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APPARATUS AND METHOD FOR THE
MEASUREMENT AND MONITORING OF
ELECTRICAL POWER GENERATION AND
TRANSMISSION

[0001] The present application claims priority from U.S.
provisional application 60/196,720 filed on Apr. 13, 2000
and U.S. provisional application 60/226,130 filed Aug. 18,
2000. This application relates to an apparatus and method
for the measurement and monitoring of electric power
generation and transmission associated with one or more
power generating plants. The entire disclosures contained in
U.S. provisional applications 60/196,720 and 60/226,130,
including the attachments thereto, are incorporated herein by
this reference.

BACKGROUND OF THE INVENTION

[0002] Various apparatus and methods currently exist for
measuring and monitoring the amount of electric power
generated by any particular electric power generation facil-
ity connected to an electric power transmission grid. Com-
mon apparatus and methods are also available for measuring
and monitoring the amount of electric power flowing over
any particular transmission line. Specifically, most electric
power plant operators employ a Supervisory Control and
Data Acquisition (SCADA) system to monitor their electric
power generation and transmission systems. Each substation
connected to the transmission grid is equipped with several
potential transformers (PT) and current transformers (CT) to
measure the voltage, current, and electric power flow on
each line and bus. The PT and CT data is monitored in real
time and transmitted back to a central computer from each
substation through a Remote Terminal Unit (RTU) using
various wired and wireless communication methods. Such
data is compiled to provide the electric power plant opera-
tors with accurate and up-to-date generation and transmis-
sion data.

[0003] Of course, implementation of these methods
requires proximate access to the physical facilities associ-
ated with the generation and transmission of electric power.
The owner or manager of these physical facilities is able to
control or limit proximate access to said facilities, and thus
is able to prevent any particular party that employs current
technology from directly measuring and monitoring either
the amount of electric power flowing over a particular
transmission line or the amount of electric power being
generated by a particular electric power generation facility.
Information about electric transmission line flows and elec-
tric power generation facility output is useful and valuable
for companies engaged in the business of buying and selling
electricity on the open market, and power plant operators
currently do not release this information to other participants
in the market.

[0004] Tt is thus a paramount object of the present inven-
tion to provide an apparatus and method for the measure-
ment and monitoring of electric power generation and
transmission associated with a plurality of power generation
plants without necessity of proximate access to the physical
facilities associated with the generation and transmission of
electric power.

[0005] 1t is a further object of the present invention to
provide an apparatus and method that is capable of ascer-
taining both the amount and direction of electric power
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flowing over transmission lines and the amount of electric
power generated by any electric power generation plant
connected to those lines without necessity of proximate
access to the physical facilities associated with the genera-
tion and transmission of electric power.

[0006] These and other objects and advantages of the
present invention will become apparent upon a reading of
the following description.

SUMMARY OF THE INVENTION

[0007] The present invention is an apparatus and method
for the measurement and monitoring of electric power
generation and transmission associated with one or more
power generating plants. Specifically, the apparatus and
method of the present invention allows for a determination
of the amount and direction of electric power flowing over
a particular high-voltage electric power transmission line,
allows for a determination of the real and reactive compo-
nents of the electric power, and further allows for a deter-
mination of the amount of electric power being produced by
any particular electric power generation plant connected to
an electric power transmission grid.

[0008] The apparatus of the present invention is comprised
primarily of one or more monitoring devices that collect the
information necessary to determine the electric power flow
on any particular transmission line being monitored. Spe-
cifically, a monitoring device in accordance with the present
invention is installed in a fixed location near a high-voltage
electric power transmission line. During the installation
process, appropriate measurements are made to establish the
spatial relationship between the monitoring device and the
multiple phase conductors of the transmission line. The
monitoring device is primarily comprised of sensing ele-
ments responsive to the electric potential and the magnetic
flux densities associated with the transmission line, therefore
allowing for periodic or continuous measurements of the
electric potential and magnetic flux densities associated with
the transmission line.

[0009] The method of the present invention relates not
only to the collection of information, but also the transmis-
sion and processing of the collected information. Specifi-
cally, the method of the present invention contemplates
discreet or continuous data transmissions of collected infor-
mation from remote monitoring devices, each of which
monitors a particular transmission line or lines, to a central
processing facility where a computational analysis is con-
ducted to calculate the amount and direction of both real and
reactive electric power flowing on each monitored set of
transmission lines. The resulting power data can be further
analyzed and compiled to determine the net electric power
output of any electric power generating facility connected to
the monitored transmission lines.

DESCRIPTION OF THE DRAWINGS

[0010] FIG. 1is a perspective view of a preferred embodi-
ment of the apparatus for the measurement and monitoring
of electric power generation and transmission in accordance
with the present invention;

[0011] FIG. 2 is a plan view of the interior of the first
weatherproof housing of the apparatus of FIG. 1, which
contains the electric and magnetic field measurement com-
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ponents necessary to carry out the function of the present
invention, with the door of the housing in the open position;

[0012] FIG. 3 is a block diagram depicting the preferred
method for the measurement and monitoring of electric
power generation and transmission in accordance with the
present invention;

[0013] FIG. 4 is a block diagram depicting the preferred
method of communicating information associated with the
measured electric power generation and transmission in
accordance with the present invention;

[0014] FIG. 5 is a schematic circuit diagram of a preferred
amplification and filtration circuit for the magnetic field
measurements associated with the apparatus and method of
the present invention;

[0015] FIG. 6 is a schematic circuit diagram of a preferred
amplification and filtration circuit for the electric potential
measurements associated with the apparatus and method of
the present invention;

[0016] FIG. 7 is a schematic representation of magnetic
flux associated with a conductor through which current
passes;

[0017] FIG. 8 is a schematic representation showing the
phasor relationship between the unit phasor components
present in an infinitely long, three-phase electric power
transmission line;

[0018] FIG. 9 is a schematic representation of an exem-
plary three-phase electric power transmission line geometry
with a pair of magnetic field sensors located at ground level
for measuring the magnetic flux density associated with the
transmission line;

[0019] FIG. 10 is a schematic representation of the three
conductors of a three-phase electric power transmission line,
with an electric potential sensor located a predetermined
distance above ground level for measuring the electric
potential associated with the transmission line;

[0020] FIG. 11 is a schematic representation showing the
capacitances resulting from the interaction between the
conductors of a three-phase electric power transmission line
and an electric potential sensor;

[0021] FIG. 12 is a typical circuit diagram explaining the
relationship of the capacitances shown in FIG. 11; and

[0022] FIG. 13 depicts a common arrangement of electric
power transmission lines in which independent parallel
circuits are disposed on opposite sides of a supporting tower.

DETAILED DESCRIPTION OF THE
INVENTION

[0023] The present invention is an apparatus and method
for the measurement and monitoring of electric power
generation and transmission associated with one or more
electric power generating plants. This is preferably accom-
plished through measurement and collection of data related
to the amount of electric power flowing over one or more
transmission lines operably connected to a particular electric
power grid and operably connected to said one or more
electric power generating plants. Computational analysis of
this data allows for a determination of the specific amount of
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electric power being generated by these electric power
plants connected to the transmission and distribution grid.

[0024] Electric power is distributed over most public
transmission grids in three-phase form, each of said phases
being carried over a separate conductor. For purposes of the
present application, the term “transmission line” is used to
refer to the three separate conductors. Each of these separate
phases generates its own time-varying magnetic and electric
field. The three phases are out of phase with each other by
one third of a cycle, such that the sum of the fields generated
by these three phases would essentially be zero if all three
phases were transmitted over conductors that were closely
packed. The physics of electric power transmission, how-
ever, dictates that the three phases maintain physical sepa-
ration, the distances for which are determined by factors
such as line voltage, insulator effectiveness, etc. This physi-
cal separation means that the electric and magnetic fields
produced by each phase do not completely cancel each other.
In accordance with the Biot-Savart Law of Magnetic Fields
and Laplace’s Equation, any point in space around these
three phases will contain an electric potential and a magnetic
field that are determined by a known set of factors. These
factors include: line voltage, amount of current, direction of
current, spatial arrangement of the three conductors with
respect to each other and to the measurement point, and the
electromagnetic properties of the surrounding environment.

[0025] The present invention employs sensors to measure
the electric potential and the various vector components of
the magnetic field surrounding the transmission lines. For
purposes of this description, the equipment which is located
remotely but within the general proximity of the transmis-
sion lines is referred to as the “monitoring device.”

[0026] Referring now to FIG. 1, in the preferred embodi-
ment, the monitoring device 10 consists of (1) a first
weatherproof housing (generally indicated by reference
numeral 12) containing the electric potential and magnetic
field measurement components necessary to carry out the
function of the present invention (the “sensor unit”), and (2)
a second weatherproof housing (generally indicated by
reference numeral 14) containing the necessary processing
and communications components, including a power supply
and data transmission equipment. Of course, all components
could be combined in a single housing without departing
from the spirit and scope of the present invention.

[0027] FIG. 2 is a plan view of the sensor unit with the
door 12a of the weatherproof housing 12 in the open
position and the measurement components generally shown.
In this preferred embodiment, electric potential measure-
ment is accomplished by the use of a conducting plate 16
which is oriented vertically with respect to the ground,
although other geometrical arrangements may also be used.
The conducting plate is mounted on the inside door 12a of
the weatherproof housing 12 and is isolated from the
grounded door by means of a plurality of insulator bushings
(indicated in phantom at the corners of the conducting plate
16). The conducting plate 16, together with the input capaci-
tance of an operational amplifier circuit, create a capacitive
voltage divider whose output voltage, an AC voltage at line
frequency, is proportional to the net electric potential created
by the voltages of the phases of the transmission lines. Of
course, although a conducting plate 16 is used as the electric
potential sensor 16 in this preferred embodiment, other
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sensors, including a wire grid sensor or a wire cage sensor,
could also be used without departing from the spirit and
scope of the present invention.

[0028] Regardless, although not shown in FIG. 2, the
output measurement from the conducting plate 16 is applied
to an amplification and filtration circuit for the purpose of
removing extraneous noise from the readings. The preferred
amplification and filtration circuit is discussed in further
detail below with reference to FIG. 6.

[0029] Magnetic flux density measurement is accom-
plished by the use of coils 18 and 20, as shown in FIG. 2.
Although what is actually being measured is the magnetic
flux density, for purposes of the description herein, the
generic term “magnetic field sensor” is used as a reference
to the sensor measuring magnetic flux density. The first
magnetic field sensor 18 is preferably a coil that measures
the horizontal component of the magnetic field and is
mounted such that the axis of the coil is both oriented in the
direction of the magnetic field component desired to be
measured, ie. horizontal, and oriented normally to the
generally parallel planes defined by the conductors of the
transmission line being monitored. Likewise, the second
magnetic field sensor 20 is a coil that preferably measures
the vertical component, and is therefore vertically oriented
with respect to underlying ground surface. Of course, non-
horizontal and/or non-vertical vector components could also
be measured without departing from the spirit and scope of
the present invention. Furthermore, as will become clear in
the computational analysis that follows, only one magnetic
sensor is actually required to carry out the requisite magnetic
flux density measurement in accordance with the present
invention.

[0030] The voltage across each magnetic field sensor 18,
20 (an AC voltage at line frequency) is directly proportional
to the time rate of change of the net magnetic flux density
created by the currents flowing through the three conductors
of the transmission line. Although coils are the preferred
magnetic field sensors 18, 20, other means for sensing the
magnetic flux density may also be employed, e.g., Hall
Effect sensors, without departing from the spirit and scope
of the present invention.

[0031] Of further note, three coils may be utilized to
improve accuracy or aid in alignment of the other two coils.
The third coil could potentially improve accuracy in situa-
tions in which the conductors are sagging significantly. The
addition of the third coil would be oriented such that the
sensitive axes of the three sensors are mutually perpendicu-
lar. Of course, the addition of this third axis of measurement
would necessitate modification of the computational analy-
sis to include a third coordinate accordingly.

[0032] As further shown in FIG. 2, the output measure-
ments from the magnetic field sensors 18, 20 are also
respectively applied to amplification and filtration circuits
(indicated generally by reference numerals 22 and 24) for
the purpose of removing extraneous noise from the readings.
The preferred amplification and filtration circuits are dis-
cussed in further detail below with reference to FIG. 5.

[0033] TLocation of the monitoring device 10, and specifi-
cally the sensor unit 12, is governed by practical concerns
such as access to property in close proximity to the trans-
mission lines to be measured. In any case, the sensor unit 12
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should be sufficiently close to the transmission line such that
the sensors 16, 18, 20 are able to accurately measure the
particular field being monitored. In the preferred embodi-
ment, the magnetic field sensors 18, 20 and the electric
potential sensor 16 are housed in close proximity to one
another so that they are measuring fields at essentially the
same point in space. An alternative arrangement is to locate
the sensors at different locations, i.e., positioning the electric
field sensor closer to the transmission lines than the mag-
netic field sensors. One particular advantage of such an
alternative arrangement is to provide improved accuracy in
situations of sagging and swaying transmission lines; spe-
cifically, increased accuracy is achieved in the electric
potential measurement without creating the possibility for
interference with the magnetic field sensors. In other words,
in some circumstances, it might be advisable to place the
electric potential sensor in a housing or enclosure near the
transmission line, whereas the magnetic sensors are con-
tained in a separate housing or enclosure located farther
away from the transmission line.

[0034] FIG. 3 is a block diagram of the external, field-
installed portion of the invention—the monitoring device
10. As shown, the monitoring device 10 generally consists of
the electric potential and magnetic field sensors 16, 18, 20;
memory and data storage elements; programmable data
processing elements; hard-wired or wireless communication
elements; and a power supply. The monitoring device 10 is
programmed such that it periodically collects data from
various sensors, processes it into a form suitable for trans-
mission, and transmits the information to a central process-
ing facility where various processing routines are performed
on the data to determine the amount and direction of electric
power flowing over any particular electric power transmis-
sion line.

[0035] Specifically, the preferred monitoring device 10
includes at least two magnetic field sensors 18, 20, as
described above with reference to FIG. 2 and which are
oriented to respond to the horizontal (By;) and vertical (By,)
components of the magnetic field, each sensor specifically
measuring the time rate of change of the net magnetic flux
density. The monitoring device of the present invention also
includes an electric potential sensor 16, which is also
described above with reference to FIG. 2.

[0036] The output voltage of the first magnetic field sensor
18 is applied to an amplification and filtration circuit 22
which has a dual function. The primary function of the
amplification and filtration circuit 22 is to amplify the
relatively small output voltage of the first magnetic field
sensor 22 to a level that will be suitable as an input to an
analog-to-digital converter. The secondary function of the
circuit 22 is to serve as a low-pass filter, removing extra-
neous noise from the output voltage of the magnetic field
sensor 18. Similarly, the output voltage of the second
magnetic field sensor 20 is applied to another amplification
and filtration circuit 24 to amplify the voltage and remove
extraneous noise. Finally, the output voltage of the electric
field sensor 16 is applied to yet another amplification and
filtration circuit 26 to amplify the voltage and remove
extraneous noise.

[0037] The input impedances of the amplification and
filtration circuits 22, 24, 26 affect the frequency responses
and phase shifts of the respective sensors 16, 18, 20 so that,
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in fact, each sensor and associated amplification and filtra-
tion circuit combination functions as an integrated sensor.
This is particularly important in the case of the electric
potential sensor 16 as the input impedance of the amplifi-
cation and filtration 26 must be very high in order to have the
sensor/amplifier combination function at frequencies as low
as 60 Hz.

[0038] FIG. 5 depicts preferred amplification and filtra-
tion circuits 22, 24 for the magnetic fields sensors 18, 20, as
mentioned above with respect to FIG. 2. Although various
similar circuits could be employed by one of ordinary skill
to achieve the same objective, in the preferred circuits of
FIG. 5, the output from each magnetic field sensor 18, 20 is
loaded by a capacitor 75a, 75b and a resistor 76a, 76b,
whose respective values are selected to result in zero phase
shift and a scale factor of 1.0 mv/milligauss for each sensor
18, 20, although it is understood that other capacitors may be
used and the phase shifts corrected for computationally.
Each output of the loaded sensors 18, 20 is then passed
through a two-section RC lowpass filter 77a, 77b to provide
a measure of radio frequency interference rejection. Finally,
the outputs from the RC lowpass filters 77a, 77b are applied
to the input terminals of a standard instrumentation amplifier
78a, 78b (c.g., a differential amplifier), the resulting output
voltages being proportional to vector components of the
magnetic flux density as measured by the magnetic field
sensors 18, 20.

[0039] FIG. 6 depicts a preferred amplification and filtra-
tion circuit 26 for the electric potential sensor 16, as men-
tioned above with respect to FIG. 2. Although various
similar circuits could be employed by one of ordinary skill
to achieve the same objective, in the preferred circuit of
FIG. 6, the electric potential sensor 16 is connected through
a capacitor 79 that functions as a DC block to a capacitor 80
connected to ground. This second capacitor 80 is referred to
as “Ci” in the computational analysis that follows. The
voltage across the second capacitor 80 is the input voltage to
a standard operational amplifier active lowpass filter 81,
which inverts the signal and filters out high frequency noise
with the resulting output voltage being proportional to
electric potential density as measured by the electric poten-
tial sensor 16.

[0040] After the amplification and filtration of the respec-
tive signals as described above, the output voltages are then
applied to the inputs of an analog multiplexer (MUX) 56.

[0041] Before completing the description of the amplifi-
cation and filtration circuitry, however, it is noteworthy that
in an alternate embodiment, it is contemplated that an
apparatus in accordance with the present invention include
a sample-and-hold amplifier for the output of each filtered
coil sensor. The output voltages of the respective amplifi-
cation and filtration circuits 22, 24, 26 would be applied to
the inputs of such sample-and-hold amplifiers before such
output voltages are applied to the MUX 56 in order to avoid
time-skew in the subsequent conversion of these signals
from analog to digital form. Sample-and-hold amplifiers are
generally known in the art, and any conventional means for
performing the sample-and-hold function maybe incorpo-
rated into the apparatus of the present invention as contem-
plated herein.

[0042] From the MUX 56, the two magnetic flux density
signals and the electric potential signal each is separately
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passed through an analog-to-digital (A/D) converter 58.
Which of the three signals is passed through to the analog-
to-digital convertor 58 at any given time is determined by a
control logic 60 associated with a microprocessor 62. This
microprocessor 62 executes software code stored in random
access memory (RAM) 64 and read-only memory (ROM)
66. Such software code derives from this digitized data the
magnitude of the horizontal component of the magnetic flux
density (By), the vertical component of the magnetic flux
density (By,), the magnitude of the electric potential signal
(E), the phase angle of By, with respect to E (H,), and the
phase angle of By, with respect to E (V).

[0043] The converted data, now in digital form, is stored
in the random access memory 64 of the microprocessor 62.
The outputted signal from the microprocessor 62 is then
transmitted to one or both of a radio frequency (RF) trans-
ceiver 68 with associated transmission antenna 69 and a
landline network 70 for subsequent transmission of the
signal to a central processing facility. Referring back to FIG.
1, the radio frequency (RF) transceiver 68 and any associ-
ated data transmission equipment is preferably contained in
the second weatherproof housing 14.

[0044] Finally, with respect to FIG. 3, the individual
electronic components of the monitoring device 10 are
preferably powered by a battery 72 that may be continuously
recharged by a solar panel array 74. Referring again to FIG.
1, the battery 72 is preferably contained in the second
weatherproof housing 14, and solar panel array 74 is exter-
nal to the housing 14, yet operably connected to the battery
72.

[0045] FIG. 4 is a block diagram of preferred communi-
cation components and the central processing facility of the
apparatus and method of the present invention. These com-
ponents are not installed in the field with the monitoring
device 10, but rather are located at some remote location.
Specifically, the outputted signal from the microprocessor
62 depicted in FIG. 3 is transmitted to the central processing
facility via one or both of a radio frequency (RF) transceiver
68 with associated transmission antenna 69 and a landline
network 70. A receiving antenna 100 or similar communi-
cation component receives this transmitted signal, which is
representative of the measurements of the electric potential
and magnetic field vectors in digital form. The receiving
antenna 100 is operably connected to an analog or digital
communications network 102 which transmits the signal to
the central processing facility 110. Such transmission may
be carried out, for example, by a satellite link 104, a
microwave link 106, and/or a fiber optic link 108, although
other data transmission means may certainly be used without
departing from the spirit and scope of the present invention.

[0046] At the central processing facility 110, a computa-
tional analysis, as will be described in detail below, is
performed by a digital computer program 112 to determine
the magnitude and direction of the real and reactive power
flow on the transmission line. Subsequently, for any par-
ticular electric power generation facility for which all, or
most of, the connected transmission lines are measured and
calculated in accordance with the present invention, through
a simple summing of the power flows on each transmission
line, the net electric power output of the facility can be
determined. Then, such electric power generation and trans-
mission data associated with one or more electric power
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generating plants can then be communicated to third parties.
It is contemplated and preferred that such communication to
third parties be through export of the data to an access-
controlled Internet web site 114, which also may maintain an
extensive database of physical and electric parameters of
various electric power transmission lines. The data associ-
ated with electric power plants of interest to a particular
party are then available to that party through a common
Internet browser program 116, such as Netscape Navigator®
or Microsoft Internet Explorer®.

[0047] As an additional refinement, the communications
channel from the microprocessor 62 of the local monitoring
device 10 to the central processing facility 110 may be
bi-directional so that the information maintained and stored
in the microprocessor 62 may be sent out on a scheduled
basis or may be polled. Furthermore, through bi-directional
communications, the microprocessor 62 is remotely re-
programmable.

[0048] Returning to the computational analysis performed
at the central processing facility 110, once the requisite data
has been collected and transmitted to the central processing
facility 110, the data is used to computationally estimate the
amount of electric power being transmitted over the trans-
mission line associated with the collected data. More spe-
cifically, for any particular transmission line, certain of the
variables that govern the electric potential and magnetic
field vectors measured by the sensors are constants, inde-
pendent of the amount of electric power flowing on the lines.
For each transmission line, it is possible to ascertain the line
voltage ratings and insulative properties from either direct
observation or publicly available information. Simple mea-
surements accomplished with a visual measuring device
such as a laser range-finder are used to determine the spatial
arrangement of the conductors with respect to each other and
with respect to the measurement point. In this regard, it is
understood that measurements may be affected by slight
changes in variables, such as temperature and power flow on
the transmission lines; however, appropriate corrections can
be made computationally. The only required variables that
are not constants, independent of time, are the amount of
current flowing over each of the three conductors and the
direction of electric power flow. The data provided by the
monitoring device enables these variables to be calculated.

[0049] Specifically, with the data provided from the moni-
toring device, the magnitude and direction of the electric
power flowing through a given transmission line, along with
the real and reactive components of that power, can be
determined through a computational analysis preferably
carried out using a digital computer program.

[0050] The horizontal and vertical magnetic field compo-
nents calculated in the analysis component depend linearly
on the line currents, albeit with complex coefficients. That is,
the horizontal magnetic field component can be represented
by a complex number (a phasor) that is a linear combination
of the horizontal magnetic field contributions caused by each
of the three conductors of the three-phase transmission line,
with the coefficients of combination being complex numbers
determined from the geometrical arrangement of the con-
ductors and the sensor location with respect to the conduc-
tors. In other words, there results n complex simultaneous
linear equations in n complex unknowns with n squared
complex coefficients. Such a set of equations is invertible
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(i.e., it may be solved by a number of means, such by the use
of Cramer’s Rule or by Gaussian elimination) and is solved
analytically. Given perfect measurements (or actual mea-
surements, perfectly corrected) the real and imaginary com-
ponents of the electric power on the line are determined
exactly.

[0051] The preferred method of computational analysis
has two components. The first component of the computa-
tional analysis is run off-line. It consists of computation of
the complex coefficients of the above-referenced set of
simultaneous linear equations which define the geometrical
arrangement of the conductors and the sensor location with
respect to the conductors, followed by inversion of the
coefficient matrix. These results are stored in a database.
This first component of the computational analysis needs to
be performed only once for a given installation of a moni-
toring device with respect to a particular transmission line.

[0052] The second component is run on-line. It corrects
the measured phase angle for sensor errors and geometri-
cally induced errors to get actual horizontal and vertical
magnetic field values, and multiplies the resulting measure-
ment vector by the inverted coefficient matrix referred to
above to determine line current and phase angle. In this
regard, the sensed phase angle differs from the phase angle
on the transmission line in a very complicated way, being
affected by: the geometrical relationships between the con-
ductors of the transmission line and the location of the
monitoring device in three-dimensional space; sag of the
transmission line; and the inherent minor inaccuracies of the
sensors and their associated electronics. Nevertheless, many,
if not all, of the resulting errors can be calculated and
compensated for, leading to a computational estimate of the
power factor on the line. Since the phase angle on the
transmission line is calculated, and the real and reactive
powers are calculated as signed quantities, the direction of
flow of both the real and the imaginary components of the
apparent power can be determined as well.

[0053] Method of Computation

[0054] Using the monitoring device 10 of the present
invention as described above, measurements of the gener-
ated magnetic field can be determined, which then allows for
a determination of the power on the transmission line in
question through careful application of known mathematical
algorithms to the field data collected. As an example of the
method, consider a typical application consisting of a single
transmission line comprised of three conductors (or phases).
For purposes of the calculation, it is assumed that the
transmission line is oriented parallel to a flat, perfectly
conducting Earth.

[0055] The magnitude of the magnetic field intensity H
generated by an infinitely long, straight conductor is gov-
erned by the equation:

H:m Amp/m

[0056] where I is the current flowing through the conduc-
tor, and r is the distance from the conductor to the point at
which the magnetic field intensity is being measured. It is
somewhat more common to refer to the strength of a
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magnetic field in terms of the magnetic flux density B. The
magnetic flux density is defined as:

B=u,H Webers/m” 2

[0057] where uy,=4mx10~7 H/m, a constant—the perme-
ability of free space. Since 1 Wb/m*=10,000 gauss:

B 47x107] Weber  10* gauss  10° milligauss 3)
T 2ar X Wb /m? x gauss

[0058] which reduces to the simple formula:

. @)
B= " Milligauss

[0059] Accordingly, this formula can be used to determine
the magnetic flux density B in milligauss at a distance r
(measured in meters) from an infinitely thin conductor
carrying [ Amperes of electrical current.

[0060] For example, at a distance of r=50 feet=15.244
meters from a conductor carrying a current of 1=100
Amperes, the magnetic flux density is:

Be 20 2(100) 1312 mill; )
=% = T5om = 1312 milligauss

[0061] Since H is a spatial vector, B is also a spatial vector.
For this reason, the direction of the magnetic flux density B
is perpendicular to a line drawn from the measurement point
to the nearest point on the conductor. According to the
familiar “right-hand rule” for determining direction, if the
current is directed toward the viewer, the magnetic flux lines
are directed counter-clockwise, giving a magnetic flux den-
sity vector B directed as shown in FIG. 7.

[0062] Also, as shown in FIG. 7, the angle ¢ is the angle
between r (the line drawn from the measurement point P and
the conductor) and the positive x-axis. Since B is perpen-
dicular to r, the spatial vector B can be resolved into its
horizontal and vertical components By and B+,. For a single
conductor carrying direct current (DC), the x and y compo-
nents are simply determined by:

B«=B sin ¢ (6)
By=-B cos ¢ @)
[0063] For a three-phase alternating current (AC) electric
power transmission line, there are three conductors, carrying
currents that are 120° apart in time phase. The time rela-

tionship between the currents may be represented by pha-
sors, as in standard AC circuit analysis.

[0064] FIG. 8 is a diagram showing the phasor relation-
ship between the unit phasor components present in an
infinitely long, three-phase transmission line over the flat
Earth. Mathematically:
I,=lo A (8)
L=lo B ©)
Ii=Io C (10)
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[0065] where Io is the (signed) RMS amplitude of the
current on each conductor, and A, B, and C are unit phasors
chosen to be 120° apart, as follows:

A=1.04j0.0 1)
B=-0.5-j0.866 (12)
C=-0.5+/0.866 (13)

[0066] The magnetic flux density phasor caused by the
phasor current in each conductor may then be calculated by:

_ 2UoA (14)
1= T

_ 2IoB (15)
2 = 2

_ 2loC (16)

3
3

[0067] Each of the three magnetic flux densities calculated
in equations (14), (15), and (16) has a horizontal and a
vertical component. Accordingly, the horizontal and vertical
components of the three-phase transmission line, as shown
in FIG. 8 and which are analogous to the vector components
of a single phase line as per equations (6) and (7) above, may
be calculated as follows:

. 2loA . (17
By, = Bysing| = sing;
1
—2I0A (18)
By = —Bjcos¢, = cos@y
. 210B (19)
By, = Bysing, = sing,
2
- (20)
By, = —Bycosgy = cospy
. 2oC 21
B, = Bysing; = sings
"3
- (22)
B3, = —Bjcos¢s = cosgs

[0068] Referring again to FIG. 8, the x and y coordinates
of the three conductors of a three-phase transmission line
may be designated as (Xc1, Yer)s (Xcos Yeo)> and (Xes, Yea)
respectively. As shown, the geometric distances and respec-
tive angles in equations (17) through (22) may be calculated
by:

r1=V[(¥e1=%s)*+(yerys)’] 23

13=V[(Xeo=ts)*+(ycas)’] 24

r3=V[(¥ca=s)*+(ycss)’] 23
[0069] and

¢u=tan™ [(e1-ys)/(¥er )] (26)

Po=tan™ [(eoys)/(¥er2s)] @7

®s=tan" [(Pes=ys)/(¥es=s)] (28

[0070] The horizontal (x) and vertical (y) spatial compo-
nents as determined in equations (17) through (22) may be
superposed, yielding expressions for the horizontal magnetic
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flux density (By;) and the vertical magnetic flux density (B+,)
at the measurement location as:

A B . C . (29)
By = 210(—sm¢1 + —sing, + —sm¢3]
¥l r2 r3

A B C (30)
By = —210(—cos¢1 + —cos¢y + —cos¢3)
sl 2 r3

[0071] Equations (29) and (30) have been derived under
the assumption that the current on the first conductor line 1
(phase 1) is governed by equation (3), that is:

I,=Io A (1)

[0072] where Io is a scalar element, which may be either
positive or negative. In fact, the current on the first conduc-
tor may have any phase relationship. Its phase has meaning
only with respect to some well-defined phase reference,
which will be defined below as the phase of the voltage on
the first conductor. In other words, Io is not a scalar, but
rather is also a phasor and is hereinafter denoted by Io,
where

To=Io 2¢ (32)

[0073] Accordingly, equation (31) becomes:

I=lo A (33
[0074] with

To=[lo| (34)
[0075] In this same respect, equations (29) and (30) must

be suitably modified as well:

A B . C . (35)
By = 210(—sm¢1 + —sing, + —sm¢3]
¥l r2 r3

A B c (36)
By = —210(—cos¢1 + —cos¢y + —cos¢3)
sl 2 r3

[0076] Some interpretation is now in order. A, B, C, 1, r,,
r;, ¢5, ¢, and ¢5 are known constants which are either
defined or determined from the geometry of the line arrange-
ment. Equations (35) and (36) can therefore be rewritten as:

Bu=a, Io 37

By=a, Io (38)
[0077] where

a = Z(%singbl + gsingbz + %sin@) 9

(40)

A B C
ap = —2(—cos¢1 + —cos¢y + —cos¢3)
sl 2 r3

[0078] a, and a, are complex constants depending on the
line geometry, and equations (37) and (38) state that the
horizontal and vertical magnetic flux densities By and By, as
phasors, may be obtained by multiplying the complex pha-
sor current lo by a; and a,, respectively.
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[0079] These are linear relationships. Both equations (37)
and (38) constitute one equation in one unknown, albeit with
a complex given phasor (By), complex coefficient (a,), and
complex unknown phasor (Io).

[0080] With one linear equation in one unknown, the
equation is solvable. Solving for Io from (37) and (38):

Io=Byla, (41
Io=By/a, (42)

[0081] The above calculations indicate that, in principle,
the phasor o, in both magnitude and angle, can be deter-
mined from a measurement of the horizontal component of
the magnetic flux density By, or from measurement of the
vertical component of the magnetic flux density Bs, by
dividing by the appropriate complex number (a, or a,).

[0082] Accordingly, only one measurement—of either By
or By—is sufficient to determine lo, to within an arbitrary
phase shift. That is, from one measurement, one can deter-
mine apparent power, but not the distribution of apparent
power between the real power (MW) and the reactive power
(MVars). Since real and reactive power are each a signed
quantity, the direction of power flow can not be determined
unless the phase indeterminacy can be resolved.

[0083] A Numerical Example

[0084] FIG.9 is an example of a line geometry with a pair
of magnetic field sensors 18', 20" located at ground level. The
sensors 18, 20" are located fifty feet below the level of the
power lines, and fifty feet lateral of the first phase of the line.
In this example, fifty feet separate the conductors from one
another. Solving for the distance and angle parameters:

£=V(50°+50%)=70.7 ft. (43)
ro=V(100°+50%)=111.8 ft (44)
ry=V(150°+50%)=158.1 ft. (45)
¢,=tan"* (50/50)=45.0° (46)
¢o=tan~* (50/100)=26.56° 47
¢y=tan~* (50/150)=18.43° (48)
[0085] r,, r,, and r5 must be in meters, therefore:
#,=70.7/3.28=21.56 meters (49
#,=111.8/3.28=34.09 meters (50
#3=158/3.28=48.20 meters 1)
sin ¢,=sin (45.0°)=0.707 (52
sin ¢,=sin (26.56°)=0.447 (53)
sin ¢,=sin (18.43°)=0.316 54
cos ¢,=cos (45.0°)=0.707 (55
cos ,=cos (26.56°)=0.8944 (56)
cos Py=cos (18.43°)=0.949 57

[0086] Then, substituting into Equations (35) and (36)
yields:

~ 0.707)  (0.8944) _(0.949) (58)
By = ZIO(A 21.56) © " (34.09) (48.20)]

0707) (0.447)  (0.316) (59)
By = _ZIO(A o156 B0 t (48.20)]
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[0087] Assuming,
10=1000£0°=1000+0 Amps (60)

[0088] andA, B, and C are as given in equations (11), (12),
and (13), we have:

By = 0.065584(1000 + j0) + 0.052473(—500 — j866) + (61
0.039378 (~500 + j866)
= 65.58 — 26.2365 — j45.441618 — 19.689 + j341

By =19, 6545 — j11.3 =22.6921 —29.98°

By = —[0.065584(1000 + j0) + 0.026225(—500 — j866) + (62)
0.013112(=500 + j866)]
= —[65.584 - 13.1125 — j22.711 — 6.556 + j11.355]

By = —-45.9155 + j11.3656 =47.299 £ 166.108°

[0089] Since By and By, have neither the same phase, nor
are they 180° different in phase, the magnetic flux density is
elliptically polarized, a well-known property of the magnetic
field around three-phase power lines.

[0090] The above numerical example predicts that, for the
geometry shown in FIG. 9, the magnetic flux density at the
origin would have a horizontal component of 22.692 milli-
gauss and a vertical component of 47.299 milligauss. Fur-
ther, with Io=100020°, we have:

B.=22.692/.-29.98° (63)

[0091] This result may be interpreted as meaning that the
phase of the measured horizontal magnetic flux density
(-29.98°) is approximately the same as the phase of the first
conductor (0°), with a rather large 29.98° error. However,
since the 29.98° error depends only on the geometry of the
conductor arrangement, it can be calculated and accounted
for.

[0092] Referring again to equations (39) and (40):
[0093] and

e OTOD (0894 (64)
@ =+ j0Gr=g +(=0.5 - j0.866) e +
05— j0.866) 20 _ 0 0226921 - 29.98°
(=05-40. )(48.20)]_ : e
and
B (0707 4 (0.447) (65)
a = —2((1 +10) g *+ (05 - 0866) g +
0.5 - j0.866) 021N _ 0 047209, 166.11°
(=05-40. )(48.20)]_ : .

[0094] Accordingly, with the measurements of By and By,
as those calculated in the above example, it is possible invert
the science to determine Io from the measurements as
indicated by equations (41) and (42). Specifically, from a
measurement of B=22.692/-29.98° and the application of
equation (41):

22.692 L —29.98° (66)

Jo=Byja = —2"="7 7% 1000400
°o=Byla = 56927 —290%°
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[0095] From a measurement of By,=47.299/166.108° and
the application of equation (42):

47.299 £ 166.108° 67)

o =By ay= —— 22200200600 4 g
0=Bv/a= 55273991 166.108°

[0096] which demonstrates the earlier assertion that Io
may be determined from either the measurement of By; or the
measurement of By,. The same answer is obtained in either
case.

[0097] Another very frequent arrangement used by many
utilities is to place two parallel three-phase circuits on a
single tower structure. Such a scenario can essentially be
handled by the same method, except that both By; and By,
must be used, and a set of two simultaneous equations in two
unknowns and involving four complex coefficients must be
solved mathematically. However, it is first necessary to
demonstrate how the phase indeterminacy in the above
analysis can be removed.

[0098] Electric Potential Sensor Analysis

[0099] The discussion immediately following equation
(63) may be thought of as demonstrating that the output
voltage of a magnetic field sensor constitutes a remote
measurement of both the magnitude and the phase of the
current on the first conductor. However, the phase of the
current has value only when compared to the phase of the
voltage on the line, since the real and reactive power are
given by:

MW=V, [; cos ¢ (68)
MVAR=V, [ sin ¢ (69)

[0100] where V is the line voltage, I is the line current,
and ¢ is the difference between the phase of the line voltage
and the phase of the line current. Therefore, the phase of the
voltage on the line must be determined as well.

[0101] FIG. 10 shows the three conductors of a three-
phase electric power transmission line, with an electric
potential sensor 16' located distance yg above the Earth.
Assuming the Earth to be a flat, perfectly conducting ground
plane, the electric field in the region above the Earth may be
determined by adding a set of image conductors symmetri-
cally placed with respect to the x-axis, each with the
opposite sign of the voltage when compared to the real
conductors above ground. Thus, the voltage on the first
conductor is V,, while the voltage on its image conductor is
-V, The second and third conductors are imaged in the same
manner.

[0102] The electric potential sensor 16' itself is a metal
plate oriented roughly perpendicular to the line of sight from
the sensor location at coordinates (0, yg) to the average
position of the transmission line conductors. Any given
transmission line conductor, together with the metal plate
16', constitute two pieces of conducting material with an
insulator (air) in between. In that sense, the transmission line
conductor and the metal plate 16' form a capacitor, which is
defined as two conducting objects separated by, or immersed
in, a dielectric medium. Therefore, there exists a capacitance
between each conductor (including the image conductors)
and the electric potential sensor 16'. The electric potential
sensor 16' is connected to ground through a conventional
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electrical capacitor Ci, forming an electrical circuit, an
example of which is shown in FIG. 11.

[0103] Although the geometry is complex, the capaci-
tances involved here may be approximated by use of the
standard formula for the capacitance of a parallel plate
capacitor, which is:

€A (70)

[0104] where €,=8.854x107'* Farads/m, a constant—the
permitivity of free space. A is the area of the plate in square
meters, and d is the plate separation in meters. Although
equation (70) applies only for two finite area plates of large
extent compared to their separation (so that fringing may be
neglected), it may be used to approximate the size of the
capacitances shown in FIG. 11.

[0105] For example, assume that r;=70.7 ft=21.56 m and
the plate area is A=0.1 square meters. Further assuming that
the other plate, i.e., the transmission line conductor, has the
same effective area. Then,

[0106] or

_ €oA _ 8.854x107%(0.1) 41110 Farad 1)
' Ty T 2156 = arads

or

C; =0.0411x107'2 = 0.0411 pF.

[0107] Thus, the capacitances involved in FIG. 11 are
very small by normal standards, but nevertheless the capaci-
tances are real.

[0108] The electric potential sensor 16' cannot be placed at
ground level because, at ground level, the electric potential
is zero due to complete cancellation of the fields produced
by the real conductors with those produced by the image
conductors. The distance calculations of equations (43)
through (45) must accordingly be revised according to the
more general expressions of equations (23) through (25):

F1=V] (1 =)+ (es =) =V (50-0)*+(50-4)7]=67.94
ft

(72)
1=V (eo=2) 4 (2=, TV (100-0)*+(50-4)]=
110.07 ft (73)
r5=V[(es =)+ (e5=5) TV (150-0)+(50-4)"]=
156.89 ft 74
dy=V[ (X1 =% )+ (1Y) 1=V (S0-0)"+(50+4)°]=73.59
£t 75)
A=V (=X )+ s ]=VI(100-0)*+(50+4)" )=
113.65 ft (76)

dy=V[ (5% )+ P estys) VI (150-0)7+(50+4)7]=
159.42 fit an

[0109] Converted to meters:

#1=67.94/3.28=207.1 m 78)

r,=110.07/3.28=33.56 m 79

Nov. 15, 2001

#,=156.89/3.28=47.83 m (30)
d,=73.59/3.28=22.44 m (81)
d,=113.65/3.28=34.65 m (82)
d,=159.42/32.8=48.60, (83)

[0110] Then, assuming A=0.10 square meters, the capaci-
tances shown in FIG. 11 may be estimated:

coA  8.854x107'2(0.1) (84
C) = o T 0.0428 pF
coA  8.854x107'2(0.1) (85)
G = = - 0.0264 pF
coA  8.854x107'2(0.1) (86)
Cs = T R 0.0185 pF
, €oA 8.854x107%(0.1) (87)
) = = = 0.0395 pF
| .
,  €oA  8.854x107%(0.1) (88)
Cy = vy 0.0256 pF
, €oA  8.854x1072(0.1) (89)
C, = i =0.0182 pF

[0111] In FIG. 12, a traditional circuit diagram of this
arrangement is shown, assuming that the capacitance Ci has
been chosen to be Ci=0.01 uF.

[0112] Therefore, the phasor output voltage of the circuit
of FIG. 6 is:

Vo= C\V, [Ci+ CV,[Ci+C3V3/Ci—C\V,[Ci- (90)

ChV, [ Ci— CyV3/Ci

= (C1 = CVL [ Ci+ (Cy = Cy)Va [ Ci+ (C3 = CY)V3 [ Ci

=(0.0428 - 0.0395) x 10712v, /0.01 x 1076 +
(0.0264 - 0.0256) x 10712V, /0.01 x 107 +
(0.0185-0.0182) x 10712V, /0.01 x 107°

=0.0033x 10712V, /0.01 x107¢ +
0.0008x 10712V, /0.01x 107 +
0.0003% 107125 /0.01 x 1076

=0.33% 1070V} + 0.08x 107V, +0.03x 107%V;

[0113] Thus, the capacitive divider output is a highly
attenuated linear combination of the line-to-ground voltages
appearing on each of the three phases of the electric power
transmission line.

[0114] For example, if the line-to-line voltage of the
circuit is V;; =345 kV, then the magnitude of the line-to-
ground voltage is V; 5=345/v3=199.19 kV, and

V,=199x10° £0°=199x10%(1+j0) 91)
V,=199x10° £~120°=199x10%(~0.5-j0.866) 92)
V3=199x10% £+120°=199x103(~0.5-j0.866) 93)
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[0115] and substitution into equation (90) yields:

V, =0.33x 10757199 % 10°(1 + jO)] + (94)

0.08x 107°[199 x 10°(~0.5 — j0.866)] +
0.03x 1077199 x 10°(=0.5 + j0.866)]

=0.06567(1 + j0) + 0.01592(-0.5 — j0.866) +
0.00597(=0.5 + j0.866)

= (0.06567 — 0.00796 — 0.002985) —
j(0.01387 - 0.00517)

=0.054725 — j0.00862

=0.0554.-8.95°

[0116] The voltage developed across the capacitor Ci has
a magnitude of 55.4 mv, with a phase angle of -8.95°.
However, since the voltage in the first conductor was
assumed to have a phase angle of 0°, the output voltage of
the capacitive divider not only provides a voltage whose
magnitude is proportional to the magnitude of the line-to-
line voltage on the electric power transmission line, but
whose phase is approximately the phase of the voltage on the
first conductor, the nearest conductor in this example. The
error in measuring the phase of the line-to-ground voltage on
the first conductor (-8.95° in this case) is dependent only on
the geometry of the line conductor with respect to the
monitoring device 10' location. Therefore, it may be calcu-
lated and corrected for if the geometry is known.

[0117] Remote Determination of Power Factor On An
Electric Power Transmission Line

[0118] As described with respect to equation (63), if the
current on the first conductor was lo=1000£0° Amperes, the
magnetic field sensor 18' output was

B=22.692/-29.98° ©5)

[0119] And, as determined in equation (94), the output
voltage of the electric potential sensor 16' is

V,=0.0554/-8.95 (96)

[0120] Thus, the output of the electric potential sensor 16
lags the voltage in the first conductor by 8.95°, and the
output voltage of the magnetic field sensor 18' lags the
current through the first conductor by 29.98°. Assuming that
the phase angle on the transmission line is 6; degrees, so that
10=1000£8; , the magnetic field sensor output would be:

By=22.692/6,-22.698°

[0121] and the angle H, between the electric potential
sensor output V_ and the magnetic flux density B;; would be

©7

H,=LV,—(By 98)
= —8.95° — (0, — 22.698°)
= (22.698° — 8.95%)6;
[0122] And, therefore:
0, =—H,+(22.698°~8.95°) (99)

10
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[0123] Thus, from a measurement of H,, the difference of
the phases of the two experimentally observable signals V
and By, the phase angle 6 in the transmission line can be
obtained by correcting this difference by adding the differ-
ence of the two sensor errors—and these may be computed
a priori from the geometrical arrangement of the sensors
with respect to the transmission line conductors.

[0124] For example, if H, is measured as +45°, then from
equation (99):

6, =—45°+(22.698°-8.95)=-31.252° (100)
[0125] so that the power factor on the line is

PF-cos 0,=0.855 (101)
[0126] and the power per phase is

Popase = Vigllolcosty, = (199 x 10%)(1000)(0.855) (102)

=170.145 MW

[0127] so that the total transmission line power is

MW=3P=510.435 megawatts (103)
[0128] and the reactive power on the line is

MVAR = 3[Vyc|lolsinfL ] (104)

=13[199 x 10%(1000)(=0.519)]
= -300.843 MVAR

[0129] The algebraic sign of the above quantities if vitally
important. For the coordinate system defined in FIGS. 7-11,
positive values for real (MW) and reactive power (MVAR)
correspond to power flow out, parallel to the monitoring
device 10, from left to right past the monitoring device 10'
if the transmission line is viewed from behind the monitor-
ing device 10'. For the above example, 510 megawatts of
real power is flowing to the right, and 310 megavars of
reactive power is flowing to the left with respect to the
monitoring device 10.

[0130] Since the essential objective of the present inven-
tion is to determine by remote sensors, the total power
output of an electric power generating plant, accurate deter-
mination of the direction of the power flow on a line is as
important as determination of the magnitude of the power
flow. Specifically, it is necessary to distinguish between the
electric power coming out of an electric power generation
plant and the power going in.

[0131] Sensor Blending Generalizations and Alternate
Mechanizations

[0132] Thus, as fully described above, with an electric
potential sensor and at least one magnetic field sensor, it is
possible to remotely (i.e., by non-contacting means) deter-
mine both the magnitude and direction of the power flow on
a three-phase electric power transmission line. With two
magnetic field sensors, one measuring the horizontal mag-
netic flux density By and one measuring the vertical mag-
netic flux density By, two independent estimates of the line
current, and hence, the real power (MW) and the reactive
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power (MVAR), may be determined. These may be com-
bined in a variety of ways to produce a more accurate
estimate of MW and MVAR than that obtainable from either
taken separately. In particular, if MW and MVAR; repre-
sent the power flow results from the horizontal magnetic flux
density measurements, and MV_ and MVAR are from the
vertical magnetic flux density measurements, then

MW=w, MWytw,MW, (105)
MVAR=w, MVAR+w,MVAR, (106)
[0133] where w, and w, are weighting factors which may
be chosen to blend the different measurements in several
ways, depending on which measurements are thought to be

most accurate. If the horizontal and vertical measurements
are equally accurate, then w,=w,=0.5 is appropriate, giving:

MW=0.5 MW;1+0.5 MW =(MW,r+MW,)/2 (107)
MVAR=0.5 MVARy+0.5 MVAR ~(MVAR+MVAR.)/2 (108)
[0134] In this case, the average of the horizontal and

vertical measurements provides a more accurate measure-
ment than that provided by either measurement taken alone.

[0135] Alternatively, if small magnetic fields produce
noisier measurements, the weighting factors can be defined
as:
wi=|Bul/(|Byl+|B] (109)
wo==|B|/(|Bxl+|By]) (110)
[0136] which will have the effect of weighting the data

from the strongest magnetic field more heavily than that
from the weaker magnetic field.

[0137] A more pronounced bias in the direction of the
stronger field result is provided by choosing:

w=|Byl/(Buf+B>) (111)

wo=|ByF/(Buf+1B>) (112)
[0138] In each of the above equations,

witw,=1 (113)
[0139] as is necessary not to artificially inflate or deflate

the estimation of the magnitude of the power flow.

[0140] In general, more complex combinations of MWy,
MVAR,, MW _, and MVAR  may be employed as

MW=f(MWy, MVARy, MW, MVAR,, |Byl, |Bv|) (114

[0141] where “f” is a linear or nonlinear function of six
variables.

[0142] However, a more important advantage than simple
noise reduction accrues from the inclusion of both magnetic
field sensors, measuring both horizontal and vertical flux
density components. A frequently occurring arrangement in
electric power transmission lines is the case of parallel
circuits disposed on opposite sides of a single supporting
tower, as in FIG. 13.

[0143] A parallel analysis to that given here for the single
three-phase circuit leads to exactly the same form of con-
clusion as that presented in equations (37) and (38), except
that equations (37) and (38) become

By=ay,l,+a,,1, (115)
By=ayli+ayl, (116)
[0144] where I, is the phase current on the top conductor

of the left circuit, while 1, is the phase current on the top
conductor of the parallel left circuit. (The two three-phase
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circuits may be carrying different currents.) Expressed in
vector-matrix form, equations (115) and (116) become:

By _(au alz] I 117
By | " \ay an)\H4

[0145] if it is assumed that V;; is the same for both
circuits, and where:

A A B C . (118)
Ay = 2{—sm¢11 + —singp + —sm¢13}
rit riz ri3

A A B C . (119)
App = Z{Emngﬁm + Esmgbls + Esmgﬁm}

A (120

A B C
Apy = 2{—cos¢11 + —cosdyr + —cos¢13}
ri riz ri3

A A B C (121)
Ay = —2{—cos¢11 + —cosdyr + —cos¢16}
ris ris rie

[0146] 1 is the distance from the sensor location to the it
conductor, and ¢,; is the angle between the line-of-sight to
the j® conductor and the positive x-axis.

[0147] Equation (117) may be re-written in vector-matrix
form as:

B=AT (122)

[0148] which is the standard form of a set of simultaneous
linear equations in n unknowns:

AI-B (123)

[0149] Equation (123) may be solved in several ways for
I:

=A™ B (124)
[0150] or equation (123) may be solved by Gaussian
elimination. Of course, in equation (123), I is a 2-vector of

complex phasors, B is a 2-vector of complex phasors, and A
is a 2x2 matrix of complex co-efficients.

[0151] Also, equation (123) may be solved by the use of
Cramer’s Rule, leading to:

By ap (125)

By ay
I =—
ar an

a1 ax

aj; By (126)

@ B
L= 21 by

ar an

a1 az

[0152] In other words, the frequently occurring case of
two parallel transmission line circuits may be handled with
one sensor package containing one electric potential sensor,
one horizontal magnetic field sensor, and one vertical mag-
netic field sensor—with the computational requirement that
two equations in two (complex) unknowns with complex
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coefficients must be solved. Since both Fortran and C++
programming languages provide support for complex data
types, this analysis is easily carried out numerically by one
of the above three indicated methods.

[0153] The foregoing computational analysis thus allows
for calculation of the magnitude and direction of the electric
power flowing through a given transmission line from data
collected by the monitoring device 10 of the present inven-
tion. As discussed, this computational analysis is preferably
carried using a digital computer program at the central
processing facility. However, if preferred, thus computa-
tional analysis could also be carried out by the micropro-
cessor associated with the monitoring device itself.

[0154] 1t will be obvious to those skilled in the art that
modifications may be made to the embodiments described
above without departing from the spirit and scope of the
present invention.

1. An apparatus for measuring electric potential and
magnetic flux density associated with an electric power
transmission line, comprising:

a first sensor for outputting a voltage proportional to the
net electric potential associated with said transmission
line; and

a second sensor responsive to a first vector component of
the magnetic flux density associated with said trans-
mission line and outputting a voltage proportional to
the time rate of change of the net magnetic flux density
generated by current flowing through said transmission
line.

2. An apparatus as recited in claim 1, and further com-

prising:

a third sensor responsive to a second vector component of
the magnetic flux density associated with said trans-
mission line and outputting a voltage proportional to
the time rate of change of the net magnetic flux density
generated by current flowing through said transmission
line.

3. An apparatus as recited in claim 1, wherein said first
sensor comprises a conducting plate operably connected to
a operational amplifier circuit, thereby creating a capacitive
voltage divider for outputting a voltage proportional to the
net electric potential associated with said transmission line.

4. An apparatus as recited in claim 2, wherein said second
sensor is oriented to respond to a substantially horizontal
vector component of the magnetic flux density.

5. An apparatus as recited in claim 4, wherein said third
sensor is oriented to respond to a substantially vertical
vector component of the magnetic flux density.

6. An apparatus as recited in claim 2, wherein said second
sensor comprises a coil with its axis oriented in the direction
of said first vector component of the magnetic flux density,
the voltage across said coil being proportional to the time
rate of change of the net magnetic flux density generated by
current flowing through said transmission line.

7. An apparatus as recited in claim 6, wherein said third
sensor comprises a coil with its axis oriented in the direction
of said second vector component of the magnetic flux
density, the voltage across said coil being proportional to the
time rate of change of the net magnetic flux density gener-
ated by current flowing through said transmission line.
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8. An apparatus as recited in claim 2, and further com-
prising respective amplification and filtration circuits for
converting each of the output voltages associated with each
sensor into a representative numerical value; and a memory
register for storing said representative numerical values.

9. An apparatus as recited in claim 8, and further com-
prising a transceiver for transmitting said representative
numerical values from said memory register to a central
processing facility.

10. An apparatus as recited in claim 2, wherein said first,
second, and third sensors are stored in a weatherproof
housing.

11. An apparatus as recited in claim 10, and further
comprising a battery for powering the sensors of the appa-
ratus.

12. An apparatus as recited in claim 11, wherein said
battery is continuously recharged by a solar panel array.

13. An apparatus as recited in claim 9, wherein said first,
second, and third sensors are stored in a first weatherproof
housing, and said transceiver is stored in a second weath-
erproof housing.

14. An apparatus as recited in claim 13, and further
comprising a battery for powering the sensors of the appa-
ratus, said battery being stored in said second weatherproof
housing.

15. An apparatus as recited in claim 14, wherein said
battery is continuously recharged by a solar panel array.

16. A method for monitoring the electric power transmis-
sion through one or more electric power transmission lines
and communicating such electric power transmission infor-
mation, comprising the steps of:

(a) measuring the electric potential and at least one vector
component of the magnetic flux density associated with
each said transmission line to generate a data set;

(b) transmitting each said data set to a central processing
facility;

(¢) performing a computational analysis on each said data
set to determine the amount of current and the direction
of current flowing through each said transmission line,
and then computing the power associated with each
said transmission line; and

(d) communicating said power transmission information

to an end user.

17. A method as recited in claim 16 in which the mea-
suring of the electric potential and the vector components of
the magnetic flux density for a particular transmission line is
accomplished by:

a first sensor for outputting a voltage proportional to the
net electric potential associated with said transmission
line;

a second sensor responsive to a first vector component of
the magnetic flux density associated with said trans-
mission line and outputting a voltage proportional to
the time rate of change of the net magnetic flux density
generated by current flowing through said transmission
line; and

a third sensor responsive to a second vector component of
the magnetic flux density associated with said trans-
mission line and outputting a voltage proportional to
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the time rate of change of the net magnetic flux density
generated by current flowing through said transmission
line.

18. A method as recited in claim 16 in which the trans-
mission of each data set to the central processing facility is
accomplished through a landline network.

19. A method as recited in claim 16 in which the trans-
mission of each data set to the central processing facility is
accomplished through a wireless network.

20. Amethod as recited in claim 17 in which the outputted
voltage associated with each sensor is passed through a
respective amplification and filtration circuit to amplify the
respective voltages and remove extraneous noise prior to the
transmission of the data set.

21. A method as recited in claim 20, in which the
computational analysis comprises the following sub-steps:

correcting each said data set to compensate for predictable
errors relating to the geometry of the particular physical
arrangement of the conductors of the transmission line;

correcting each said data set to compensate for predictable
errors relating to the sensors and their interaction with
the respective amplification and filtration circuits;

calculating the complex coefficients relating the measured
magnetic flux density to the current through the con-
ductors of the transmission line as determined by the
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geometry of the particular physical arrangement of the
conductors of the transmission line;

solving a set of linear algebraic equations relating the
magnetic flux density to the current through the con-
ductors of the transmission line;

combining the phase of the measured electric potential
with the phase of the measure magnetic flux density to
determine the phase angle of the current through the
transmission line with respect to the voltage on the
transmission line;

calculating the power factor on the transmission line; and

determining the magnitude and direction of the real and
reactive power on the transmission line.

22. A method as recited in claim 16 in which the compiled
power generation information associated with each said
transmission line is communicated to the end user through a
global computer network.

23. A method as recited in claim 22 in which said global
computer network is the Internet, said compiled power
generation information being communicated and displayed
through a conventional Internet browser.



