits ?uid ?oW through ori?ce 242. 

[0081] The ?rst surface of ?oW-restrictor 240 is con?g 
ured to receive a ?uid pressure force from ?uid in chamber 
238, Which tends to move ?oW-restrictor 240 to its open 
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position. The second surface of ?oW-restrictor 240 is con 
?gured to receive a ?uid pressure force from ?uid in 
chamber 208, Which tends to move ?oW-restrictor 240 to its 
closed position. Spring 244 exerts a spring force onto 
?oW-restrictor 240, Which tends to maintain ?oW-restrictor 
240 in its closed position. Spring 244 may comprise, for 
example, a coil spring, leaf spring, or other biasing means, 
and may be provided on either side of ?oW-restrictor 240. In 
the illustrated embodiment, spring 244 is a coil spring and 
is connected to the second surface of ?oW-restrictor 240. 
Thus, ?oW-restrictor 240 opens to permit ?oW through 
ori?ce 242 When the ?uid pressure force from the ?uid in 
chamber 238 exceeds the ?uid pressure force from the ?uid 
in chamber 208 plus the spring force from spring 244. 
Preferably, the ?uid pressure inside chamber 208, and hence 
the pressure force acting on ?oW-restrictor 240 from the 
?uid in chamber 208, can be controlled by load-control 
pressure-regulator 74, Which is desirably identical to load 
control pressure-regulator 70. In another embodiment, 
spring 244 may be omitted from check valve 234. 

[0082] Preferably, check valve 236 is con?gured similarly 
to check valve 234. In the illustrated embodiment, valve 236 
has a ?oW-restrictor 250, ori?ce 252, spring 254, and 
passage 256 Which are identical to ?oW-restrictor 240, 
ori?ce 242, spring 244, and passage 246, respectively, of 
valve 234. Chamber 232 is in ?uid communication With the 
?rst surface of ?oW-restrictor 250, and chamber 238 is in 
?uid communication With the second surface of ?oW-re 
strictor 250. When pistons 34 and 36 are moving forWard to 
displace ?uid in forWard chambers 82 and 86 of cylinders 44 
and 46, ?oW-restrictor 250 is maintained in its closed 
position by the pressure force acting on the second surface 
of ?oW-restrictor 250 from the ?uid in chamber 238. Spring 
254 also tends to maintain ?oW-restrictor 250 in its closed 
position, so that ?uid cannot ?oW through ori?ce 252 and 
must therefore ?oW through check valve 234, as described 
above. In another embodiment, spring 254 may be omitted 
from check valve 236. 

[0083] Load-control valve 68 comprises check valves 260 
and 262, Which are preferably con?gured identically to 
check valves 234 and 236. 

[0084] Gripper-control valve 62 controls the actuation and 
retraction of grippers 42 and 52. In the illustrated embodi 
ment, valve 62 comprises a valve spool 63 in ?uid commu 
nication With chambers 216, 264, and 266, and annulus 140 
(shoWn as dotted lines). Chamber 264 extends to aft gripper 
42, and chamber 266 extends to forWard gripper 52. Spool 
63 has a ?rst position (shoWn in FIG. 3A) in Which 
high-pressure ?uid in chamber 216 is permitted to ?oW into 
and in?ate aft gripper 42, and in Which ?uid in forWard 
gripper 52 is permitted to ?oW to annulus 140, causing 
forWard gripper 52 to de?ate. Speci?cally, When spool 63 is 
in this ?rst position, chamber 216 is in ?uid communication 
With chamber 264, and chamber 266 is in ?uid communi 
cation With annulus 140. Spool 63 also has a second position 
in Which high-pressure ?uid in chamber 216 is permitted to 
?oW into and in?ate forWard gripper 52, and in Which ?uid 
in aft gripper 42 is permitted to ?oW to annulus 140, causing 
aft gripper 42 to de?ate. Speci?cally, When spool 63 is in this 
second position, chamber 216 is in ?uid communication 
With chamber 266, and chamber 264 is in ?uid communi 
cation With annulus 140. 
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[0085] Spool 63 has a ?rst end 65 exposed to a ?uid 
chamber 282, and a second end 67 exposed to a ?uid 
chamber 274. The ?uid pressures inside of chambers 282 
and 274 control the position of spool 63. When the pressure 
inside chamber 282 exceeds the pressure inside chamber 
274, the pressure force on ?rst end 65 exceeds that on second 
end 67. This causes spool 63 to shuttle to its second position, 
in Which chamber 216 is in ?uid communication With 
chamber 266. When the pressure inside chamber 274 
exceeds the pressure inside chamber 282, the pressure force 
on second end 67 exceeds that on ?rst end 65. This causes 
spool 63 to shuttle to its ?rst position, in Which chamber 216 
is in ?uid communication With chamber 264. 

[0086] At times it may desirable for tractor 20 to move at 
a relatively high speed. Faster Walking speeds can be facili 
tated by minimizing gripper de?ation. For example, When 
aft gripper 42 is de?ated to permit a reset stroke of propul 
sion cylinders 44 and 46, it is desirable to de?ate gripper 42 
only slightly, so that it can be more quickly in?ated for a 
subsequent poWer stroke of pistons 34 and 36. The same is 
true for forWard gripper 42. Advantageously, faster actuation 
of the grippers alloWs the tractor to move faster. Thus, spool 
63 desirably includes variable-siZe ori?ces 29 and 31, Which 
permit relatively ?ner control of the de?ation of the grippers. 
Variable siZe ori?ces 29 and 31 also permit the de?ation 
rates to be minimiZed. This provides increased control in 
that it helps prevent the tractor from losing its grip on the 
borehole When sWitching betWeen grippers. In other Words, 
When a ?rst gripper sWitches from its in?ated state to its 
de?ated state and a second gripper simultaneously sWitches 
from its de?ated state to its in?ated state, the de?ation rate 
of the ?rst gripper can be limited to ensure that the second 
gripper is actuated to grip the borehole before the ?rst 
gripper releases the borehole. 

[0087] FIG. 5 is a schematic con?guration of an alterna 
tive embodiment of a gripper control valve 62. In FIG. 5, 
valve 62 comprises valve spools 21 and 23 and a biasing 
means, such as a spring 27. Spring 27 acts to bias spools 21 
and 23 aWay from each other. Preferably, spools 21 and 23 
are constrained at ends 65 and 67 so that the spools cannot 
extend beyond a maximum separation distance. Preferably, 
spring 27 resides in a chamber Which is in ?uid communi 
cation With annulus 140 via chamber 25. Thus, spools 21 and 
23 are biased apart by the biasing force of spring 27 and by 
the pressure force from ?uid in chamber 25, Which is at the 
same pressure as annulus 140. Chamber 25 is provided so 
that the movement of spools 21 and 23 is not affected by 
changes in the depth of tractor 20. As the depth changes, so 
does the pressure in ?oW channel 96 and, hence, in chambers 
274 and 282 Which actuate spools 21 and 23. In particular, 
at greater depths, the pressure in chambers 274 and 282 
increases. Since the pressure in annulus 140 also varies With 
depth, chamber 25 compensates for increased pressure in 
chambers 274 and 282, so that the motion of spools 21 and 
23 is substantially unaffected by the depth of the tractor. 

[0088] Referring again to FIG. 3A, reverser valve 64 
controls the direction of travel of tractor 20. In the illustrated 
embodiment, valve 64 comprises an 8-Way valve spool 61. 
Spool 61 is in ?uid communication With above-described 
?uid chambers 226, 228, 230, and 232. Spool 61 is also in 
?uid communication With ?uid chambers 272, 274, 276, 
278, 280, and 282. Chambers 272 and 278 extend to aft cycle 
valve 58 (described beloW). Chambers 276 and 280 extend 
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to forWard cycle valve 60 (described beloW). Chambers 282 
and 274 extend to the ?rst end 65 and the second end 67, 
respectively, of gripper control valve spool 63. In a ?rst 
position (shoWn in FIG. 3A), reverser valve spool 61 
permits ?uid communication betWeen chambers 226 and 
272, betWeen chambers 226 and 274, betWeen chambers 232 
and 278, betWeen chambers 228 and 280, betWeen chambers 
228 and 282, and betWeen chambers 230 and 276. In a 
second position, reverser valve spool 61 permits ?uid com 
munication betWeen chambers 226 and 276, betWeen cham 
bers 232 and 274, betWeen chambers 232 and 280, betWeen 
chambers 228 and 278, betWeen chambers 230 and 282, and 
betWeen chambers 230 and 272. 

[0089] As described beloW, the position of reverser valve 
spool 61 controls the direction of travel of tractor 20. 
Desirably, the position of spool 61 can be controlled by 
reverser pilot valve 72. In the illustrated embodiment, spool 
61 is biased toWard its second position by a spring 59, Which 
may be a coil spring, leaf spring, or other biasing means. 
One end of spool 61 is exposed to ?uid in chamber 210. The 
?uid in chamber 210 exerts a pressure force onto spool 61, 
Which opposes the spring force. When the ?uid pressure 
inside chamber 210 exceeds an upper threshold pressure, 
spool 61 shuttles to its ?rst position (FIG. 3A). When the 
?uid pressure inside chamber 210 is beloW a loWer threshold 
pressure, spool 61 shuttles to its second position. Reverser 
pilot valve 72 comprises a valve spool 73 having a ?rst 
position (shoWn in FIG. 3A) in Which spool 73 permits 
high-pressure ?uid in chamber 200 to ?oW into chamber 
210, and a second position in Which spool 73 permits ?uid 
in chamber 210 to ?oW out to annulus 140. When spool 73 
occupies its ?rst position, the pressure force on reverser 
valve spool 61 exceeds the spring force, causing spool 61 to 
shuttle to its ?rst position. When spool 73 occupies its 
second position, the pressure force on spool 61 is beloW the 
spring force, causing spool 61 to shuttle to its second 
position. Thus, control of the position of spool 73 controls 
the position of spool 61. Preferably, a controller 75, such as 
a motor, controls the position of spool 73, via a leadscreW 
nut assembly as described above. More preferably, control 
ler 75 is con?gured to be controlled by electronic command 
signals. 

[0090] Cycle valves 58 and 60 control the sequencing of 
propulsion-control valve 56. As described above, valve 
spool 57 slides back and forth betWeen tWo operational 
positions. Spool 57 has a ?rst end 268 and a second end 270. 
Fluid pressure acting on ends 268 and 270 controls the 
position of spool 57. When the pressure acting on ?rst end 
268 exceeds the pressure acting on second end 270, spool 57 
shuttles to its ?rst position (shoWn in FIG. 3A). Conversely, 
When the pressure acting on second end 270 exceeds the 
pressure acting on ?rst end 268, spool 57 shuttles to its 
second position. 

[0091] Aft cycle valve 58 controls Which ?uid chamber is 
exposed to second end 270 of propulsion-control valve spool 
57, and forWard cycle valve 60 controls Which ?uid chamber 
is exposed to ?rst end 268. Aft cycle valve 58 comprises a 
valve spool 33, Which is in ?uid communication With ?rst 
end 268, high-pressure chamber 216, and chamber 278. In a 
?rst position (shoWn in FIG. 3A), spool 33 permits ?uid 
communication betWeen chamber 278 and second end 270. 
In a second position, spool 33 permits ?uid communication 
betWeen high-pressure chamber 216 and second end 270. 














