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A method and apparatus for precise measurement of the distance and direction from a magnetic field sensor (30) to a nearby magnetic
field source includes an elongated iron core solenoid (50) driven by a repetitive, nonsinusoidal current source (56). In the near field the
solenoid (50) has two spaced, temporally varying magnetic poles, and measurement of the distance and direction to this source includes
analysis of field components which vary in synchronism with the current source (56).




AL
AM
AT
AU
AZ
BA
BB
BE
BF
BG
BJ
BR
BY
CA
CF
CG
CH
CI
M
CN
CU
CZ
DE
DK
EE

FOR THE PURPOSES OF INFORMATION ONLY

Codes used to identify States party to the PCT on the front pages of pamphlets publishing international applications under the PCT.

Albanja
Armenia
Austria
Australia
Azerbaijan
Bosnia and Herzegovina
Barbados
Belgium
Burkina Faso
Bulgaria

Benin

Brazil

Belarus

Canada

Central African Republic
Congo
Switzerland
Cote d’'Ivoire
Cameroon
China

Cuba

Czech Republic
Germany
Denmark
Estonia

ES
FI
FR
GA
GB
GE
GH
GN
GR
HU
IE
IL
IS
IT
Jp
KE
KG
KP

KR
KZ
LC
LI

LK
LR

Spain

Finland

France

Gabon

United Kingdom
Georgia

Ghana

Guinea

Greece

Hungary

Ireland

Israel

Iceland

Ttaly

Japan

Kenya
Kyrgyzstan
Democratic People’s
Republic of Korea
Republic of Korea
Kazakstan

Saint Lucia
Liechtenstein

Sri Lanka

Liberia

LS
LT
LU
LV
MC
MD
MG
MK

ML
MN
MR
MW
MX
NE
NL
NO
NZ
PL
PT
RO
RU
SD
SE
G

Lesotho

Lithuania
Luxembourg

Latvia

Monaco

Republic of Moldova
Madagascar

The former Yugoslav
Republic of Macedonia
Mali

Mongolia

Mauritania

Malawi

Mexico

Niger

Netherlands

Norway

New Zealand

Poland

Portugal

Romania

Russian Federation
Sudan

Sweden

Singapore

SI
SK
SN
SZ
TD
TG
TJ
™
TR
TT
UA
UG
us
UzZ
VN
YU
W

Slovenia

Slovakia

Senegal

Swaziland

Chad

Togo

Tajikistan
Turkmenistan
Turkey

Trinidad and Tobago
Ukraine

Uganda

United States of America
Uzbekistan

Viet Nam
Yugoslavia
Zimbabwe




WO 98/45733

10

15

20

25

30

35

NEAR FIELD ELECTROMAGNETIC PROXIMITY DETERMINATION

Background of the Invention

This application claims the benefit of U.S. .
Provisional Application No. 60/042,669 filed April
4, 1997. The disclosure of which is hereby
incorporated herein by reference.

The present invention relates, in general, to
a method and apparatus for drilling parallel
wells, and more particularly to guiding a well
being drilled along a path parallel to an existing,
closely-spaced horizontal well.

The difficulties encountered in guiding the
drilling of a borehole to intersect, to avoid, or
to follow the path of an existing well at distances
of thousands of feet below the surface of the earth
are well known. Precise guidance is required for
controlling the direction of drilling a borehole
when it 1is desired to avoid existing wells in a
field or when it is desired to locate and intersect
an existing oil or gas well which has blown out.
Various electromagnetic methods for controlling
such boreholes have been developed and have met
with significant success. However, special
problems can occur where existing techniques are
not sufficient to provide the degree of control
required for particular applications.

Difficulty occurs, for example, in the
drilling of multiple horizontal wells, particularly
where a borehole being drilled must be essentially
parallel to, and very close to, an existing well.
The need to provide two or more horizontal wells in
close proximity, but with a controlled separation,
occurs in a number of contexts such as in steam

assisted recovery projects in the petroleum-
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industry, where steam is to be injected in one
horizontal well and mobilized viscous oil is to be
recovered from the other. Such steam assisted
gravity drainage wells are used to recover heavy
oil from tar sands and, although such o0il is more
expensive to produce and is of lower value than
crude oil, it is still economically valuable due to
improved production techniques. These wells are
generally drilled at depths of from 500 to 1500
meters with a horizontal extension of one kilometer
or more, with the first well being drilled and
cased in conventional manner through the tar sands,
and the second well being drilled vertically above
the first, at a distance of 5 meters, plus or minus
1 meter.

A method for measuring the distance and
direction from a borehole being drilled to an
existing well utilizing a solenoid magnetic field
source 1in the existing well and a standard down
hole measurement while drilling (MWD) electronic
survey instrument in the borehole being drilled is
described in U.S. Pat. No. 5,485,089. That patent
mathematically characterizes the solenoid field
source as a magnetic dipole which is energized by
a reversible direct current source. A conventional
MWD tool then guides the drilling of a borehole on
a precisely controlled path relative to the source.
The method of that patent requires that the times
at which the source is turned on and off and
polarity reversed be synchronized with the times of
downhole measurement, which can be operationally
inconvenient.

Other techniques for guiding the drilling of
a parallel borehole are also described in the prior

art. In one alternating current system, multiple
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receiver and transmitter locations are disclosed,
with a sinusoidally varying magnetic field signal
being produced by the transmitter (see U.S. Pat.
No. 4,710,708 to Rorden et al.). The sinusoidal
vector components of the varying magnetic field are
characterized and analyzed by amplitude and phase
parameters in the spirit of sinusoidal signal ‘
analysis. This method is not capable of taking into
account important aspects of a non-linear
ferromagnetic solenoid deployed in a borehole.

Another technique for guiding the drilling of
parallel wells utilizes multiple static magnetic
poles which are produced by magnetized casing
sections. However, this technique requires the
premagnetization of the casing in the first, or
reference well, and renders the earth’s magnetic
field unusable for compass purposes.

Still another electromagnetic guidance method
utilizes a loop of wire on the earth’s surface for
receiving signals from a source in the existing
well (see, for example, U.S. Pat. No. 4,072,200 to
Morris et al.). The source is characterized by
straight 1line, current-carrying wire segments,
rather than by a dipole, and operates through the
use of a reversible constant current supply, rather
than alternating current.

There are advantages to the wuse of a
continuous alternating current system instead of
the direct current systems generally in use, for a
continuous AC facilitates signal processing and
reduces the complexity of the apparatus. Further,
the use of an elongated iron core solenoid as a
magnetic field source also has advantages, since by
making the source relatively long, and driving the

core of the solenoid to saturation, the strength of
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the magnetic field can be maximized. To achieve the
source strength required for borehole deployment,
ferromagnetic cores are a necessity. However,
presently available systems have not been capable
of effectively using these features in "near field"
measurements within several solenoid lengths from
the source because of the nonlinearites of such
solenoids and ©because of the complexities
introduced by their two spaced poles.

Given the advanced state of electrical circuit
theory, it would be natural to assume that the time
variations of a magnetic field source could be
described and evaluated using the complex impedance
principles developed for describing the time
varying behavior of electrical circuits. In a
purely resistive circuit, the ratio of source
voltage or current at a specified point in the
circuit is a single, signed number for any time
variation. Although the source strength and
current at a specified point in a circuit having
induction and capacitance do not vary in
synchronism with one another, nevertheless the
essence of AC circuit theory is the ability to
describe the temporal behavior of a circuit with
inductance and capacitance by decomposing source
strength, voltages, and currents into a sum of
sinusoidal parts, each of which has a
characteristic amplitude and phase. Prior art
techniques such as are desgscribed in U.S. Patent
4,710,708 to Rorden et al. are based upon such
measurements and calculations.

However, even without saturation, iron behaves
magnetically in a nonlinear way, and driving it
into saturation makes it even more difficult to

produce from an iron core solenoid a magnetic
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field which will wvary sinusocidally with a
sinusoidal drive current. This nonlinear behavior
of iron has several important effects which rule
against sinusoidal excitation and/or simply
selecting Fourier components of a magnetic field
which vary sinusoidally in time. The non-linear
behavior of iron is such that the fields generated
by the solenoid have a complex source
characterization in addition to temporal behavior
which is different from the current exciting the
solenoid. As a result, the use of standard Fourier
analysis techniques, with amplitude and phase
measurements to characterize the observed time-
varying fields, and mathematically modeling these
results to determine source location, can lead to
serious discrepancies due to subtle errors.
Furthermore, since the saturation of an
elongated core starts at the center portion of the
core and moves along its length toward the ends
during each cycle of excitation, not only are the
poles of an iron core solenoid spaced apart, but
the locations of the magnetic field poles shift
along the length of the core during each cycle of
the drive current. It is critical for precise
distance and direction measurements to be able to
characterize such a source in a wmathematically
simple way; e.g. either as being a dipole, or as
consisting of time varying magnetic poles which are
located temporally a constant distance apart.
However, because of the variability which exists in
the permeability of iron, there are simultaneous
changes in both pole strength and pole separation
in an iron core as the excitation current goes from
positive to negative values. As a result, the

magnetic field source cannot be considered a simple
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dipole or as a simple pair of poles a fixed
distance apart, and precise mathematical modeling
of a solenoid source becomes extremely difficult.
Simply determining the phase and amplitude of a
sinusoidal component of the fields generated does
not permit complete compensation for the non-linear
behavior. Furthermore; if the time variation of
the source is rapid enough, induced currents in the
earth, in the source, and in the casing in which
the source is deployed, become significant factors.
In addition ferromagnetic hysteresis effects can.

further complicate the analysis of the field.

Summary of the Invention
It is, therefore, an object of the present

invention to provide an apparatus and method for
the precise measurement of the distance and
direction from a magnetic field sensor to a nearby
source for the purpose of precisely guiding the
direction of drilling of a borehole with respect to
a nearby target.

Briefly, the present invention is directed to
a guidance system which utilizes an AC magnetic
field source having an elongated iron core solenoid
located at a target 1location and driven by a
repetitive, nonsinusoidal current source to produce
two spaced, temporally varying magnetic poles. The
system utilizes the measurement and analysis of
magnetic field components which vary in synchronism
with the source to determine distance and direction
from a field sensor to the source. These
measurements are made by fluxgate magnetometers in
an MWD tool, or probe, in a borehole being guided,
the measurements are analyzed downhole, and the

results are transmitted wuphole for wuse in
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controlling the direction of drilling of the
borehole with respect to the target.

The magnetic field source preferably is
located in a nearby existing well, which may be
referred to as a target well, while the MWD tool is
located in a borehole which is to be drilled along
a path close to, and along, the target well. The
source 1s an elongated iron core solenoid
preferably having a length of about 5 meters, a
diameter of about 1 1/2 inches, and being wound
from end to end with about 6000 turns of No. 22
wire. The resulting coil is energized by an
alternating current of, for example, 1.5 amps to
drive the iron to saturation first in one direction
and then in the opposite direction during each
cycle of the AC source to thereby maximize the
magnetic field strength in each direction.

In a preferred application of the method of
the present invention, a borehole is to be drilled
to be parallel to an existing target well at a
distance which is approximately equal to or less
than the length of the solenoid; that is, at a
distance of about 5 meters from the existing well.
However, at this distance, the solenoid cannot be
accurately represented mathematically as a time
varying dipole because of relative movement of the
pole locations along the length of the solenoid as
the core saturates. Accordingly, simple dipole
moments cannot be used for accurate determination
of the location of the field source from the MWD
tool. Instead, the field source is represented, in
accordance with the present invention, as a pair of
time-varying magnetic poles with variable strengths
and locations to thereby provide the precision of

measurement that is required.
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More particularly, the elongated magnetic
field source provided by the solenoid of the
present invention consists of two magnetic poles,
which may be identified as +Q and -Q, separated by
a distance 21. The dipole moment m of the solenoid
is equal to the product of the separation between
the poles and the pole strength; that is, m = 210Q.
At distances much greater than 21, the magnetic
field source may be characterized by the moment m,
and thus the field source may be treated
mathematically as a dipole for calculations of
distance and direction from the sensor, as has
previously been done. However, 1in the present
case, where the separation between the sensor (or
receiver) in the MWD tool and the solenoid magnetic
field source (or transmitter) in the target well
may be comparable to the length of the solenoid,
the magnetic field source 1is more accurately
defined in terms of two poles and their distance of
separation, instead of referring to a single
dipole. To facilitate the analysis of the
magnetic field on the basis of two spaced poles,
the time variation of the magnetic field is chosen
to be sufficiently slow that the field at any point
in space can vary temporally in synchronism with
its drive current source. In addition, if the
variation of the electrical drive source produces
a magnetic field which can be characterized by
fixed pole locations and by time variations of pole
strengths, then that source will generate a
corresponding magnetic field which wvaries in
synchronism with it. Under these conditions, the
signed ratio (F/S) of any magnetic field component
F, measured at an observation point, to the

strength S of the source is invariant with time.
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Establishing this signed ratio from the total
signal is done, in accordance with the invention,
in a direct, optimum way which has better noise
rejection than is available, for example, through
Fourier analysis on a sinusocidal part of the
signal. As noted above, because of the non-linear
nature of an iron core solenoid, even if the
excitation current is sinusoidal, the resulting
magnetic field will not be sinusoidal.
Furthermore, because the wvariation of the
permeability of the iron core effectively changes
the location of the poles during each cycle of the
driving current, the resulting simultaneous changes
in both pole strength and location produce a highly
complex nonlinear temporal behavior in the magnetic
field. The mathematical characterization and
analysis of such a field is virtually impossible at
distances comparable to the pole separation; i.e.,
in the "near field" of the magnetic field source.

The problems in near-field measurements caused
by sinusoidal drive currents for diron core
solenoids are overcome, 1n accordance with the
invention, by providing a drive current source
which varies repetitively, but non-sinusoidally, to
produce in an elongated solenoid a magnetic field
which varies in synchronization with the current
source but which is not proportional to the current
flow. The strength of the magnetic poles will be
known because the drive current, the solenoid
characteristics, and the effect of any casing in
which the solenoid is located in the target well
are known through calibration procedures. By
operating at a slow rate of time variation during
measurement periods, no eddy currents are produced

in the earth surrounding the solenoid or in any
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casing in the target well or in the solenoid
itself, so the effects of the medium in which the
field source 1is 1located are negligible. By
eliminating measurements during times of field
reversal the ferromagnetic hysteresis and eddy
current effects are eliminated.

The time variation of the magnetic field which
is to be measured at the MWD sensor is in
synchronism with its time-varying source S(t) which
has a waveform which can be written in terms of a
form factor g(t) as S(t)=S*g(t) where S is a
constant. The resulting vector components of the
magnetic field F(t) are also time varying in
synchronism with the source, and even if there is
random noise superimposed on that field, the
measured field will still incorporate a part which
is coherent with the form factor g(t) of the
source.

In accordance with the method of the present
invention, three vector components of the time
varying magnetic field F(t) are sampled
periodically by a field sensor such as a
magnetometer of the type described in the aforesaid
Patent No. 5,485,089 to obtain an ensemble of
instantaneous field vector values along three
orthogonal axes. At the same time, a series of
instantaneous measurements of the drive current
source are obtained and, since the current source
and the field are usually in synchronism, these two
sets of instantaneous values are also synchronized.
However, there will often be a significant time
shift between the clock controlling the generation
of the field and the clock controlling the
measurements of the field, so there must be

compensation for this time shift.
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The measured magnetic field is generally
correlated with, but is not proportional to, the
amplitude of the current source driving the
solenoid. 1In reality, because of the nonlinearity
of an iron core solenoid, the separation 21 is also
modulated as the iron core approaches saturation,
and during this time the relationship between the
magnetic field and the current source is
complicated, causing serious complexities in any
calculations involving field measurements. In
accordance with the present invention, however,
this lack of proportionality in the data obtained
during source polarity reversals is overcome by
excluding from any calculations the measurements
made during the period of polarity reversal, while
the poles are moving as the iron core approaches
saturation. This eliminates measurements made
during the time when the field is behaving in a
complicated way and permits consideration of
signals measured only when the effective pole
locations are fixed and thus when the separation is
fixed.

Although there may be a lack of strict
proportionality between the current source and the
magnetic field, as discussed above, the field
normally remains essentially symmetrical with
respect to the direction of the current flow.
Strict synchronism between the source current and
the field is prevented by hysteresis in the iron
core of the solenoid, which effectively causes an
apparent time shift between the current source
clock and the measurement clock in addition to any
intrinsic shift between the clocks. In accordance
with the invention, time synchronization is

obtained by adding to the measurement clock a time
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shift ts to bring the measured signal source
strength form factor g(t) into synchronism with the
downhole measurement form factor g(t+ts) where ts
is a time shift which must be determined. This is
done by varying an assumed value for ts in
calculations using the measured field to maximize
the correlation between the known shape of g and
the measurements. The value of ts is then used in
separate calculations to provide accurate
evaluation of the measurements.

As a result of the exclusion of certain
measurements and the procedure to obtain and
maintain time synchronization, accurate
calculations of the distance and direction from the
sensor to the field source can be made on the basis
of the measured magnetic fields, and these
calculations are then used to guide the drilling of
the borehole. It has been found that the system of
the invention is sufficiently accurate to permit
a drill to be guided with an accuracy of + 4 cm at
a nominal distance of S5m from the target. Such
accuracy 1s extremely important in guiding the
drilling of the Dborehole, for typically these

measurements are made only after

drilling about 10 meters, during which time
directional errors are magnified.

In summary, then, to determine the distance
and direction from an MWD tool in a borehole to a
target well, an elongated iron core solenoid of
about 5 meters in length is positioned in the
target well at the same depth as the MWD tool. The
solenoid 1is driven to saturation by a slowly
varying alternating current source at the surface

which is connected toc the solenoid by a wireline.
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The AC source may have a complex temporal waveform,
but the waveform of the magnetic source 1is
preferably close to a square wave. The solenoid
produces a corresponding magnetic field in the
earth surrounding the target well, and this field
is detected by a magnetometer carried by the MWD
tool in the nearby borehole. The borehole is
separated from the existing well by a distance on
the order of the length of the solenoid and the
measured magnetic field is used to calculate the
distance and direction between the borehole and the
target well for use in guiding the direction of
drilling of the borehole.

The solenoid, when energized by the
alternating current source, has two separate
magnetic poles which vary in strength and location
along the solenoid as the drive current varies over
each cycle. By using a slow rate of repetition for
the source, the effect of hysteresis in the iron of
the solenoid and casing in which it may be deployed
is reduced. As a result, the field detected by the
magnetometer is coherent with and is synchronized
with the drive source when corrected for the
effects of nonlinearites in the solenoid, as
discussed above. To measure this field, multiple
instantaneous measurements are made by the
magnetometer of orthogonal field vector components,
to produce an ensemble of measurements. The
magnetic field strength and direction are
calculated by excluding data obtained during
polarity reversals of the current source so that
the only field data used are obtained while the two
magnetic field poles are fixed at the opposite ends
of the solenoid and eddy currents have decayed. In

addition, the field measurements are adjusted for
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time shifts to produce essential synchronization of
the measured field with the drive current source.

After calculation of the resultant magnetic
fields, the calculated values are transmitted to
the surface of the earth, where further
calculations are made to determine the distance and
direction from the sensor to the source and to

provide guidance data for further drilling.

Brief Description of the Drawings
The foregoing, and additional objects,

features and advantages of the present invention
will become apparent to those of skill in the art
from the following detailed description of a
preferred embodiment thereof, taken in conjunction
with the accompanying drawings, in which:

Fig. 1 is a diagrammatic view of a target well
and a borehole being drilled close to, and parallel
to, the target utilizing the proximity detection
system of the present invention.

Fig. 2 1s a cutaway view of the borehole of
Fig. 1 containing an MWD directional drilling
system in accordance with the invention;

Fig. 3 is a cutaway view of the target well of
Fig. 1 containing an iron core solenoid in
accordance with the invention;

Fig. 4 is a hysteresis curve for the solenoid
core;

Fig. 5 illustrates the waveform of a typical
alternating current supplied to the solenoid of
Fig. 1;

Fig. 6 illustrates the waveform of a magnetic
field produced by the solenoid, as measured at the
MWD directional drilling system;

Fig. 7 is a diagrammatic illustration of the

PCT/US98/04327
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magnetic field produced by the solenocid of Fig. 1,
with a fully saturated core;

Fig. 8 is a diagrammatic illustration of the
magnetic field produced by the solenoid before
complete saturation;

Fig. 9 is a diagrammatic illustration of a
sampling circuit and microprocessor for use in the
present invention;

Fig. 10 is a graphical depiction of a set up
for surface calibration;

Fig. 11 is a diagrammatic illustration of the
spacial relationship of the solenoid and a magnetic
field sensor in the MWD system;

Fig. 12 is a diagrammatic illustration of the
magnetic field produced by a solenoid;

Fig. 13 1is a graphical depiction of the
variation of the magnetic field strength along the
length of the solenoid;

Fig. 14 is a graphical depiction of the vector
relationships of the magnetic field produced by the
solenoid and the sensor; and

Fig. 15 1is a graphical depiction of the
spatial relationship of the points P0 and P and the
field wvalues.

Description of Preferred Embodiment

Turning now to a more detailed consideration
of the present invention, there is illustrated in
Fig. 1 apparatus for guiding the direction of
drilling of a borehole with respect to an existing
well. The existing well, indicated at 10, may be
a production well extending vertically downwardly,
as i1llustrated at 11, for a distance of, for
example, 1500 meters and then curving to extend

horizontally, as at 12. 1In one application of the
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invention, the well 10 may extend through tar sands
or the like for the production of petroleum. The
well may be cased, and may extend horizontally for
a distance of a 1000 meters or more, in a typical
installation.

A second well, or borehole 14, also extends
downwardly as at 15, and then curves to extend
generally horizontally, as at 16, along a path 17
which is to be vertically above the horizontal
section 12 of well 10 and spaced from the existing
well by a distance of, for example, 5 meters. A
conventional drill head 18 is mounted at the end of
a drill string 20 within well 14, the drill string
being supported by, and controlled from a suitable
drilling rig 22 at the earth’s surface 24. As
illustrated in Fig. 2, the drill string 20 carries
not only the drill head 18 but an orientable
drilling motor 26 for driving the drill head and an
electronics package 28 which preferably includes a
magnetic field sensoxr such as fluxgate
magnetometers 30 for measuring three orthogonal
vector components (X, Y and Z) of the magnetic
field in which it is located. Package 28 may also
include gravity sensors such as inclinometers 32
for measuring three orthogonal vector components
(gx, gy and gz) of the earth’s gravity, for
orientation of the electronics package 28. The
drilling head 18, drilling motor 26, and the
electronics package 28 make up a measurement while
drilling (MWD) unit generally indicated at 34. 2s
illustrated in Fig. 2, the electronics package 28
preferably includes a wmicroprocessor 36 for
receiving and processing signals from the sensors
30 and 32. The calculations carried out by that

microprocessor result in output signals which
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represent the vector component values of the
magnetic field at the sensor, and these signals are
transferred from the microprocessor 36 to a
conventional transmitter 38. Transmitter 38
transfers these output signals to the surface,
utilizing, in a preferred form of the invention, a
conventional drilling fluid pressure pulse
generator 40. The pressure pulses so generated are
detected at the surface 24 by a pulse sensor 42
which converts the pulses into electrical signals
which are then supplied to a computer 44 for use in
calculating control signals for guiding further
drilling of borehole 14.

The magnetic field vector calculations made by
processor 36 are based on measurements by the
magnetometer 30 of an alternating magnetic field
produced by a solenoid 50 located in the existing
well 10 and positioned at approximately the same
depth as the MWD drilling system 34. The solenoid
50 is supported in the well 10 by a wireline 52
which may be in the form of flexible tubing
containing a suitable electrical conductor for
supplying power to the solenoid, for example from
a power source at the surface 24. The wireline 52
may be supplied to the well 10 by a conventional
well logging unit 54, with electrical current being
supplied to the solenoid by way of the electrical
conductor within the tubing from an alternating
current power source 56. The source 56 produces a
low frequency alternating current waveform of
arbitrary shape to supply a current of, for
example, about 1.5 amperes to the solenoid 50.

The solenoid 50 includes an iron core 58, as
illustrated in Fig. 3, which carries a suitable

winding 60. In a preferred form of the invention,
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the iron core is 5 meters in length with a diameter
of 1 1/4", while the winding is a coil consisting
of 6,000 turns of No. 22 wire. This winding
enables the current supplied from source 56 to
drive the core 58 into saturation in alternating
positive and negative directions, in the manner
illustrated in Fig. 4 by the hysteresis curve 62
for the iron core.

Source 56 produces an alternating current
having an amplitude of arbitrary shape g(t)
illustrated by the waveform 70 in Fig. 5. This
waveform is repetitive and has a low frequency, on
the order of a few Hertz or less, and preferably is
close to the shape of a square wave so as to have
a crest time 72, when the current does not change
substantially, greater than a transition time 74,
when the alternating current goes from a positive
direction to a negative direction, or vice versa.
The current represented by waveform 70 drives the
solenoid into saturation, first in the positive
direction and then in the negative direction, to
cause the solenoid to produce a corresponding
positive and then negative alternating magnetic
field having an amplitude represented by waveform
76 in Fig. 6.

By driving the core 58 to saturation with a
current having a relatively long crest period 72,
a maximum magnetic field strength is obtained from
the solenoid, with the magnetic field being
concentrated at the two ends of the core, to form
spaced north and south poles. The magnetic field
remains relatively stable during the period
indicated at 78 on waveform 76, when the iron core
is saturated. However, during the transition

périod 80, when the iron core moves from positive
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saturation to negative saturation, the wmagnetic
flux in the core changes and causes the locations
of the north and south poles to reverse as the core
moves out of saturation in one direction and moves
into saturation in the reverse direction.

As illustrated in Fig. 7, a strong AC
excitation current in winding 60 in a first
direction causes the core 58 to be driven into
saturation in a corresponding direction, causing
the magnetic flux lines 82 leaving the core to be
concentrated at the opposite ends 84 and 86 of the
core as discussed by Jones, Hoehn, and Kuckes,
"Improved Magnetic Model for Determination of Range
and Direction to a Blowout Well", SPE Drilling
Engineering, December 1987. This gives an
effective spacing of 21 between the north and south
magnetic poles, which may be identified as +Q and -
Q.

Under a weak excitation current, which occurs
during reversal of the AC source during the
transition time 74 (Fig. 5), the core moves out of
saturation and the flux lines 82 are spread out, as
illustrated in Fig. 8, causing the effective
locations of the opposite poles +Q and -Q to begin
to move inwardly from the ends 84 and 86. The
poles move closer together as the current weakens
during the transition time 74, with the poles
moving toward the center of the iron core at the
lowest current 1level and then moving out to
opposite ends during the next half-cycle of the
source current, until the poles are reversed at the
opposite ends of the core. As a result, the
locations of each of the poles +Q and -Q move from

one end of the core inwardly toward the center,
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reverse, and move outwardly to the opposite end
during each half cycle of the alternating current
source. This change in the location of the poles
creates significant uncertainty in the magnetic
field near the elongated solenoid, making it very
difficult to determine precisely the location of
the magnetic field source from a field sensor such
as the magnetometer 30 when it is relatively near
the field source; i.e., when the sensor is within
a distance which is equal to a few lengths of the
solenoid or less.

For example, a sensor such as the fluxgate
magnetometer 30 measures the vector components Bx,
By and Bz of a magnetic field in conventional
manner. At distances of about 15 meters or more
from a solenoid source which is 5 meters in length,
calculations of the distance and direction of the
solenoid source from the sensor can be carried out
by assuming that the source is a magnetic dipole as
explained in Pat. No. 5,485,089, and such
measurements are sufficiently accurate to permit
guidance of the drill string at that distance.
However, when the field sensor in the borehole
approaches to a distance of about 5 meters from the
field source (with a solenoid that is about 5
meters in length), near field effects are dominant,
and the source can no longer be treated as a
dipole. For accurate location of the source from
this distance, the separation of the poles must be
taken into account by treating the solenoid as two
separated magnetic field poles. When these poles
are moving during the transition period from
saturation in one direction to saturation in the
other direction, the calculations necessary for

accuracy in determining the distance and direction
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from the sensor on the basis of vector measurements
become extremely complex.

When measuring a magnetic field from a sensor
at a nearby observation point, the field strength
F varies in synchronization with the waveform of
the source strength, i.e., F -~ g(t), and the
amplitude of the field is directly related to the
distance between the source and the sensor.
However, distortions due to hysteresis in the iron
core of the solenoid, eddy currents and noise
produced by stray sources of magnetic field cause
errors in the measurement at the sensor
magnetometer. These errors must also be corrected
in order to obtain the accuracy required to guide
the drilling of borehole 14 within very close
tolerances, making the already complex calculations
even more difficult.

In accordance with the present invention, the
near-field measurement of magnetic field strength
for determining field source location is carried
out by obtaining an ensemble of measurements, by
averaging those measurements over time to eliminate
noise, by excluding measurements during the
transition periods of solenoid core saturation, and
by shifting the time of the measured field to
correct for hysteresis effects and clock mismatch
and drift. These adjustments bring the measured
field strength waveform into synchronization with
the waveform of the alternating current source and
enhance the determination of distance between the
field source and the sensor. This correction also
ensures that the magnetic field vectors Bx, By and
Bz are accurate so that accurate calculations of
the distance and direction of the source from the

sensor can be made to enable the drill to be
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properly guided. The corrections for these factors
are carried out in part in the microprocessor 36 in
the electronics package 28 and in part in the
computer 44 at the surface.

The ensemble of measurements is obtained in
the manner illustrated in Figs. 5, 6 and 9, to
which reference is now made. The current waveform
70 produced at the surface by AC source 56 for
driving the solenoid is periodically sampled at
spaced intervals of time, as indicated by the "X"
marks along the wave form 70, by a sampler circuit
90 driven by an uphole (surface) clock 92 (Fig. 9).
The instantaneous values of the corresponding
source strength waveform characterizing the
solenoid are given by:

S’ (t) = s g(t) (Eq.
1)
where S’ (t) 1is the instantaneous wvalue of the
appropriate source parameter; e.g. the pole
strength Q or the dipole moment, S is a constant
representing the maximum amplitude of the source,
and g(t) is the form factor of the wave form 70.

At the same time, as indicated in Fig. 6 by
the "X" markings along waveform 76, the vector
components of the magnetic field strength are
sampled at outputs 94, 96 and 98 of the
magnetometer 30 to obtain the vectors of
instantaneous component field strength values, one
of which can be represented by:

F/'(t) = F g(t) (Eq.
2)
where F'(t) is the instantaneous amplitude of a
measured field component, F is a field constant
representing the maximum field strength, and g(t)

is the same form factor used for the source wave
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form. The waveform 76 1is sampled at the
magnetometer outputs by a multiplexer 100 which is
driven by a downhole clock 102. The output from
the multiplexer is supplied by way of line 104 to
an analog to digital converter 106, the output of
which is supplied by way of 1line 108 to
microprocessor 36. In addition, the vector outputs
of inclinometer 32 are supplied by way of lines
110, 112, and 114 to the multiplexer, and then
through A to D converter 106 to the microprocessor.
As further illustrated in Figs. 5 and 6, the
instantaneous measured, or downhole, magnetic field
waveform 76, represented by g(ti) may be shifted in
time with respect to the surface current source
because the uphole clock and downhole clock are not
synchronized. To synchronize the clocks, i.e. to
find the time difference ts between them, a trial
value for ts is added to the apparent instantaneous
time values of ti. By trial and error, the value
of the time shift ts is adjusted by the
microprocessor 36 to maximize the value of the sum
of the ensemble of measurements made for the
magnetic field strength. This sum may be
represented as follows:
sum (Fm(ti) *g(ti+ts)) Eqg. (3)
By maximizing this sum, the correct wvalue for ts
can be obtained with an ambiguity of a half period
of the excitation waveform if it is temporally
symmetric with respect to positive and negative
current. This ambiguity may ultimately lead to
finding a multiplicity of sensor locations
consistent with the measurements, but usually this
multiplicity 1is of minor consequence. This
ambiguity of whether the downhole <clock 1is

¢ )
synchronized with respect to positive or negative
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source transitions can be removed by using a
temporally asymmetric waveform g as disclosed in
U.S. Pat 5,343,152.

By making these corrections, the measured
magnetic field waveform 76 is Dbrought into
synchronization with the source voltage waveform 70
to give an accurate ratio F/S, and to give accurate
values for the vector components Bx, By and Bz
obtained by the magnetometer. After obtaining an
ensemble of measurements over a period of time for
each of the vector components, preferably over a
number of cycles of the alternating source, the
measured values for each vector are summed in
microprocessor 36, with the time values ti adjusted
using an updated value for ts, to obtain a weighted
average for each vector component of the magnetic
field strength Fw, as follows:
sum(g(ti) *Fm(ti) ) =sum(F*g(ti))*g(ti))=Fw*sum(g(ti
) *g(ti)) Ey(4)
where Fm represents the measured field strength
values of a field component at adjusted times ti
which take into account the latest update time
shift ts. From the foregoing, a weighted value for
each field strength component Fw for each component
of the magnetic field is obtained.

Fw = sum(g(ti)*Fm(ti))/sum(g(ti)*(ti)) Eq
(5)

This weighted field value Fw is then transmitted up
to the surface computer 44 by way of transmitter 40
and receiver 42 where it is used to obtain a ratio
of field strength to source strength to provide the
value Fw/S. The differences between measured and
calculated values of the magnetic field strength
are minimized, with the best result being obtained

if the transition time 74 is sumall compared to the
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dwell time 72 in the source current waveform.

The value Fw/S would provide an accurate
measure of the distance to the solenoid if only the
amplitude of the values +Q and -Q varied and not
simultaneously their separation. However, when the
distance between these poles is modulated by the
alternating drive source, then the value Fw/S is no
longer valid for near-field measurements and it is
necessary to take the next step, which is to
exclude data obtained during polarity reversals:
i.e., to Dblank out the readings during the
transition time period 74 illustrated in Fig. 5.
This is accomplished by setting the value of g(ti)
to O for each measurement which is taken close to
times of source polarity transition. Corresponding
adjustments are made to the source strength
parameter S used in the computation. This data
blanking could also be done in hardware by
including a suitable blanking circuit and an
amplitude detector connected to respond to the
waveform of the measured magnetic field, such as
the measured field vector Bz, to produce a blanking
signal to disable the signals during the transition
periods of the field waveform. The remaining
measurements provide instantaneous values of the
field during the time period indicated at 72 when
the relative location of the poles is substantially
fixed.

In order to obtain the maximum number of
readings during the time when the poles are in
their substantially fixed 1locations, it is
desirable to provide a source waveform 70 which is
close to a square wave. This ensures that the
transition time is minimized, and that the time

period 74 during which the location of the poles is
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stable is maximized.

The improvement in the value of these vectors
provided by the foregoing adjustments to make the
magnetic field truly synchronous with the current
source permits greatly improved calculations of
distance and direction from the magnetometer to the
solenoid, and permits accurate control of the
drilling of the borehole. It has been found that
with the foregoing method, a deviation of plus or
minus 4 centimeters can be maintained in the
distance between the existing well 10 and the
borehole 14.

It should be noted that when the solenoid 50
is in a casing within the well 10, the casing will
not only weaken the magnetic field poles Q, but
will tend to spread apart the effective locations
of the poles, making it even more important to take
both the pole strength Q and the separation of the
poles into account in the analysis.

The system of the present invention can be
calibrated at the surface by deploying the solenoid
50 in a pipe 116 such as the pipe used in casing a
well, as illustrated in Fig. 10, and measuring the
field strength at known distances rl, r2, r3 ... rn
to get an ensemble of points. These measurements
are made using the same power supply and data
processing program and weighing function g that is
to be used in actual measurements in the field,
with the processing program utilizing the
synchronization features of data rejection and time
shifting discussed above. Calculations of pole
strength Q and separation 21 are made on the basis
of the measured data, and optimum values for the
pole strength Q and for pole separation to fit the

measured data are determined. This can be done
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using a conventional optimization procedure, such
as that described in

Numerical Recipes - The Art Of Scientific Computing

by William H. Press, et al., Cambridge University
Press, pages 289-293. Optimum values for Q and
pole separation for an entire range of values r
under consideration is readily obtained. This
calibration characterizes the source for the given
operating conditions of the power supply and the
casing and sensors, so that when the system is
deployed, accurate values for well separation and
direction are obtained.

In order to maximize the determination of
direction from the sensor equipment to the
solenoid, it is usually desirable to position the
solenoid so that the magnetometer '"sees" the
strongest possible radial magnetic field and
minimal axial field. Accordingly, it is preferred
to position one end of the solenoid 50 in
approximate lateral alignment with the magnetometer
30. This is accomplished by controlling the depth
to which the solenoid is deployed in the existing
well 10. This depth can be precisely determined
from previous measurements.

The foregoing description is supported by the
following theory concerning the generation of
magnetic fields from magnetic poles. For every
positive magnetic pole +Q, a conjugate negative
pole -Q is also present in a solenoid. In the
following, a single pair of poles will be assumed;
however, if the source to be represented requires
more than a single pair of poles to adequately
describe the field, the well-known principles of
superposition can be employed.

In the solenoid illustrated in Fig. 7, the
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field of each pole of strength Q is given by:
B=Q* R / 4 pi R? E g
(6)
where R is a unit vector pointing away from the
pole and R is the magnitude of the distance between
the pole and an observation point P, such as a
magnetometer (see Fig. 11). Since the vector field
B at any observation point P is radial from each of
the two poles defining the solenoid, the field B is
coplanar to the plane defined by the solenoid and
the observation point so that the present
discussion may be restricted to points in that
plane, i.e., to the computation of field components
in a radial direction r pointing away from the
longitudinal z axis of the solenoid. This z axis
extends between the pole pair +Q and -Q. For these
poles, the magnetic field components Bz in the
direction parallel to the axis of the solenoid and

Br perpendicular to that axis are given by:

BZ = (Q/r*pi) * ((z-1)/R1*® - (z+1}/R2%® ) By(7)
Br = (Q*r/4*pi) * ( 1/R1® - 1/R2*® ) Ex(8)
where

R1 = sqgrt(r? + (z-1)2) E(9)

R2 = sqgrt(r? + (z-1)2)
Eq(10)

The magnetic field lines represented by the
equations for Bz and Br have important symmetry
properties which can be noted from the diagrammatic
representation of the magnetic field lines in Fig.
7 and Fig. 12. Bz and Br each have the same
magnitude at all four points z=(+/-)zl, r=(+/-)rl.
Bz is symmetric about the r axis and antisymmetric
about z; i.e., Bz at the point z = zl1, r = rl is
the same as Bz at the point z = zl1, r = -rl, and

has the opposite sign as Bz at the point z = -z1,
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r = rl. In contrast, the radial component Br is
anti-symmetric about both z and r axes; i.e., Br at
the point z = zl1, r = rl has the opposite sign as
Br at the points z = zl1, r = -rl1 and at z=-z1,
r=rl. Thus Br and Bz have the same sign and
magnitude at the points z = z1, r = rl and z = -z1,
r = -rl. The consequence of this is that it is not

possible to determine the location of the field
source relative to an observation point simply from
measurements of the magnetic field alone generated
by a solenoid source.

If an additional piece of information is
provided; for example, that z is greater than +1,
Br will always point away from the z axis. Thus,
by noting the direction of Br, it becomes possible
to determine the direction to the axis of the
magnetic field source. The signed ratio of Bz/Br
then uniquely determines z/r, since for a fixed
value of r, the behavior of Bz/Br is monotonic and
has the form shown in Fig. 13. Thus, measurement
of the signed ratio Bz/Br uniquely determines the
ratio of z/r. Furthermore, for values of z greater
than 1 the value (Bz? +Br?) falls off monotonically
with r, and the location of the sensor with respect
to the source can be determined.

As previously noted, it is an important aspect
of the present invention to handle the foregoing
signal processing downhole in the MWD probe. This
is done to avoid sending individual magnetic field
measurement data to the surface, since MWD probes
typically are severely bandwidth limited and are
only able to send data by way of pressure pulses at
a rate typically of about one bit per second and
with a significant and unknown propagation time to

the surface. In order to do these calculations
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downhole, however, the processing must be in
precise synchronism with the source power supply on
the surface, and thus it is important to determine
the unknown time shift ts between the instantaneous
value g(ti) uphole which characterizes the source
strength, and the instantaneous value of the wave
form g(ti) downhole. Since the time shift between
the surface and downhole may be unknown or
changing, its value is determined and updated by
performing a series of calculations utilizing an
ensemble of field measurements at times ti with a

trial time shift tst as discussed earlier.

The foregoing formulation outlines the manner
in which the magnetic field is to be computed at
any given observation point. However, a different
problem is involved in taking magnetic field
measurements and from those measurements
determining the relative location of the
observation point with respect to the source of the
magnetic field. For purposes of this discussion,
it is assumed that the relative orientation of the
three magnetic field components sensors Bx, By and
Bz in the magnetometer 30, which is at the
observation point P illustrated in Fig. 11 and in
Fig. 14, is known with respect to the direction of
the separation vector 1 which characterizes the
direction of the solenoid 50. Accordingly, the xy=z
coordinate system defined by the magnetometer 30
can be converted to the r, z, Ahs coordinate system
of Figs. 11 and 14. It is noted in this regard
that the z direction of the magnetometer, which is
conventionally considered to be aligned with the
MWD axis, need not be the same z direction as

defined by the solenoid axis in Fig. 11. The Ahs
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parameter (angle high side) is the angle between
the plane 132 defined by the direction of gravity
through the axis of the solenoid 50, and
illustrated in Fig. 14, and the plane 134 defined
by the observation point P and the axis of solenoid
50.

The angle high side is readily determined in
the manner described in U.S. patent No. 5,485,089
and the magnetic field measurement parameters Bx, By
and Bz obtained by the magnetometer are then
readily transformed into a component in the
direction of the solenoid axis z and a component
Br/Q which is perpendicular to the axis z and which
lies in plane 132. Since the radial portion of the
solenoid field lies in the plane 134 defined by the
observation point P and the solenoid axis, this
part of the field points toward or away from the
solenoid axis. Accordingly, the direction of this
component defines the value Ahs between the
solenoid and the observation point.

The absolute sign of Br, i.e., the direction
of Br, may be ambiguous from the data because of
the time shift ambiguity of the downhole clock with
respect to positive or negative zero crossings of
the solenoid source. Nevertheless, since it is
assumed beforehand that the observation point P
located at z greater than 1 or at z less than -1
and either to the right or to the left of the
source (or alternately above or below), the sign of
Br is known, and thus Ahs is defined. In practice,
to get a good direction determination, it 1is
desirable to deploy the solenoid in an approximate
position where there is a 1large radial field
component, if possible. If the magnetometer 30 is

located in the plane where z = 0, there is no
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radial field, and the angle Ahs cannot be
determined.

After determining the orientation of the rz
plane 132 and the quadrant in the rz plane where
the observation point is located, the coordinates
rz are determined next. When the source is
mathematically represented as a magnetic dipole of
strength m, the relationship between r and z is
described in U.S. Patent No. 5,485,089, and the
measured magnetic field components to source
strength ratios are given by Br/m and Bz/m. If the
source is to be represented by the much more
accurate characterization of two time/varying poles
+Q and -Q, separated by the vector 21, the explicit
relationship described in the ’708 patent is not
available. To find r and z in this circumstance
from measured values brm = Br/S and bzm = Bz/S an
iterative process is used.

The iterative process starts with finding a
first approximation to r and z by approximating the
source as a dipole, as disclosed in Patent No.
5,485,089. That is, the source is approximated
with a dipole moment given by m = Q21, the vector
direction of m being the same as that of 1. These
first approximations for r and z are designated r0
and z0, with the ratio 20/r0 being given by
Equation 9 in the ‘089 patent with Sr and Sz in

that equation being replaced by brm and bzm; i.e.,:

(z0/r0) = (3*bzm/4*brm) * sgrt (1 +
(8/9)* (brm/bzm) ?) Eg(11)

Then a beginning value for r0 for the iteration
procedure can be found from Equation 12 of the ’'089
patent. Using the foregoing ratio of (2z0/x0), the

value  for r0 may thus be expressed:
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r0=(3/4pi) *(z0/r0) /(1 + (20/x0)?)5/2)1/3

Eg(12)

z0 is then found from the known ratio (z0/r0) found
in equation 8. It is convenient to write r0 and z0
as a two row, one column matrix, i.e.,

ro Eq(13)
z0

rz0 =

These values of r0, z0 are a first guess in an
iterative procedure to find the correct value of r
and z to match the measured values brm and bzm as
indicated in Figure 15 which schematically
represents the rz plane. At the point P0 shown,
the theoretical values for br and bz; i.e., brt and
bzt, are computed using equations 7 and 8 and rz0,
to define a matrix:
brzt = |brt]

Eg(14)
| bzt |

The measured wvalues brm and bzm also define a
matrix:

brzm = |brm|

Eg(15)
|bzm|

These measured values define the point Prz from the
origin where the theoretical and measured values
should match, as indicated in Figure 15. As
indicated, the difference vector from rz0 to rz is:

drz = rz - rz0

Eq(16)

The difference between the brzt at P0 and brzm
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can be written dbrz = brzm - brzt. The theoretical
values of br and bz in the vicinity of PO are
readily expanded in a Taylor series and written in
matrix form as:
brzm = brzt + dbrzdrz * drz ;
Egq(17)

i.e.
dbrz = dbrzm - dbrzt = dbrzdrz*drz ,
Eg(18)
where dbrzdrz is a Jacobian matrix of partial
derivatives, i.e,:

dbrzdrz = |dbr/dr dbr/dz Eg(19)
dbz/dr dbz/dz

Equation (18) is readily solved for drz using
the left inverse of dbrzdrz as:

drz = dbrzdrz\dbrz ,

Eq(20)

and a new approximation for rz where brm and bzm
will match approximately the theoretical value of
equation (14); i.e.:

rz = rz0 + drz
Eg(21).

By using this value for rz in place of rz0 in
equation (14) this procedure can be used over and
over to get better and better fits to the correct
value of rz to match the data. In practice the

method converges very quickly.’
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Thus, a procedure is disclosed whereby
magnetic field measurements from an observation
point in the near field of a solenoid whose
strength varies slowly enough in time that static
magnetic field theory is relevant can be used to
precisely determine the location of the observation
point relative to the solenoid.

Although the invention has been described in
terms of a specific embodiment it will be
understood that variations and modifications may be
made without departing from the true spirit and
scope thereof, as set forth in the accompanying

claims.
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WHAT IS CLAIMED IS:
1. A method for electromagnetic proximity

determination, comprising:

supplying a time-varying current having
a repetitive waveform with periods of positive and
negative current to a ferromagnetic solenoid
deployed source in a borehole, said current at said
solenoid source generating a non-sinusoidal, time-
varying magnetic field with a known solenoid source
strength parameter;

detecting three vector components of the
time-varying magnetic field in a second borehole;

obtaining from each of said components an
ensemble of individual magnetic field measurement
values;

determining times of polarity reversal of
the field components;

processing said ensemble of magnetic
field measurement values with respect to the times
of field polarity reversal over at least one of
said periods of positive negative current in said
solenoid source to obtain field strength
parameters; and

using said field strength parameters and
the said solenoid source strength parameter to
determine the distance between said solenoid source

and said sensor.
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2. The method of claim 1, wherein the step
of processing said ensemble measurement values
provides time synchronization between the field

measurement values and said time varying current.

3. The method of claim 2 wherein said time
varying current waveform is asymmetrical to permit
determination of polarity synchronization between
the magnetic field measurement values and the said

solenoid source.

4. The method of claim 2 further including
providing a time synchronized weighing factor to

determine said field strength parameters.

5. The method of claim 1 wherein said
processing effectively eliminates wmeasurement
values near times of polarity reversal of the field

components.

6. The method of claim 1, wherein

measurement processing is done in a borehole.

7. The method of claim 6, further including
transmitting processed signals from the borehole to

a surface location.
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8. The method of claim 1, further including:
determining the orientation of said

solenoid source;
determining the radial component of the

5 magnetic field of said solenoid source; and

determining the direction to said
solenoid using said determinations of said radial

field components and solenoid source orientation.

9. The method of claim 1 further including
10 determining field measurement parameters utilizing

a time synchronized weighing factor.

10. The method of claim 8, further including
eliminating measurement data taken near times of
polarity reversal of the source to provide said

15 field strength parameters.

11. A method for near-field guidance of a
borehole drill, comprising:
energizing a target solenoid with a time-
varying current having a repetitive waveform to
20 produce a corresponding time-varying magnetic
field;
obtaining an ensemble of measurements of

said magnetic field in said borehole;
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adjusting said measurement by excluding
measurement taken during transition periods of said
time-varying current and said time-varying magnetic
field;

synchronize the measured field with the
measured current waveform; and

determining from the synchronized
measured field the distance from said borehole to

said solenoid.

12. The method of Claim 11, further including
determining the direction from said borehole to

said solenoid.

13. The method of Claim 11, wherein obtaining
an ensemble of current waveform measurement
includes measuring said current and periodically

sampling the measured current.

14. The method of Claim 13, wherein obtaining
an ensemble of measurement of said magnetic field
includes measuring said field and periodically

sampling the field measurements.

15. The method of Claim 14, wherein
synchronizing the measured field with the measured

current waveform includes producing a time shift of

PCT/US98/04327
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salid field measurements to maximize the value of

the sum of the ensembly of measurements.

16. The method of Claim 12, further including
locating the target solenocid in a well at a
distance from said borehole approximately equal to

the length of said solenoid.

17. The method of Claim 16, further including
guiding drilling of said borehole with respect to
said well in accordance with said determined

distance and direction.

18. The method of Claim 11, wherein
energizing said target solenoid includes driving
said solenoid with a repetitive, nonsinusoidal
current source to produce two spaced, temporally

varying magnetic poles.

19. The method of Claim 18, wherein
energizing said target solenoid includes driving
and solenoid with an alternating current to drive
said solenoid to saturation in one direction and
then 1in the opposite direction during each

alternating current cycle.

PCT/US98/04327
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20. The mwethod of Claim 19, wherein
energizing said target solenoid includes driving
said solenoid at a frequency sufficiently slow that
said corresponding magnetic field is produced in

synchronism with said drive current source.

21. The method of Claim 19, wherein
energizing said target solenoid includes driving
said solenoid to produce a corresponding magnetic
field which varies in synchronization with said
current source but which is not proportional to

said current.

PCT/US98/04327
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