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DATA ALIGNMENT IN LARGE SCALE ELECTRICAL SYSTEM APPLICATIONS

FIELD OF THE INVENTION
[0001] The present invention relates generally to utility monitoring systems, and, in
particular, to automated precision alignment of data using variations in the fundamental

frequency and phase shift offsets between monitoring devices.

BACKGROUND

[0002] U.S. Patent No. 7,684,441 generally discloses techniques for aligning
measured data by analyzing the grid’s frequency or amplitude variations to generate a cycle
count offset by which one monitoring device’s data lags or leads a reference monitoring
device’s data. This approach works very well for radial-fed power systems. However, power
systems that include apparatuses such as transformers or very long conductor lengths such as
transmission lines can introduce phase shifts into the measured data between monitoring
devices upstream and downstream of the transformers or generators. These small phase shifts
introduce fractional offsets in the cycle counts that can cause the cycle count offset to be
shifted by fractions of a full cycle, such as defined by a 50 Hz or 60 Hz power signal. What
is needed is an improved method for aligning measured data synchronously by calculating the
precise number of cycles by which the measured data between a pair of monitoring devices
differ for sequence of events analysis (e.g., how and when a fault propagates through the
electrical system), fault detection analysis, clock adjustment in the monitoring devices,

determining power flows throughout an electrical system, and other analyses.

BRIEF SUMMARY

[0003] The present disclosure improves on the data alignment approaches disclosed in
U.S. Patent No. 7,684,441. Aspects of the present disclosure propose a transmission line
model that characterizes a circuit between the reference monitoring device and another
monitoring device, and uses the transmission line models to calculate a phase shift offset
between two sets of measured data (such as current or voltage). Aspects of the present
disclosure are particularly well suited for very large electrical systems, such as those
spanning across a large geographic areca or multiple jurisdictions, such as multiple
municipalities, utilities, or states, or for electrical systems that include apparatuses that can

introduce phase shifts into the fundamental power signal. Aspects of the present disclosure
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are also suited for implementations by demand-side energy consumers that have systems that
introduce phase shift offsets, due to, for example, electrical apparatuses. Because of the
magnitude and complexity of such electrical systems, accurate data alignment from frequency
modulation alignment algorithms may be problematic due to the inherent phase shift of the
voltage signal. Incorporating utility system models and knowledge of metering locations
with frequency modulation alignment algorithms provides a method for ascertaining phase
shifts across large electrical systems. Error checking algorithms both reduce the number of

cycle count offset errors and validate phase shift solutions from multiple vantages.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] The foregoing and other advantages of the present disclosure will become
apparent upon reading the following detailed description and upon reference to the drawings.

[0005] FIG. 1 illustrates a simplified configuration of a power monitoring system.

[0006] FIG. 2 is a block diagram of a monitoring device.

[0007] FIG. 3 illustrates sample measured waveform data from the reference
monitoring device and the second monitoring device.

[0008] FIG. 4 is a flowchart that can be implemented as a data alignment algorithm
executed by the system controller.

[0009] FIG. 5 is a basic transmission line model based on an equivalent pi model of a
transmission line.

[0010] FIG. 6 is a transmission line model based on the equivalent pi model including
a first meter and a second meter.

[0011] FIG. 7 is a flowchart illustrating a method for automatically aligning a
measured power-related data in a power monitoring system to a common reference point
using phase shift offsets.

[0012] FIG. 8 is a flowchart illustrating a method for automatically aligning a
measured power-related data in a power monitoring system to a common reference point after
calculating or receiving model parameters for the transmission line model.

[0013] FIG. 9 is a flowchart illustrating a method of calculating the phase shift offset
between two monitoring devices and adding the phase shift offset to an associated cycle

count offset for the monitoring devices.
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[0014] FIG. 10 is a flowchart illustrating a method of associating a cycle count offset
between two monitoring devices.

[0015] While the present disclosure is susceptible to various modifications and
alternative forms, specific embodiments or aspects have been shown by way of example in
the drawings and will be described in detail herein. It should be understood, however, that
the present disclosure is not intended to be limited to the particular forms disclosed. Rather,
the present disclosure is to cover all modifications, equivalents, and alternatives falling within

the spirit and scope of the invention as defined by the appended claims.

DETAILED DESCRIPTION

[0016] FIG. 1 illustrates a simplified configuration of a power monitoring system 120.
The power monitoring system 120 includes a main 122 connected to a first load 124 and to a
second load 126. A reference monitoring device 128 and a second monitoring device 130
measure electrical characteristics or parameters associated with the power delivered to the
first load 124 and the second load 126, respectively. Each monitoring device (128, 130) is
communicatively coupled to a system controller 132. In a configuration, the system
controller 132 can be a computer. The reference monitoring device 128 is alternately referred
to herein as a first monitoring device. The measured electrical characteristics can include
current or voltage, for example.

[0017] The reference monitoring device 128 is connected to the second monitoring
device 130 by a first conductor 123a, a second conductor 123b, and a third conductor 123c.
The conductors (123a, 123b, 123¢) can be line conductors used to carry three different
current phases of an alternating current power deliver system arranged in a wye
configuration. Alternately, configurations of the present disclosure can include more than
three or less than three conductors connecting the reference monitoring device 128 and the
second monitoring device 130, and the conductors can be either line conductors used to carry
current between the monitoring devices (128, 130) or can be neutral conductors. The
conductors (123a, 123b, 123c) can be arranged in a geometric configuration with the
conductors generally parallel to one another and can be suspended from a supporting
assembly (such as on an H-frame), can be buried under ground, or can be arranged in another
configuration that can include a combination of suspending and burying the conductors

(123a, 123b, 123c). The conductors (123a, 123b, 123¢) can be made of aluminum, brass,



WO 2012/067747 PCT/US2011/057071
-4 -

bronze, copper, iron, silver, sodium, steel, or any other suitable conductive material for
carrying current in an alternating current power delivery system. Furthermore, the
conductors (123a. 123b. 123c) can be a stranded conductor or a solid conductor. Each
conductor (123a, 123b, 123¢) has a cross-sectional area, a characteristic radius describing the
cross-sectional area, and a length between the reference monitoring device 128 and the
second monitoring device 130.

[0018] Referring to a configuration with a first conductor 123a and a neutral
conductor, the first conductor 123a and the neutral conductor form a transmission circuit of
AC voltage and current from the reference monitoring device 128 to the second monitoring
device 130. As will be discussed below in connection with FIGS. 5 and 6, a transmission
circuit can be modeled by a transmission line model described by a set of model parameters
including a series resistance, a series impedance, a shunt admittance, or a subset of these.
The model parameters are influenced by design criterion of the transmission circuit remedies,
the choice of conductive material, the geometric configuration of the conductors, the cross-
sectional area of the conductors, and the length of the conductors.

[0019]  The reference monitoring device 128 can be a power meter (or electric meter),
such as shown in FIG. 2. The reference monitoring device 128 includes a controller 134,
firmware 136, a memory 138, and a communication interface 140. The communication
interface 140 provides a communicative coupling between the system controller 132 and the
controller 134 of the reference monitoring device 128. The controller 134 is connected to the
conductors (123a, 123b, 123c) and includes a sensing circuit 135 for measuring electrical
characteristics of the voltage or current carried by at least one of the conductors (123a, 123b,
123c¢). For example, the sensing circuit 135 can measure the instantancous or average voltage
or current between any two line conductors carrying different phases of current, or between a
line conductor and a neutral conductor. The firmware 136 includes machine instructions for
directing the controller 134 to carry out operations required for the reference monitoring
device 128. Memory 138 is used by the controller 134 to store electrical data measured by
the sensing circuit 135. The second monitoring device 130 is similar to the reference
monitoring device 128 shown in FIG. 2 and includes similar components and is configured to
provide similar functionality.

[0020] All real-world electrical signals in power systems experience subtle variations

in their frequency and amplitude over time. These variations of the signal’s frequency and
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amplitude are both indeterminate and unique with respect to time. Each monitoring device
located on the same utility grid will simultaneously experience the same frequency variations.
Analysis of the frequency and variations of the signal can then be used to precisely align the
data of one monitoring device with respect to another monitoring device, or all the
monitoring devices with each other. The details of a technique for aligning the data of one
monitoring device with respect to another are discussed below.

[0021] The data alignment techniques of the present disclosure allow all monitoring
devices in a power utility system to be aligned to the zero-crossing (or to any other point of
reference along a cycle) of three phase voltages. The present invention also anticipates
potential phase shifts between various monitoring devices, for example, those caused by
certain transformer configuration, or due to transmission line series resistance, series
inductance, or shunt admittance. Once the data of the monitoring devices are aligned with
cach other, the system data is essentially aligned very precisely with respect to the time it
occurred, making more complex data analyses feasible.

[0022] In operation of the power monitoring system 120, instructions from the system
controller 132 are received by the monitoring device 128 via the communication interface
140. Those instructions can include instructions that direct the controller 134 to mark the
cycle count, to begin storing electrical parameter data, or to transmit to the monitoring system
software 132 electrical parameter data stored in the memory 138. The electrical parameter
data can include any data acquired by monitoring devices, including any combination of
frequency variations, amplitude variations, and phase variations.

[0023]  The present disclosure provides an algorithm that precisely, automatically, and
temporally aligns the data from multiple monitoring devices to the same voltage zero-
crossing. Other data alignment aspects discussed below are based on this capability. The
data alignment is facilitated by functionality in both the monitoring devices 128, 130 and the
monitoring system software running on the system controller 132. The requirements of each
will be discussed individually, with requirements of the monitoring devices (128, 130)
described in connection with the reference monitoring device 128 for brevity and clarity.
Collection and partial analysis of data is performed in the reference monitoring device 128.

[0024] From the time the monitoring device 128 is energized, a cycle count is
performed of the measured voltage signals. The cycle count is sequentially iterated with each

positive voltage zero-crossing (or, alternatively, with each negative voltage zero-crossing).
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Therefore, the cycle count represents a number of consecutive cycles. As the reference
monitoring device 128 measures both the frequency and amplitude variations of the voltage
and current from cycle to cycle, a comparison is performed to their respective nominal
values. The frequency and amplitude variations and associated cycle count are tracked by the
device firmware 136. The associated monitoring device time at any specified cycle count can
be stored in the memory 138.

[0025] The monitoring system software executed by the system controller 132
initiates alignment of the data associated with the multiple monitoring devices (128, 130) by
sending a global command to all monitoring devices (128, 130) on the power monitoring
system 120 to mark their cycle count, time and buffer a predetermined amount of cycle-by-
cycle data.

[0026] This predetermined amount of data is established based on the number of
monitoring devices in the power monitoring system 120, the communications time delays in
the power monitoring system 120 and the magnitude of frequency and amplitude variations.
When the buffering is complete, the monitoring devices (128, 130) transmit their buffered
data to the system controller 132.

[0027] Once the data is collected by the monitoring devices (128, 130), the
monitoring system software uploads the buffered data for analysis via a communication
network. The couplings between the monitoring devices (128, 130) and the system controller
132 can be considered a communication network. There is generally a time offset in each
monitoring device’s buffered data because the monitoring devices (128, 130) do not generally
begin buffering the data simultancously due to communication time delays in the power
monitoring system 120 and internal time delays within the monitoring devices. The buffered
data is analyzed by the monitoring system software on the system controller 132 to locate the
highest correlation in frequency between all the monitoring devices (128, 130). Generally,
the highest correlation is located by sliding the buffered frequency data per cycle at a time in
one monitoring device with respect to another until the frequency variations line up with each
other as shown in FIG. 3.

[0028] FIG. 3 illustrates sample measured waveform data from the reference
monitoring device 128 and the second monitoring device 130. The measured waveform data
can be a voltage or a current between two line conductors or between a line conductor and a

neutral conductor. The waveform data exhibits frequency modulation and amplitude
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modulation of a signal with a fundamental frequency. The reference monitoring device 128
can use the waveform data to measure the frequency or the amplitude of the waveform data
from cycle-to-cycle. That is, the reference monitoring device 128 can use the waveform data
to associate a frequency or an amplitude of the waveform data with each measured zero-
crossing (or equivalently, with the cycle count corresponding to each measured zero-
crossing) or any other reference point along the cycle (zero-crossing just happens to be
particularly convenient, but any other reference point can be used without departing from the
scope of the present disclosure). Furthermore, the reference monitoring device 128 can
optionally compare the respective measured cycle-to-cycle frequencies and amplitudes to
their respective nominal values. The reference monitoring device can thereby associate a
variation from the nominal frequency value (such as the fundamental frequency of a power
delivery system) or from the nominal amplitude value for each cycle. The frequencies, or the
variations in frequencies, measured in the reference monitoring device 128 can then be
associated with their corresponding cycle counts to form reference signal data 360.
Similarly, frequencies, or variations in frequencies, measured in the second monitoring
device 130 can be associated with their corresponding cycle counts to form second signal
data 362.

[0029] The frequency data 360 for the monitoring device 128 is “slid” relative to the
frequency data 362 for the monitoring device 130 until the frequency data for each device
line up. Thus, the zero-crossing associated with At; of monitoring device 128 is aligned with
the zero-crossing associated with At; of monitoring device 130, the zero-crossing associated
with At, of monitoring device 128 is aligned with the zero-crossing associated with At, of
monitoring device 130, and so on. Cross-correlation algorithms for “sliding” two data sets
relative to one another until they are aligned are discussed in further detail below in
connection with FIG. 4. The term “slide” is used colloquially in this context. Skilled artisans
will appreciate the precise technical functioning of cross-correlation algorithms.

[0030] Once the buffered data is aligned, the cycle count of the first monitoring
device 128 is associated with the cycle count of the second monitoring device 130 in the
software on the system controller 132. An on-board monitoring device time can optionally
also be aligned or associated relative to one another. This process is repeated for each
monitoring device in the power monitoring system 120 until all devices’ cycle counts are

associated with each other based on measured frequency variations. During the data
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alignment process, the monitoring system software on the system controller 132 builds a
matrix of each device’s cycle count and time with respect to each other and the time on the
system controller 132.

[0031]  Although FIG. 2 shows a simplified power monitoring system 120 with just
two monitoring devices (128, 130), the data alignment algorithm of the present disclosure can
be applied to any power monitoring system, including a power monitoring system having
more than two monitoring devices and more than one power generator. For case of
illustration and discussion, only two monitoring devices (128, 130) have been discussed.

[0032] Once the data of the two monitoring devices (128, 130) is aligned relative to
one another, there is typically no need to realign the data again unless a monitoring device
loses its voltage signal or resets itself. In those cases, only the monitoring devices that lose
their voltage signal or reset need to be realigned in accordance with the present invention.
The data alignment technique of the present disclosure can be initiated by an event, such as
an undervoltage or overvoltage condition, connecting or disconnecting a load to the power
monitoring system, a change in the characteristics of the voltage, current, or a load, a
monitoring device reset, or a power loss. The data alignment technique can also be initiated
automatically by the monitoring software or manually by a user.

[0033] FIG. 4 is a flowchart that can be implemented as a data alignment algorithm
executed by the system controller 132. The data alignment algorithm begins by sending a
message to the monitoring devices (such as monitoring devices 128, 130) to begin buffering
data (401) until buffering is complete (402). The system controller 132 reads the data from
cach device (404). The data represents, in an implementation, electrical parameter data such
as variations in (fundamental) frequency, variations in amplitude, or variations in phase, and
associated cycle counts of the variations. The data can be generally referred to as signal data.
Preferably, the signal data represents variations in fundamental frequency for each measured
cycle count. Fundamental frequency is a preferred criterion because it remains unchanged
throughout the power monitoring system, even if transformers are present in the system.
Amplitude and phases can shift when transformers are present in the system; however, the
present disclosure contemplates using amplitude and phase information as criteria.

[0034] The system controller 132 selects a reference monitoring device (406), such as
reference monitoring device 128, and then selects a monitoring device to analyze (408), such

as second monitoring device 130. The signal data from the monitoring devices (128, 130) is
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then cross-correlated (410), and each device’s cycle count and time relationships are entered
into a matrix (412). The cross-correlation is carried out by a conventional cross-correlation
algorithm, preferably such as the one provided below in Equation 1.
D[ —mx)* (v —d)—my)]
[0035] rd)=—"F—= (Equation 1)

Y2 GO [5G )= myy

[0036] The correlation coefficient is represented by r(d), the delay (offset or shift)

being represented by d, where -1 < r(d) < 1 for two series x(i) and y(i) representing the
respective signal data from the monitoring devices (128, 130); and mx and my are the means
of the corresponding series x(i) and y(i). According to an implementation, the correlation
algorithm 1is a circular correlation algorithm in which out-of-range indexes are “wrapped”
back within range. In another implementation, the correlation algorithm is a linear
correlation algorithm in which each series is repeated. In still other implementations, the
correlation algorithm is a pattern-matching algorithm or a text-search algorithm. Using a
conventional cross-correlation algorithm such as Equation 1 above, the system controller 132
calculates a correlation coefficient r(d) between at least a portion of the reference signal data
(such as about 400 cycles) from the reference monitoring device 128 and the second signal
data from the second monitoring device 130. The calculated correlation coefficient is stored,
and the data of the second monitoring device is shifted relative to the reference device by one
cycle.

[0037] As mentioned above, the out-of-range indexes can be wrapped back within
range according to a circular correlation algorithm or the indexes can be repeated according
to a linear correlation algorithm. A correlation coefficient is calculated using the shifted data
and if no further shifts are required, the second signal data of the second monitoring device
130 is aligned with the reference signal data of the reference monitoring device 128 at the
point at which the maximum correlation coefficient is calculated or at which the correlation
coefficient exceeds a threshold value, such as 0.5. It should be noted that when the
correlation coefficient r(d) is close to 1.0, the algorithm can exit without conducting any
further shifts.

[0038] After cross-correlation, the system controller 132 checks whether all
monitoring devices have been analyzed (414), and if so, the algorithm ends. In an

implementation, at the end of the flowchart shown in FIG. 4, a cycle count offset matrix, Mjj,
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is constructed in the system controller 132 and stored to the memory 133. The cycle count
offset matrix is a matrix having a number of rows and a number of columns equal to a
number, n, of monitoring devices in the power monitoring system 120. Each entry in the
matrix, M, is a difference between the reference cycle count, M;, and the second cycle count,
M;, corresponding to the determined maximum of the cross-correlation algorithm between the
reference monitoring device 128, which can be monitoring device number i, and the second
monitoring device 130, which can also be monitoring device number j. That is, Mjj = M; —
M;, with 1 and j each existing between 1 and n. The entries in the cycle count offset matrix
M;; provide the number of cycle counts to offsets data from monitoring device number 1
relative to monitoring device number j.

[0039] The system controller 132 synchronizes the clocks of the second monitoring
device and the reference device at the point of alignment. The system controller 132 reads
the cycle count in each monitoring device and the associated monitoring device’s on-board
clock time. A monitoring device’s on-board clock time and cycle count may drift with
respect to each other due to the limitations of the on-board clock. Once the data is aligned,
the cycle count is considered the absolute reference for a monitoring device. Due to the clock
drift, it may be necessary to re-read the time associated with a device’s cycle count
periodically to reestablish the device’s time. The software on the system controller 132 will
then update the matrix containing the monitoring device time information.

[0040]  Aspects of the present disclosure provide for incorporating electrical system
modeling data into the data alignment algorithm for temporally aligning data synchronously
from multiple monitoring devices. The temporal alignment of data from multiple monitoring
devices can be influenced by phase shifts of signals between monitoring devices separated
across long distances. Furthermore, aspects of the present disclosure provide for tuning the
temporal alignment of data from multiple monitoring devices with alignment increments
smaller than an integer cycle count. Aspects of the present disclosure provide for aligning
data from multiple monitoring devices according to the integer number and fractional number
of cycles of offset between data received from a reference monitoring device and data
received from a second monitoring device. Once the devices are aligned with each other, the
system data is very precisely aligned with respect to the time it occurred making more

complex data analysis more practicable.
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[0041] FIG. 5 is a basic transmission line model based on an equivalent pi model of a
transmission line. The transmission line model in FIG. 5 includes two conductors (510, 512).
The top conductor 510 can be a line conductor and the bottom conductor 512 can be a neutral
conductor in a power delivery system. In the transmission line model, the left hand side of
FIG. 5 is a sending side of the model, and the right hand side of FIG. 5 is a receiving side of
the model. The voltage between the line conductor 510 and the neutral conductor 512 on the
sending side is a sending voltage, V;, and a sending current, I, is conducted through the line
conductor on the sending side of FIG. 5. The voltage between the line conductor 510 and the
neutral conductor 512 on the receiving side of FIG. 5 is a receiving voltage, V,, and a
receiving current, I, is conducted through the line conductor on the receiving side of FIG. 5.

[0042] In general, the performance of a power delivery transmission line is modeled
with an equivalent pi model by accounting for the series resistance, series impedance, and
shunt admittance. A transmission line’s shunt admittance generally consists of two
parameters: shunt conductance and shunt capacitive susceptance. The series resistance, series
impedance, shunt admittance, or any subset of these can be a set of model parameters
characterizing the performance of the equivalent pi model transmission line model. In the
model shown in FIG. 5, the shunt conductance component of the shunt admittance is
disregarded, and the series resistance is represented by the resistor 502, the series inductance
is represented by the inductor 504, and the shunt admittance is represented by a first capacitor
506 and a second capacitor 508. The resistor 502 has a resistance equal to R. The inductor
504 has an inductance equal to L, and the first and second capacitors (506, 508) each have a
shunt admittance equal to Y /2. To model the effect of distributed capacitance across the
transmission line 510, the first capacitor 506 is modeled to be near the sending side of the
transmission line 510 and the second capacitor 508 is modeled to be near the receiving side of
the transmission line 510. In configurations where the transmission distance is small, the
shunt admittance can optionally be disregarded and a satisfactory model of the transmission
line can be based on the resistor 502 and the inductor 504.

[0043] The secries resistance, scries inductance, and shunt admittance can be
calculated from the specific design and installation criteria of the transmission line and the
transmission line configuration. In particular, the series resistance, which models the line
resistance, is primarily a function of the length of the conductor, the cross-sectional area of

the conductor, the resistivity of the conductive material, and whether the conductor is a
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stranded conductor or a solid conductor. The conductive material can be aluminum, brass,
bronze, copper, iron, silver, sodium, steel, or any material suitable for conducting current in a
power delivery system. The series inductance generally dominates the impedance of the line
conductor. The series inductance and shunt admittance can generally be calculated based on
the configuration of the transmission line. In particular, the series inductance and shunt
admittance can be calculated from: the length of the conductor, the conductor type, conductor
material, the geometric configuration of the conductors, whether the conductors are stranded
or solid, the transposition of conductors, lines with multi-circuits, the frequency of the
transmission signal, the voltage of the transmission signal, and the number of conductors per
phase and so forth. The geometric configuration of the conductors can include a distance
between two or more conductors oriented generally parallel to one another. In an
implementation of the present disclosure, the above described design criteria of the
transmission line can be input into a computer program configured to analyze the design
criteria of the power delivery system and compute the equivalent series resistance, series
inductance, and shunt admittance of the transmission line according to the equivalent pi
model, or other relevant model, of the transmission line. Alternatively, the model parameters
including the series resistance, series inductance, and shunt admittance can be directly input
to the system controller 132 based on a direct or indirect measurement, a previous
calculation, an estimation based on an empirical analysis, or another estimation of the circuit
of the model parameters.

[0044] The resistor 502 and inductor 504 are connected in series on the line
conductor, while the capacitors (506, 508) are connected between the line conductor and the
neutral conductor on either end. The capacitors (506, 508) have a capacitive reactance, Xc,
given by Equation 2 in terms of f, the fundamental frequency of the power delivery system,
and C, which models the capacitance of the leakage (or charging) path for the AC line
currents. The inductor 504 has an inductive reactance, Xy, given by Equation 3 in terms of f°
and L. The capacitors (506, 508) are also characterized by an admittance, Y, which is
generally as the inverse of a shunt impedance, but for the equivalent pi model configuration
shown in FIG. 5, Y is the inverse of the capacitive reactance as in Equation 4. Because the
admittance is divided between the two capacitors (506, 508) with equal admittance, each
capacitor (506, 508) is associated with an equal admittance of Y /2.

[0045] Xc=1/(2nfC) (Equation 2)
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[0046] Xp=2mnfL (Equation 3)
[0047] Y=j/Xc (Equation 4)

[0048] In Equation 4, j is the imaginary unit number, V-1. FIG. 6 is a transmission
line model based on the equivalent pi model including a first meter 128 and a second meter
130. The model shown in FIG. 6 is similar to the model shown in FIG. 5 except that the
series resistance and series inductance are combined to form a lumped series impedance 505,
and the referencing monitoring device 128 monitors electrical parameters measured from the
sent side and the second monitoring device 130 monitors electrical parameters measured from
the received side. The lumped series impedance 505 has an impedance value of Z;, given by
Equation 5 in terms of R and X.

[0049] Z,=R+;jXp (Equation 5)

[0050] The model shown in FIG. 6 is used to estimate the phase shift offset of a signal
conducted from the sent side to the received side. The phase shift offset is calculated
according to the performance of the equivalent pi model based on the model parameters
discussed above and on a measured voltage and current on either the measured side or the
received side. The phase shift offset is calculated using Equation 6, which is a standard
equation providing the sending voltage, V;, in terms of the receiving voltage, V,; the
receiving current, I;; the lumped impedance, Z;; and the admittance, Y, for the equivalent pi
model transmission line model circuit shown in FIG. 6. Equation 7 provides the sending
current, I, in terms of V,, I,, Z;, and Y for the same transmission line model circuit.

[0051] Vs=(1+(ZLY)/2)V.:+ZL1; (Equation 6)

[0052] L=Y(1+(ZLY)4)V.+(1+(ZLY)/2)]; (Equation 7)

[0053] Equation 6 can be used to calculate the phase shift offset between V, and V, by
computing V; and then computing the phase shift offset angle, AB, which is given by
Equation 8. Equation 8 could also be used to calculate AO using I; and I;. In Equation 8, the
function Im|[ ] returns the imaginary component of a complex number in the brackets, and the
function Re[ ] returns the real component of a complex number in the brackets.

[0054] ABO =arctan( Im[V;]/Re[V,] ) —arctan( Im[V,;]/Re[V;] )  (Equation §)

[0055] The phase shift offset angle, A, is an indication of the phase shift offset. As
used herein, the phase shift offset can be an angular measure in degrees or radians, or can be

a fraction of a cycle that is indicative of an amount of phase offset between data sent through
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the transmission line from the sending side near the reference monitoring device 128 and
received at the second monitoring device 130. Other apparatuses (e.g., transformers, current
transformers, power transformers, and similar devices) that result in some amount of phase
shift offset can also be considered, and can be accounted for by estimating the phase shift
offset due to the other apparatuses in addition to the phase shift offset due to the transmission
line.

[0056] Additionally, other aspects of the performance of the transmission line can be
estimated based on the model parameters used to calculate phase shift offsets. In particular,
for a model transmission line based on an equivalent pi model where the sent voltage and the
received voltage can both be measured at a time when loads connected to the power
monitoring system are not changing in time, such as during a measurement time with a
duration of one cycle, it is possible to calculate the model parameters for the transmission line
from the measurements of the sent and received sides. Calculation of the model parameters
from measured sent and received voltages and currents can be advantageous in order to
estimate various performance aspects of the transmission line and power delivery system.
Calculation of the model parameters based on the measured sent and received voltages and
currents can be carried out when the relative phase offset between the sent and received
voltages (Vs and V,) are known and, the relative phase offset between the sent and received
currents (Iy and 1) are known. The relative phase offsets can be determined, for example,
using a system incorporating GPS units to precisely timestamp data measured at multiple
monitoring devices.

[0057] In a configuration, the steady-state inductive and capacitive reactances for the
transmission line are determined from the line frequency, conductor length, conductor type,
geometric configuration, and so forth as described above, and the phase shift offset is
determined according to the methods provided in FIGS. 7 through 10.

[0058] FIG. 7 is a flowchart illustrating an exemplary method for automatically
aligning a measured power-related data in a power monitoring system 120 to a common
reference point using phase shift offsets. The method shown in FIG. 7 can optionally be
implemented following an implementation of the algorithm for determining a cycle count
offset between monitoring devices in a power monitoring system 120 described above in
connection with FIG. 4. By implementing the cycle count offset algorithm prior to the phase

shift offset algorithm, the data measured during an implementation of the method shown in
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FIG. 7 is advantageously aligned within a cycle, which is close enough to negate effects of
load changes in the power monitoring system 120.

[0059] Referring again to FIG. 7, the method illustrated may be generally described
with reference to the reference monitoring device 128 for the sake of clarity, but
implementations of the present disclosure generally encompass methods where actions
described in connection with the reference monitoring device 128 are undertaken by all
monitoring devices (128, 130) in the power monitoring system 120. In operation of the
method illustrated in FIG. 7, the system controller 132 receives a measured voltage and a
measured current from the reference monitoring device 128 (702). The system controller 132
can receive the measured voltage and the measured current (702) over the communications
network composed of the couplings between the communication interface 140 of the
reference monitoring device 128 and the system controller 120. The system controller 132
retrieves model parameters from the memory 133 (704) for a transmission line model that
characterizes a circuit including a conductor 123a connected between the reference
monitoring device 128 and the second monitoring device 130. The model parameters are
similar to those described above in connection with the example equivalent pi transmission
line model shown in FIG. 6. The model parameters retrieved from the memory 133 can
include the series resistance, the series impedance, the shunt admittance, or a subset of these.
Alternatively, the system controller 132 can retrieve parameters indicative of the model
parameters of the line transmission model. For example, the memory 133 can store the
inductive reactance, Xy, rather than the series inductance.

[0060] Referring again to FIG. 7, the phase shift offset of signals transmitted on the
conductor 123a between the reference monitoring device 128 and the second monitoring
device 130 is calculated (706). The calculation of the phase shift offset is carried out
according to a function including the retrieved model parameters and the measured voltage
and current. The phase shift offset indicates a phase difference of the current of voltage
between the reference monitoring device 128 and the second monitoring device 130. The
phase shift offset can be indicated, for example, as a number of degrees, radians, or a
fractional portion of a cycle. Equations 6 and 8 can be used to calculate the phase shift offset
from the measured current, measured voltage, and model parameters of the transmission line.
The phase shift offset associated with the reference monitoring device 128 and the second

monitoring device 130 is then stored in the memory 133 (708). The system controller 132
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can be configured to operate according to software to perform the algorithm shown in FIG. 7.
The software can be stored on a computer readable medium.

[0061] In an implementation, the method illustrated by FIG. 7 can be completed
automatically by the system controller 132 sending command signals to the monitoring
devices (128, 130) in the power monitoring system 120. Responsive to command signals sent
to the monitoring devices (128, 130), each monitoring device (128, 130) sends data indicative
of a measured voltage or current at each the monitoring device (128, 130), which data enables
the system controller 132 to compute phase shift offsets for each pair of monitoring devices
(128, 130) in the power monitoring system 120 after retrieving model parameters
characterizing a transmission line model corresponding the transmission line between each
pair of monitoring devices (128, 130).

[0062] In an alternative implementation of the present disclosure, the method
illustrated by FIG. 7 can be altered such that phase shift offsets are calculated from waveform
data sampled at the reference monitoring device 128 and the second monitoring device 130.
The waveform data can be, for example, data similar to the data illustrated in FIG. 3. The
waveform data can be communicated to the system controller 132 over the communications
network, and the system controller 132 can analyze the waveform data from the monitoring
devices (128, 130) to determine the phase shift offsets. The phase shift offsets can be
computed according to conventional techniques understood by those skilled in the art of
digital signal processing, and power systems analysis techniques. Analysis techniques can
include a cross correlation analysis of the waveform data received at both the reference
monitoring device 128 and the second monitoring device 130. The system controller 132 can
be configured to operate according to software to automatically perform the algorithm shown
in FIG. 7. The software can be stored on a computer readable medium.

[0063] The system controller 132 can synchronize the clocks of the second
monitoring device 130 and the reference monitoring device 128 at the point of alignment.
The system controller 132 reads the cycle count in each monitoring device and the associated
monitoring device’s on-board clock time or another time reference of the monitoring device,
including a cycle count of the monitoring device. The time reference of each monitoring
device (128, 130) in the power monitoring system 120 can be adjusted, or tuned, based on a
calculated phase shift offset for each pair of monitoring devices and based on a determined

cycle count offset for each monitoring device. A monitoring device’s on-board clock time
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and cycle count may drift with respect to cach other due to the limitations of the on-board
clock. Due to the clock drift, it may be necessary to re-read the time associated with a
device’s cycle count periodically to reestablish the device’s time reference. The software on
the system controller 132 will then update the matrix containing the monitoring device time
reference information.

[0064] FIG. 8 is a flowchart illustrating a method for automatically aligning a
measured power-related data in a power monitoring system 120 to a common reference point
after calculating or receiving model parameters for the transmission line model. The
calculation of the model parameters (802) can be carried out similarly to the discussion
included above in connection with FIG. 6. Generally, the model parameters are calculated
according to a function of the design criteria of the transmission line. The design criteria
influencing the model parameters can include: the length of the conductor 123a, the cross-
section area of the conductor 123a, the resistivity of the conductor 123a, the material of the
conductor 123a, whether the conductor 123a is solid or stranded, the number of conductors
per phase, the spacing distance between the conductor 123a and another conductor 123b
carrying current between the reference monitoring device 128 and the second monitoring
device 130, the geometry of the conductors (123a, 123b, 123c), the transposition of
conductors, multi-circuit conductor lines, the fundamental frequency of the current or
voltage, and the voltage. While the design criteria listed above refer to aspects of the first
conductor 123a, and to relationships between the first conductor 123a and 123b,
implementations of the present disclosure can incorporate similar design criteria for each
conductor (123a, 123b, 123c) and for relationships between each pair of conductors (e.g.,
123b, 123¢) in the power monitoring system 120. Generally, the model parameters can
optionally be advantageously calculated by accounting for design criteria of all conductors in
a power monitoring system and not just a subset. As previously described, implementations
of the present disclosure can utilize software programs to compute the model parameters
based on the design criteria or based on other parameters. The model parameters can also be
received (802) by the system controller 132 from an input indicative of the series resistance,
the series inductance, and the shunt admittance. Following the calculation or receipt of the
model parameters (802), the model parameters are stored in the memory 133 (804) for future

usc.
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[0065] FIG. 9 is a flowchart illustrating a method of calculating the phase shift offset
between two monitoring devices and adding the phase shift offset to an associated cycle
count offset for the monitoring devices. The method of calculating the phase shift offset
between two monitoring devices illustrated in FIG. 9 can be a method of carrying out the
calculating a phase shift offset (706) in the method illustrated in the flowchart of FIG. 7. In
describing the calculation of the phase shift offset, reference is made to both FIGS. 1 and 6 to
describe the calculation of the phase shift using an equivalent pi model of a transmission line
that characterizes a circuit including a conductor 123a between the reference monitoring
device 128 and the second monitoring device 130. Referring again to FIG. 9, the phase shift
offset is calculated by calculating the shunt admittance (506, 508), Y, between the reference
monitoring device 128 and the second monitoring device 130 (902). The admittance is
calculated based on retrieved model parameters according to Equations 2 and 4. Next, the
current flowing across the lumped impedance, 1., characterized by Zp, is calculated (904).
The current flowing across the lumped impedance is a function of the measured current, I,
the measured voltage, V,, and the calculated admittance, Y, as is provided in Equation 9. The
current flowing across the lumped impedance can be referred to as I, with “a” and “b”
referring the reference nodes labeled in FIG. 6, and Iy, is the current flowing from node a to
node b.

[0066] I.,=L+;V,.Y/2 (Equation 9)

[0067] In Equation 9, j equals the square root of negative one. Generally, I; and V,
can be complex numbers having a real and an imaginary component, although one or the
other may be chosen as a reference such that it has no imaginary component. If there is some
phase offset between I, and V,, then at least one of them generally has an imaginary
component. Next the voltage at the second monitoring device 130 is calculated (906) using
Equation 10, which is equivalent to Equation 6.

[0068] V.=V.+1y7Zp (Equation 10)

[0069] In Equation 10, Z; is given by Equation 5, 1, is given by Equation 9, and V, is
measured. The phase shift offset angle, AB, can then be calculated using Equation 8. In an
implementation the calculating Y (902), L, (904), and V (906) using the model parameters of
transmission line model and the measured current and voltage can constitute a method of

carrying out the calculating a phase shift offset (704) in FIG. 7.
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[0070] Referring again to FIG. 9, following the calculation of the phase shift offset,
which can be indicated by the phase shift offset angle, the system controller 132 can add the
phase shift offset to an associated cycle count offset to form an aggregate offset (908). The
adding to produce an aggregate offset (908) can be carried out for a pair of monitoring
devices (128, 130) in the power monitoring system 120 so long as the pair has an associated
cycle count offset. The associated cycle count offset can be generated according to the
method illustrated by the flowchart in FIG. 10, or by the similar methods discussed in
connection with the flowchart in FIG. 4. The aggregate offset is stored in the memory 133
(910) and entered in a matrix (912). In an implementation, adding the phase shift offset to
produce the aggregate offset (908) can be carried out when the cycle count offset is an integer
number of cycle counts and the phase shift offset is a fractional number of cycle counts less
than one. In an implementation where the cycle count offset is a number of degrees of the
phase shift offset angle, the aggregate offset can be produced by adding the cycle count offset
to the phase shift offset angle divided by 360 degrees. The aggregate offset is a real number
not limited to an integer number that represents a number of cycles of alignment offset
between data recorded on a reference monitoring device 128 and data recorded on a second
monitoring device 130. According to an aspect of the present disclosure, the phase shift
offset provides fine tuning to an associated cycle count offset by incrementing or
decrementing the aggregate offset by amounts less than one cycle. The aggregate offset
generally provides a more accurate determination of the temporal alignment between the two
monitoring devices (128, 130).

[0071] The phase shift offsets for each pair of monitoring devices (e.g., 128, 130) in
the power monitoring system 120 are managed in a phase shift offset matrix, P;. The phase
shift offset between a monitoring device pair (M;, M;) can be determined by subtracting or
adding the phase angle of the voltage at monitoring device number j, P;, from the phase angle
of the voltage at monitoring device number i, P;. The elements of the phase shift offset
matrix, Pj, 1s then calculated according to Equation 11. While Pj; refers to an element of the
phase shift offset matrix, the matrix as a whole can be referred to as P.

[0072] P;=Pi-P; (Equation 11)

[0073] For example, if the reference monitoring device 128 has a phase shift offset
angle, P; = 6° with respect to a reference phase angle, and the second monitoring device 130

has a phase shift offset angle, P, = 18°, then the phase angle offset between the two
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monitoring devices, Py, = -12°. Similarly, P,; = +12°. When i = j, the phase angle offset is
always zero because the Equation 11 is calculating the phase shift offset of a monitoring
device with itself. Table 1 provides an example of the phase shift offset matrix, P, having n
rows and n columns for a power monitoring system with n monitoring devices. Each row and

column of P includes every capable monitoring device in the power monitoring system 120.

P, P, P; Py | . P,
P, 0 Py, P Py P
P, Py 0 Py Py o Pn
P; Ps; P, 0 Py o P
P, Py Py P 0 o P
0
P, Pai Py Py3 Po o 0

Table 1. Phase Shift Offset Matrix

[0074]  The phase shift offset matrix, P, is a skew symmetric (anti-symmetric) matrix
because P = P; — P; = -Pji, and the diagonal components of P are zero, that is P = 0.
Furthermore, because Pj; is skew symmetric, the transpose of P, P" is equal to negative P (i.c.,
P'=—P).

[0075] Because the phase offsets for all monitoring devices in the power monitoring
system 120 move together as the reference signal moves, the phase shift offsets between any
monitoring device pair is constant, during steady-state conditions. The phase shift offsets
may fluctuate slightly as the load conditions change, but this can be factored in from periodic
readings and analysis of the measured current and measured voltage (e.g., V; and I;) with
respect to the transmission line model according to the above described methods in
connection with FIGS. 7 and 8.

[0076] FIG. 10 is a flowchart illustrating a method of associating a cycle count offset
between two monitoring devices. Reference signal data is received in the system controller

132 from the reference monitoring device 128 (1002). Second signal data is received in the
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system controller 132 from the second monitoring device 130 (1004). The reference signal
data and the second signal data can be data representing frequency variations in the measured
current or voltage at each cycle of a predetermined number of cycle counts of the measured
current or voltage. The system controller 132 analyzes the reference signal data and the
second signal data to determine a cycle count offset between the monitoring devices (128,
130) and associates the offset between the devices (1006). The system controller 132
associates the cycle count offset (1006) using the frequency variations in the received
reference signal data and second signal data to determine the cycle count offset needed to
align the frequency variations in the reference signal data with the frequency variations in the
second signal data. The system controller 132 can associate the cycle count offset between
the two devices (1006) by, for example, using the cross-correlation techniques discussed
above in connection with the flowchart illustrated in FIG. 4. The system controller 132 then
stores the cycle count offset in the memory 133 (1008).

[0077]  Furthermore, the cycle count offsets can be entered in a cycle count offset
matrix, M. The cycle count offset matrix is both fixed and unique for a given power
monitoring system 120, provided no monitoring device resets. If a monitoring device or
devices are reset while the algorithm is operating, the algorithm can note the reset and either
create an entirely new cycle count offset matrix or realign only those monitoring devices that
lost alignment by amending the entries of the cycle count offset matrix corresponding to the
monitoring devices that lost alignment. Similarly, responsive to a monitoring device being
reset, an entirely new phase shift offset matrix can be created, or the phase shift offset matrix
can be amended to replace entries corresponding to monitoring devices that lost alignment.

[0078]  An alternative implementation of present disclosure measures the sending and
receiving voltage data (Vs and V;) and the sending and receiving current data (I and I;)
concurrently. During measurement, the alignment algorithm logs the predetermined number
of consecutive cycle-by-cycle frequency data from each metering device, such as the
reference monitoring device 128 and the second monitoring device 130 (M; and M, in Figure
6). The voltages and current can be sampled more than once during the frequency logging
period to account for system operation changes. For example, one method is to sample V,
and V,, and I and I, at the beginning and end of the frequency logging period for each
respective monitoring device (128, 130), and using the average calculated voltage and current

values for the phase shift calculations. Furthermore, additional voltage and current
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measurements can be taken from each monitoring device (128, 130) during the frequency
logging period and weighted accordingly to determine a value to be used for calculating the
phase shift. At this point the frequency data from both monitoring devices (128, 130) have
not been aligned, so the sending and receiving voltages and currents from each device are not
synchronous with each other. However, during steady-state conditions they will be adequate
for alignment purposes.

[0079] FIG. 11 is an example of a large power monitoring system including a
reference monitoring device 128 and a second monitoring device 130 between two nodes
separated by a distance L. The power monitoring system in FIG. 11 includes several
generators (large numbered circles) and substations (smaller numbered circles). The phase
shift between Node 62 and Node 13 is calculated below based on a measured current and
measured voltage at Node 13, and model parameters characterizing the transmission line
between Nodes 62 and 13. The transmission line model is the equivalent pi model shown in
FIG. 6. In the configuration shown in FIG. 11, energy is flowing from Node 62 (sending
side) to Node 13 (receiving side).

[0080] For the purposes of the example calculation below the model is a three-phase,
60 Hertz system with the phases arranged in a wye configuration. The model parameters for
the transmission line model are as follows: the conductor has a length of 100 miles, the
resistance of the conductor is 0.129 Q/( mile - conductor ), the inductive reactance is 0.75 Q/
( mile - conductor ), and the capacitive reactance is 0.177 x 10° ( Q - mile )/ conductor. The
power received at Node 13 is 191.2 MW, with a power factor of 80% lagging the voltage, and
the line voltage received at Node 13 is 230 kV. The power factor can be expressed as an
angle, 0, with the magnitude of the power factor given by cos(0). The angle, 0, is a phase
angle by which the received current, I, trails the received voltage, V,, and can be used to find
the real and reactive components of I, with respect to V..

[0081] Using the parameters listed above, the values of the series resistance, R, the
inductive reactance, Xi, the capacitive reactance, Xc, and the admittance, Y, of the
transmission line model characterizing the transmission line between Node 62 and Node 13
are as follows:

[0082] R =0.129 Q/( mile - conductor ) X 100 miles =12.9 Q

[0083] Xp=0.75€Q/(mile - conductor ) x 100 miles =75 Q ,

[0084] Xc=0.177 x 10° ( Q- mile )/ conductor)/( 100 miles )= 1770 Q,
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[0085] Y/2=1/(2Xc)=1/(2x1770Q)=2.824x10"§S,
[0086] Zp=(12.9+]75)Q (lumped series impedance), and
[0087] ©=arccos(0.8)=-36.9°,
[0088] where O is negative because the power factor is lagging. The line current
received at Node 13, the magnitude of 1,, can be derived from the received power, Pow, the

received line voltage Vi, and the power factor.
[0089] Pow =43 V I, cos(0), so

[0090] I,=Pow/ (3 Vpp cos(0) )=191.2 x 10° W/(\'3 x 230 x 10° V x 0.8 ) = 600

[0091]  If the received line voltage, V,, is taken as reference, with a zero phase angle,

then

[0092] V,=V,/V3=230x10"V/\3=1328kV, and

[0093] 1,=600 A % (cos(0) +; sin(0)) =600 A x (0.8 —;0.6)=(480—-;360) A

[0094]  The current flowing through the lumped series impedance characterized by Zr,
is computed according to Equation 9 and the line-to-neutral voltage at Node 62, Vi, is
computed according to Equation 10:

[0095] Tp=L+;V,Y/2=(480—;360)A+;(132.8x10°V)(2.824x10")S

[0096] 1., =(480-;73225)A

[0097] V=V +I,Z =132.8 x10° V+(480—;3225)A(129+,;75)Q

[0098] V,=(163.2+;31.8)kV =166.8kV, with a phase angle of 11°.

[0099] Therefore, the phase shift offset between V, and V; is an angle of 11°, which
corresponds to a fractional cycle count offset of 11/360 or 0.03 cycles. In the example
provided, the phase shift offset is positive because V; leads V; by 11°. In other words, the
phase seen by the monitoring device on the sending side is causing a cycle shift of about 3%
compared to the monitoring device on the receiving side (in addition to any integer cycle
count offsets as determined from the frequency variations). These calculations can be
performed for all pairs of monitoring devices across the power monitoring system to
determine the phase shift offsets for all monitored points with respect to each other. In an
implementation, additional characteristics can optionally be incorporated into the calculations

as required to account for apparatuses that introduce phase shifts, such as phase shifts due to:
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transformer configurations, potential and current transformers, multiple paths, conductor
configurations, line lengths, and so forth. The example above determines the phase shift
offset of the sending side voltage Vi from the model parameters, measured power from the
receiving side, measured voltage from the receiving side, and measured power factor.
However, these calculations can also be performed using measurements from the sending
side to determine the phase shift of the receiving side voltage. The calculations can be
performed using the receiving side current instead of the power. Furthermore, the calculation
of the phase shift offset can be carried out by calculating the sending side current according
to Equation 7, and comparing with the receiving side current. In the calculations above, V,
was chosen as the reference voltage; however, the preference could have been to choose Vi as
the reference voltage with V, having a phase shift offset of -11°.

[00100] Loads and power factors vary, so there will be some variation in the
determined phase shift offsets. Because the transmission line models, and models for
apparatuses such as transformers, potential transformer, and the like, are static, periodically
reacquiring voltage and current readings from the monitoring devices is adequate to adjust
the phase shift offsets in most circumstances. Aspects of the present disclosure further
provide for creating a lookup table for cach monitoring device pair based on real and reactive
power flows between each monitoring device pair. The lookup table can be configured as a
matrix with a number of rows and a number of columns equal to the number of monitoring
devices in the power monitoring system. The lookup table can include phase shift offsets for
cach monitoring device pair for a given real and reactive load. Aspects of the present
disclosure are especially suitable for radial-fed power monitoring systems that have only one
path for currents to flow, but are not limited to such systems. The phase shift offsets coupled
with the cycle count offsets can produce a very precise understanding of how measured data
that was captured by a pair of monitoring devices differs with respect to time from one
another. These accurate offsets can be used in, for example, sequence of events analysis
(e.g., how and when a fault propagates through the electrical system), fault detection analysis
or other analyses, clock adjustment in the monitoring devices (e.g., converting the cycle and
phase shift offsets into a corresponding time value based on the system frequency), and
determining power flows through the electrical system being monitored.

[00101] While particular embodiments and applications of the present disclosure have

been illustrated and described, it is to be understood that the present disclosure is not limited
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to the precise construction and compositions disclosed herein and that various modifications,
changes, and variations can be apparent from the foregoing descriptions without departing

from the spirit and scope of the invention as defined in the appended claims.
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WHAT IS CLAIMED IS:
1. A method for automatically aligning measured power-related data in a power

monitoring system to a common reference point, comprising;:

receiving over a communications network from a reference monitoring device in the
power monitoring system a voltage and a current measured by the reference

monitoring device;

retrieving from a memory model parameters of a transmission line model that
characterizes a circuit including a conductor connected between the reference
monitoring device and a second monitoring device in the power monitoring

System;

calculating a phase shift offset according to a function that includes the measured
voltage, the measured current, and the model parameters, the phase shift offset
indicating a phase difference of the current or voltage between the reference

monitoring device and the second monitoring device; and

storing the phase shift offset associated with the reference monitoring device and the

second monitoring device.

2. The method of claim 1, wherein the model parameters include a series resistance and

a series inductance.

3. The method of claim 2, wherein the model parameters further include a shunt
admittance.
4. The method of claim 3, wherein the model parameters further include a shunt

conductance as part of the shunt admittance.

5. The method of claim 1, further comprising:
calculating the series resistance, the series inductance, or the shunt admittance using
modeling data associated with the transmission line model, the modeling data
including a frequency of the voltage or the current measured by the reference
monitoring device, a length of the conductor between the reference monitoring
device and the second monitoring device, a spacing distance between the

conductor and an other conductor carrying current between the reference
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monitoring device and the second monitoring device, a cross-sectional area of

the conductor, or a material of the conductor; and

storing the calculated series resistance, the series inductance, or the shunt admittance

in the memory.

6. The method of claim 1, further comprising:
receiving an input indicative of the series resistance, the series inductance, or the

shunt admittance; and

storing the inputted series resistance, series inductance, or shunt admittance in the

memory.

7. The method of claim 1, wherein the voltage measured by the reference monitoring
device is a potential between the conductor and an other conductor carrying current between
the reference monitoring device and the second monitoring device, wherein the potential is
measured at the reference monitoring device.

8. The method of claim 7, wherein the other conductor is a necutral conductor, and
wherein the conductor is a line conductor.

9. The method of claim 6, wherein the conductor is a line conductor carrying a first
phase of the current, and the other conductor is a second line conductor carrying a second
phase of the current.

10.  The method of claim 3, wherein the calculating the phase shift offset includes:

calculating the shunt admittance;

calculating a current flowing across a lumped series impedance of the transmission
line model as a function of the measured current, the measured voltage, and
the calculated admittance, the lumped series impedance representing both the

series resistance and a reactance of the series inductance; and

calculating a voltage at the second monitoring device as a function of the measured

voltage and the current flowing across the lumped series impedance.

11.  The method of claim 1, further comprising:
adding the phase shift offset to a determined cycle count offset associated with the
reference monitoring device and the second monitoring device, the cycle count

offset representing an integer number of cycles that a measured characteristic
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by the reference monitoring device is to be added to or subtracted from a cycle
count of the measured characteristic by the second monitoring device at a
measured time, the cycle count representing a number of -consecutive cycles
of the measured voltage or current counted by the reference monitoring device
or the second monitoring device.

12.  The method of claim 11, wherein each of the cycles represents a period between

consecutive positive zero crossings of the measured voltage or current or between

consecutive negative zero crossings of the measured voltage or current.

13. The method of claim 1, wherein the power monitoring system includes an apparatus

that introduces a phase shift in the current or voltage measured by electrical circuits

downstream of the apparatus relative to electrical circuits upstream of the apparatus.

14. The method of claim 1, wherein responsive to the storing the phase shift offset, the

measured current or the measured voltage of the reference monitoring device are

synchronized to the same common reference point with the current or voltage measured by

the second monitoring device.

15. The method of claim 1, further comprising:

receiving reference signal data from the reference monitoring device, the reference

signal data representing frequency variations in the measured current or
voltage at each cycle of a predetermined number of cycle counts of the

measured current or voltage by the reference monitoring device;

receiving second signal data from the second monitoring device, the second signal
data representing frequency variations in the measured current or voltage at
cach cycle of a predetermined number of cycle counts of the measured current

or voltage by the second monitoring devices;

associating a reference one of the cycle counts of the measured current or voltage by
the reference monitoring device with a corresponding one of the cycle counts
of the measured current or voltage by the second monitoring device using the
frequency wvariations in the measured current or voltage by the reference
monitoring device and the frequency variations in the measured current or
voltage by the second monitoring device to produce a cycle count offset

between the reference cycle count and the corresponding cycle count; and
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storing the cycle count offset.

16.  The method of claim 15, further comprising adding the phase shift offset to the cycle

count offset to produce an aggregate offset, and storing the aggregate offset as an indication

of how many cycles the measured current or voltage by the reference monitoring device lags

or leads the measured current or voltage by the second monitoring device.

17.  The method of claim 1, wherein the receiving, the retrieving, the calculating, and the

storing are carried out using a controller remote from the reference monitoring device and the

second monitoring device.

18.  The method of claim 1, further comprising instructing the reference monitoring device

or the second monitoring device to adjust a time reference of the reference monitoring device

or the second monitoring device based on at least the phase shift offset to cause the voltage or

current measured by the reference monitoring device and the second monitoring device to be

synchronized to the common reference point.

19.  The method of claim 1, wherein the power monitoring system includes a plurality of

monitoring devices including the reference and second monitoring devices, the method

further comprising;:

calculating the phase shift offset associated with each of the monitoring devices

relative to every other of the monitoring devices and storing the corresponding
phase shift offset in a phase shift offset matrix having a number of rows
corresponding to the number of monitoring devices in the power monitoring
system and a number of columns corresponding to the number of monitoring

devices in the power monitoring system.
20.  The method of claim 1, further comprising:

measuring a real and reactive power flow between the reference monitoring device

and the second monitoring device; and

storing the calculated phase shift offset and an indication of the real and reactive
power flow in a matrix for providing a phase shift offset for a given real and

reactive load.

21. A computer readable medium encoded with instructions for directing a controller to
perform the method of claim 1.

22. A power monitoring system for aligning data, comprising:
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a system controller coupled to a memory;

a reference monitoring device having a communication interface, a controller, and a
sensing circuit, the communication interface being coupled to the system
controller; and

a second monitoring device having a communication interface coupled to the system
controller, a controller, and a sensing circuit, the communication interface
coupled to the system controller, and wherein the system controller is remote
from the reference monitoring device and the second monitoring device;

wherein the system controller is configured to:
receive from the reference monitoring device a voltage and a current

measured by the reference monitoring device;

retrieve from the memory model parameters of a transmission line model that
characterizes a circuit including a conductor connected between the

reference monitoring device and the second monitoring device;

calculate a phase shift offset according to a function that includes the
measured voltage, the measured current, and the model parameters, the
phase shift offset indicating a phase difference of the current or
voltage between the reference monitoring device and the second

monitoring device; and

store the phase shift offset associated with the reference monitoring device

and the second monitoring device.

23.  The power monitoring system of claim 22, wherein the reference monitoring device
and the second monitoring device are power meters.

24.  The power monitoring system of claim 22, wherein the model parameters include a
series resistance and a series inductance.

25. The power monitoring system of claim 24, wherein the model parameters further
include a shunt admittance.

26. The power monitoring system of claim 22, wherein the system controller is further
configured to calculate the phase shift offset by:

calculating a shunt admittance;
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calculating a current flowing across a lumped series impedance of the transmission
line model as a function of the measured current, the measured voltage, and
the calculated admittance, the lumped series impedance representing the sum

of the series resistance and a reactance of the series inductance; and

calculating a voltage and a phase angle at the second monitoring device as a function
of the measured voltage and the current flowing across the lumped series

impedance.

27. The power monitoring system of claim 22, wherein the system controller is further
configured to:
add the phase shift offset to a determined cycle count offset associated with the
reference monitoring device and the second monitoring device, the cycle count
offset representing an integer number of cycles that a measured characteristic
by the reference monitoring device is to be added to or subtracted from a cycle
count of the measured characteristic by the second monitoring device at a
measured time, a cycle count representing a number of consecutive cycles of
the measured voltage or current counted by the reference monitoring device or
the second monitoring device.
28.  The system of claim 22, wherein the system controller is further configured to:
receive reference signal data from the reference monitoring device, the reference
signal data representing frequency variations in the measured current or
voltage at each cycle of a predetermined number of cycle counts of the

measured current or voltage by the reference monitoring device;

receive second signal data from the second monitoring device, the second signal data
representing frequency variations in the measured current or voltage at each
cycle of a predetermined number of cycle counts of the measured current or

voltage by the second monitoring devices;

associate a reference one of the cycle counts of the measured current or voltage by the
reference monitoring device with a corresponding one of the cycle counts of
the measured current or voltage by the second monitoring device using the
frequency wvariations in the measured current or voltage by the reference

monitoring device and the frequency variations in the measured current or
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voltage by the second monitoring device to produce a cycle count offset

between the reference cycle count and the corresponding cycle count; and

store the cycle count offset in the memory.
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