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DISTRIBUTION SYSTEM ANALYSIS USING METER DATA

INVENTOR:

Jeffrey D. Taft

BACKGROUND

Technical Field

[0001] This application relates to electrical system analysis and, in particular,

to electrical distribution system analysis.

Related Art
[0002] Phasor data may be used to analyze power systems such as
transmission systems. The phasor data may be synchronized allowing various
analyses to be completed for conductor lines in the power system using
synchronized system data. However, sensors used for obtaining the phasor data
may be spaced far apart along conductor lines, which may reduce accuracy in

locating a problem with a conductor line based on the phasor data.

SUMMARY

[0003] According to an embodiment, a monitoring system configured to
determine at least one phase conductor condition in a distribution system may
include a first sensor positioned at a location along a phase conductor line. The first
sensor may be configured fo generate a first set of synchrophasor data. The
monitoring system may include a second sensor positioned at a second location
along the phase conductor line. The second sensor may be configured to generate
a second set of synchrophasor data. The monitoring system may include a
processor configured {o receive the first set of synchrophasor data and the second
set of synchrophasor data. The processor may be further configured to determine a
primary side voltage of at least one distribution transformer electrically connected to
the phase conductor based on a secondary side voltage of the at least one

distribution transformer. The processor may be
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further configured to determine at least one phase conductor condition based on the
first set of synchrophasor data, the second set of synchrophasor data, and the
primary side voltage of the at least one distribution transformer.

[0004] According to an embodiment, a method of determining at least one
condition of a phase conductor line may include receiving a first set of
synchrophasor data associated with the phase conductor line. The method may
further include receiving a second set of synchrophasor data associated with the
phase conductor line. The method may further include determining a primary side
voltage of at least one distribution transformer based on a secondary side voltage of
the at least one distribution transformer. The method may further include
determining the at least one phase conductor line condition based on the first set of
synchrophasor data, the second set of synchrophasor data, and the primary side
voltage of the at least one distribution transformer.

[0005] According to an embodiment, a computer-readable medium may be
encoded with computer executable instructions executable with a processor. The
computer-readable medium may include instructions executable to receive a first set
of synchrophasor data associated with a phase conductor line and instructions
executable to receive a second set of synchrophasor data associated with the phase
conductor line. The computer-readable medium may further include instructions
executable fo determine a primary side voltage of at least one distribution
transformer based on a secondary side voltage of the at least one distribution
transformer. The computer-readable medium may further include instructions
executable to determine at least one phase conductor line condition based on the
first set of synchrophasor data, the second set of synchrophasor data, and the
primary side voltage of the at least one distribution transformer.

[0006] According to an embodiment, a method of determining a plurality of
sensor points in a distribution system to obtain synchronized data may include
loading a map representative of a distribution system. The method may further
include determining a first set of sensor points on the map at a first level of the
distribution system based on first predetermined criteria. The method may further
include determining a second set of sensor points on the map at the first level of the

distribution system based on a user input criteria.
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[0007] According o an embodiment, a method of determining a primary side
voltage of a distribution transformer may include determining a first current flowing
through a secondary winding of the distribution transformer at a plurality of time
instants. The determination of the first current may be based on current meter data
generated by a plurality of metered loads connected to a secondary side of the
distribution transformer. The method may include determining a second current
flowing through the secondary winding of the distribution transformer at the plurality
of time instants. The determination of the second current is based on current meter
data generated by the plurality of metered loads connected to the secondary side of
the distribution transformer.

[0008] The method may include determining a total current flowing to the
plurality of metered loads for each of the plurality of time instants based on the first
current at the plurality of time instants and the second current at the plurality of time
instants. The method may include receiving a respective meter voltage from each of
the plurality of metered loads at each of the plurality of time instants. The method
may include determining a secondary side voltage of the distribution transformer at
each of the plurality of time instants based on the first current, the second current,
the total current, and the respective meter voltages at the plurality of time instants.
The method may include determining the primary side voltage based on the
secondary side voltage determined at one of the plurality of time instants.

[0009] In one example, the plurality of time instants may be a first time instant,
a second time instant, and a third time instant. In another example, the respective
meter voltage from each of the plurality of metered loads at each of the plurality of
time instants may be a respective meter voltage from a first meter and a second
meter at each of the plurality of time instants. In another example, the method may
include determining the secondary side voltage of the distribution transformer at
each of the plurality of time instants based on respective service line drop losses. In
another example, the method may include determining the secondary side voltage of
the distribution transformer at each of the plurality of time instants based on common
line losses.

[0010] According to an embodiment, a system to determine a primary side
voltage of a distribution transformer may include a processor configured to determine

a first current flowing
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through a secondary winding of a distribution transformer at a plurality of time
instants based on current meter data generated by a plurality of metered loads
connected to the secondary side of the distribution transformer. The processor may
be configured to determine a second current flowing through the secondary winding
of a distribution transformer at the plurality of time instants based on current meter
data generated by the plurality of metered loads connected to the secondary side of
the distribution transformer.

[0011] The processor may be configured to determine a total current flowing
to the plurality of metered loads for each of the plurality of time instants based on the
first current at the plurality of time instants and the second current at the plurality of
time instants. The processor may be configured to receive a respective meter
voltage from each of the plurality of metered loads at each of the plurality of time
instants. The processor may be configured to determine a secondary side voltage of
the distribution transformer at each of the plurality of time instants based on the first
current, the second current, the total current, and the respective meter voltages at
the plurality of time instants. The processor may be configured to determine the
primary side voltage based on the secondary side voltage determined at one of the
plurality of time instants.

[0012] in one example, the plurality of time instants may be a first time instant,
a second time instant, and a third time instant. in another exampie, the respective
meter voltage from each of the plurality of metered loads at each of the plurality of
time instants may be a respective meter voltage from a first meter and a second
meter at each of the plurality of time instants. In another example, the processor
may be further configured to determine the secondary side voltage of the distribution
transformer at each of the plurality of time instants based on respective service line
drop losses. In another example, the processor may be further configured to
determine the secondary side voltage of the distribution transformer at each of the
plurality of time instants based on common line losses.

[0013] According to an embodiment, a computer-readable medium encoded
with computer executable instructions that are executable with a processor may
include instructions executable to determine a first current flowing through a
secondary winding of a distribution transformer at a plurality of time instants based

on current meter data generated by a
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plurality of metered loads connected to a secondary side of the distribution
transformer. The computer-readable medium may include instructions executable to
determine a second current flowing through the secondary winding of the distribution
transformer at the plurality of time instants based on current meter data generated by
the plurality of metered loads connected to the secondary side of the distribution
transformer.

[0014] The computer-readable medium may include instructions executable to
determine a total current flowing to the plurality of metered loads for each of the
plurality of time instants based on the first current at the plurality of time instants and
the second current at the plurality of time instants. The computer-readable medium
may include instructions executable to receive a respective meter voltage from each
of the plurality of metered loads at each of the plurality of time instants. The
computer-readable medium may include instructions executable to determine a
secondary side voltage of the distribution transformer at each of the plurality of time
instants based on the first current, the second current, the total current, and the
respective meter voltages at the plurality of time instants. The computer-readable
medium may include instructions executable to determine a primary side voltage of
the distribution transformer based on the secondary side voltage determined at one
of the plurality of time instants.

[06015] In one example, the plurality of time instants may be a first time instant,
a second time instant, and a third time instant. In another example, the respective
meter voltage from each of the plurality of metered loads at each of the plurality of
time instants may be a respective meter voltage from a first meter and a second
meter at each of the plurality of time instants. In another example, the computer-
readable medium may include instructions executable to determine the secondary
side voltage of the distribution transformer at each of the plurality of time instants
based on respective service line drop losses. In another example, the computer-
readable medium may include instructions executable to determine the secondary
side voltage of the distribution transformer at each of the plurality of time instants

based on common line losses.
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[00615a] According to a first aspect, there is provided a monitoring system
configured to determine at least one phase conductor line condition in each of a
plurality of segments of a phase conductor line of a distribution system, the
monitoring system comprising: a first sensor positioned at a first location along the
phase conductor line, wherein the first sensor is configured to generate a first set of
synchrophasor data; a second sensor positioned at a second location along the
phase conductor line, wherein the second sensor is configured to generate a second
set of synchrophasor data; and a processor configured to receive the first set of
synchrophasor data and the second set of synchrophasor data and to determine a
primary side voltage of at least one distribution transformer electrically connected to
the phase conductor based on a secondary side voltage of the at least one
distribution transformer, wherein the processor is further configured to determine at
least one phase conductor line condition comprising at least power dissipation in
each of the plurality of segments based on the first set of synchrophasor data, the
second set of synchrophasor data, and the primary side voltage of the at least one
distribution transformer.

[0015b] According to a second aspect, there is provided a method of
determining at least one condition in each of a plurality of segments of a phase
conductor line, the method executable by a computer device having a processor and
memory, the computer device coupled with at least one data capture device or
system, the method comprising: receiving, by the computer device, a first set of
synchrophasor data associated with the phase conductor line; receiving, by the
computer device, a second set of synchrophasor data associated with the phase
conductor line; determining, by the processor, a primary side voltage of at least one
distribution transformer based on a secondary side voltage of the at least one
distribution transformer; and determining, by the processor, the at least one phase
conductor line condition comprising at least power dissipation in each of the plurality
of segments based on the first set of synchrophasor data, the second set of
synchrophasor data, and the primary side voltage of the at least one distribution
transformer.
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[0015c] According to a third aspect, there is provided a computer-readable
medium encoded with computer executable instructions for determining at least one
phase conductor line condition in each of a plurality of segments of a phase
conductor line, the computer executable instructions executable with a processor,
the computer-readable medium comprising: instructions executable to receive a first
set of synchrophasor data associated with the phase conductor line; instructions
executable to receive a second set of set of synchrophasor data associated with the
phase conductor line; instructions executable to determine a primary side voltage of
at least one distribution transformer based on a secondary side voltage of the at
least one distribution transformer; and instructions executable to determine at least
one phase conductor line condition comprising at least power dissipation in each of
the plurality of segments based on the first set of synchrophasor data, the second
set of synchrophasor data, and the primary side voltage of the at least one
distribution transformer.

[0016] Further objects and advantages of the present invention will be

apparent from the following description, reference being made to the accompanying
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drawings wherein the preferred embodiments of the present invention are clearly

shown.

Brier DESCRIPTION OF THE DRAWINGS

[0017] The innovation may be better understocod with reference to the
following drawings and description. The components in the figures are not
necessarily to scale, emphasis instead being placed upon iliustrating the principles of
the invention. Moreover, in the figures, like-referenced numerals designate

corresponding parts throughout the different views.

[0018] FIG. 1is a diagrammatic view of an example of a distribution system;
[0019] FIG. 2 is an example of a T-equivalent circuit of a distribution system;
[0020] FIG. 3 is an example of a technique for decomposing a T-equivalent
circuit;

[0021] FIG. 4 is another example of a technique for decomposing a T-
equivalent circuit;

[0022] FIG. 5 is an example of the decomposed T-equivalent circuit of FIG. 2;
[0023] FIG. 6 is a diagrammatic view of a portion of a distribution system;,
[0024] FIG. 7 is a flow diagram of an example operation used fo determine a

primary side voltage of a distribution transformer;
[0025] FIG. 8 is an exampie of a system configured to determine state

variable values in a distribution system;
[0026] FIG. 9 is an example of a system configured to determine line

conductor faults;
[0027] FiG. 10 is a flow diagram of an example operation to determine phase

conductor line faults in a distribution system; and
[0028] FIG. 11 is a flow diagram of an example operation to determine sensor

points in a disfribution system.

DETAILED DESCRIPTION

[0029] FIG. 1 depicts a diagrammatic view of an example distribution system

100. The distribution system 100 may include a substation 102 that supplies power

6
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along a phase conductor line 104 to a circuit termination 106. Distribution systems,
such as the distribution system 100, may include more than one phase conductor,
such as in a three-phase utility distribution system. The diagrammatic view of FIG. 1
illustrates a single phase as an example; however, the concepts described may
apply to a distribution system implementing a plurality of phases, such as in a 2-
phase or 3-phase utility distribution system.

[0030] The distribution system 100 may include a plurality of feeder circuits
108. Each feeder circuit 108 is individually designated as FC+ through FCp in FIG. 1.
Each feeder circuit 108 may be configured to supply power to one or more customer
circuits. Each feeder circuit 108 may be electrically connected to a secondary side
of a corresponding distribution transformer 110. Each distribution transformer 110 is
individually designated as DTy through DTe. In one example, each distribution
transformer 110 may be configured to step down (e.g., transform the voltage from a
higher voltage at the primary side to a lower voltage at the secondary side) a voltage
supplied from the substation 102 and to provide the stepped down voltage to the
corresponding feeder circuit.

[0031] Sensors 112 may be placed along the phase conductor line 104 to
measure various values associated with the phase conductor line 104, such as
voltage and current at a point along the phase conductor line 104, In one example,
sensors 112 may be configured to generate synchrophasor data, which may include
voltage phasor measurements and current phasor measurements that are
synchronized with simultaneous measurements occurring elsewhere within an
associated distribution system. In FIG. 1, the sensors 112 are designated
individually as S1 and S2, which may each measure phasor voltages and currents at
a point of connection along the phase conductor line 104. The data collected by
each sensor S1 and S2 may be synchronized for allowing various portions of the
system to be monitored at a single point in time. In FIG. 1, the sensors 112 are
shown as being located at ends of the phase conductor line 104. In alternative
examples, the sensors 112 may be placed at any location aiong the phase conductor
line 104, and more than two sensors may be positioned along the phase conductor
line 104. The distribution system 100 may also include other circuit levels below the

feeder circuits 108.
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[0032] in the configuration shown in FIG. 1, voltages and currents associated
with each feeder circuit 108 may be measured to determine the voitage and currents
of the secondary side transformer of each corresponding distribution transformers
110. Each of these secondary side transformer voitages may be used to determine
a corresponding primary side voltage of each distribution transformer 110. Each
primary side voltage may be used along with synchrophasor data obtained from the
sensors 112 to make determinations about the line conditions of the phase
conductor line 104.

[0033] FIG. 2 shows a diagrammatic view of sensors 200 configured to
generate synchrophasor data that may be positioned along a section 202 of the
phase conductor line 104, In one example, the section 202 may be the entire phase
conductor line 104 as illustrated in FIG. 1. FIG. 2 shows the section 202 between
the sensors 200 as being modeled as a T-equivalent circuit. The phase conductor
line 104 may include one or more equivalent impedances, which may be represented

as Z, blocks in FIG. 2 and any load impedance being designated as block Zy. The
arrow through the ZN block indicates the manner in which the load impedance may

vary over time. In one example, the load impedance ZN may represent one or more

feeder circuits electrically connected to the line section 202.

[0034] Similar to the sensors 112, the sensors 200 may be used to measure
voltage and current phasors synchronized in a distribution system. These
measurements allow state variables to either be measured or calculated for the T-
equivalent model, which may provide relevant information used to determine a
system response to new inputs. The manner in which a system reaches a present
state has no effect on a future state. For a given state and admissible input, the
future state of the system is uniquely determined. For example, the sensor §1 may

measure the voltage phasor ¥, and current phasor f at the point of connection of
the line section 202. Similarly, the sensor S2 may measure the voltage phasor \72

and current phasor TQ at the point of connection of the line section 202. These
values may be determined so that they are synchronized and used to calculate other

state variables associated with the T-equivalent circuit, such as Z,, Z,, V,, and L.
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Using the measured phasor voltages and currents, these values may be determined

using a set of state variables equations set forth below:

EQN. 1 Z, =V, -0 +T)
EQN. 2 Y =¥%-1Z=V,-1%
EQN.3 I, =1-T,
EQN. 4 Zy =V,
[0035]} Using the synchrophasor data obtained on measurements by the

sensors 200 allows the state variables to be determined at any instantaneous
moment in time when the measurements of the sensors 200 are synchronized in
time, such as through a global positioning system (GPS). The measurements of the
state variables allow various phase conductor line conditions along the line section
202 to be determined, such as line temperature, which may be determined based on
power dissipation. Additional measurements along the line section 202 may allow
more resolution in determining power dissipation along the line section 202. In one
example, the T-equivaient circuit 204 may be decomposed into smalier T-sections.

[0036] The T-equivalent circuit produces a T-matrix relating the \Nfl, z values

to the V,, T,values as follows:

s [
| |lc Dl

where the T-matrix is a transfer function providing a relationship between input
voltages and currents and output voltages and currents of a T-equivalent circuit.

[0037]1 in one example, the T-matrix may be decomposed into P different T-
sections. FIG. 3 shows a flow diagram of an example decomposition technigue 300
of a T-equivalent circuit info P T-sections. in FIG. 3, the eigenvectors may be
determined through an eigenvector analysis. As shown in FIG. 3, the eigenvectors
ultimately allow P different T-sections to be determined. The eigenvector technique
of FIG. 3 uses two properties of matrices: the matrix eigenvectors may be used to
calculate an equivalent matrix that is diagonal in form; and the P" root of a diagonal

9
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matrix may be found by calculating the P™ root of each of the diagonal entries
independently. Using this technique, the T-matrix may be decomposed into an
arbitrary number of T-sections, which may be cascaded back together to yield the

original T-matrix.

foa3as] in another example, the T-matrix of Eqn. 5 may be decomposed info
smaller T-sections for analysis. In one example, the T-matrix may be factored into
two square root components 400 as shown in FIG. 4. This decomposition technique
allows N factorizations to occur resulting in 2N T-sections,

[0039] Applying the decomposition technigue of FIG. 3 to the T-equivalent
circuit 204 of FIG. 2 may result in P concatenated T-equivaient circuits such as that
shown in FIG. 5. Each T-section may include a line impedance represented by
respective Z, blocks and a respective load impedance Z,. In one example, a line
section 202 may include P feeder circuits between each synchrophasor S1 and S2,
such as the feeder circuits 108 shown in FIG. 1. This allows each T-section in FIG. 5
to include representation of a distribution transformer associated with a feeder

circuit.
[0040] Including representation of a distribution transformer in each T-

section may allow the primary side voltage of each distribution transformer to

represent an estimate of the magnitude of each node voltage V., 1 through P,
associated with each T-section during analysis. Once each node voltage V,, is
established, the voltage drops between adjacent node voltages V,,, as well as

between each sensor S1 and S2, and an adjacent node voltage V, may be

determined based on system measurements. The voltage drops allow the various
line conditions to be determined, such as line temperatures based on dissipated

power in line sections. For example, when Z, in a T-equivalent circuit of FIG. 2 is
determined, the impedance per distance may be determined since the length of the
line section 202 is typically known or may be estimated, Thus, each impedance Z,

of the smaller T-sections in FIG. 5 may be determined based on the line [ength either
between a sensor S1 and 82 and an adjacent distribution transformer or between

adjacent distribution transformers.

10
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[0041] In one example, the power dissipated may be determined through the
relationship of P=V?R, where V is the voltage drop between adjacent voltage nodes

V,, or between a sensor 200 and a voltage node V. R is the real part of the line

impedances between voltage values, either from the distribution transformers or the
sensors, The dissipated power may be used {o determine temperatures of segments
between sensor points (e.g., sensors and the primary side of a distribution
transformer) of the line section 202, which may be used for fault analysis.

[0042] in one example, the primary side voltage of a distribution transformer
600 may be determined based on a respective secondary side voliage. FIG. 6
shows an example of a feeder circuit configuration that may be used fo determine
primary side distribution transformer voltages. FIG. 6 shows a phase conductor line
602. A primary winding 604 of the distribution transformer 600 may be electrically
connected to the phase conductor line 602 and have a primary side voltage Ve. A
secondary winding 606 of the distribution transformer 600 may be electrically
connected to one or more customers forming loads on the secondary side of the
transformer 600. In the example of FIG. 6, two customer circuits 608, 610 are
shown, but more customer circuits may be connected fo the distribution transformer
602. Each customer circuit 608, 610 is shown as being connected fo the secondary
winding 606 in a split-phase configuration. The split-phase connection allows a
customer circuit to be connected across the secondary winding 606, with a center
tap 612 shown as being grounded. The split-phase configuration allows a secondary
side voltage Vs to be received by the customer circuits 608, 610. In other examples,
the customer circuits may be connected to the secondary winding 606 in any other
configuration.

[0043] Power distributed to each customer circuit 608, 610 may be
measured and recorded with a meter 614, 616, respectively. Each meter 614, 616
may include a processor 618, 620, respectively, and a memory 622, 624,
respectively. The meters 614, 616 may use the respective processors and
memories to process the power consumption. Each meter 614, 816 may include an
analog-to-digital converter (not shown) allowing the meters 614, 616 to process
digital power usage data. Each meter 614, 616 may operate in substantially the

1
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same manner in FIG. 8, thus an example describing customer circuit 608 may apply
to customer circuit 610, as well as to other customer circuits that may be connected
to the feeder circuit shown in FIG. 6.

[0044] In one example, customer circuit 608 may be consuming power
supplied from the phase conductor line 600. In the split-phase configuration shown
in FIG. 8, current |y may flow through the secondary winding 606 through conductor
line 611 and current 1, may flow through conductor line 613. The conductor lines
611, 613 may each include common line losses Rg1 and Rgp, which represent
common line losses shared by each connected customer circuit. At least a portion of
each of the currents |; and I, may flow through branches 626, 628, respectively, of
the customer circuit 608 and are represented by branch currents sy and lgq in FIG. 6.
[0045] Each branch 626, 628 may each include a service drop line loss Ry,
R4z, respectively. The branch currents la; and lgq each flow through the meter 614.
The meter 614 may include internal current meters 630, 632 to measure branch
currents Ia and Ig1. The meter 614 may also include an internal volt meter 634 that
may determine meter voltage Vi based on the current differential between branch
currents fa: and lgq. The customer circuit 608 may also include a load represented
as Ry and Rz in FIG. 6.

[0046] Similarly, the customer circuit 610 may receive branch currents laz
and lgs, which may each be only a portion of currents 11 and I, respectively. Each
branch current |a; and lg; may flow through a respective branch 636, 638 having the
service drop line losses Ry, Rg. The branch currents lap and Igz may be measured
by the meter 616, and a meter voltage Vi, may be determined for the customer
circuit 610. The customer circuit 610 may include a load represented as Ri; and Ry
in FIG. 6.

[0047] In one example, a relationship between the meter voltages Vi and
Vmz and the secondary voltage Vs may be used to determine the secondary voltage

Vs. The relationship may be represented as:
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In Eqn. 6, “[1]" may represent the value of the respective variable at a first time
instant, “[2]" may represent the value of the respective variable at a second time
instant, and “[3]" may represent the value of the respective variable at a third time
instant. In Eqn. 6, various assumptions may be made such as Rs1=Rs;=Rs/2 and
Ry1=Rg. In other examples, additional time instants may be used.

[0048] In Eqn. 6, ly=l4+l; and represents the total current flowing through the
customer circuits. Currents Iy and I may be found by summing the currents in the
corresponding branches of each customer circuit. This allows current Iyto be
determined by using the current values determined by each meter and summing the
measured currents together. In Egn. 8, the matrix containing current values may be
inverted and multiplied by the matrix containing the meter voltages Vs and Vi, at
three selected time instants. This allows the matrix containing the secondary voltage
Vs to be determined for the three selected time instants. Thus, each determined
secondary voltage Vs[1], Vg[2], and Vs[3] may each be used for the respective time
instant. Each of these values may be used to determine the primary voltage Vp at
the respective time instant based on the turns ratio of the transformer 602.

[0049]) The configuration of FIG. 6 depicts an example in which metered
loads associated with customer circuits on a distribution system may be used to
determine the primary side voltage of a connected transformer delivering power fo
the load. In other examples, the metered loads may be used to determine the
primary side voltage of a transformer providing power {o the metered loads with
equipment positioned between the metered loads and the transformer. For example,
in the configuration shown in FIG. 6, various equipment such as relays or switches
may be connected between the customer circuits 608, 610 and the transformer 600.
in other examples, other transformers may be positioned between the transformer
600 and the customer circuits 608, 610. The metered loads associated with the
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customer circuits 608, 610 may be used in these alternative examples to determine a
primary side voltage associated with the transformer 600 connected to the phase
conductor line

[0050] The primary side voltage of distribution transformers, such as the
distribution transformer 600, may be determined in other manners. In one example,
a distribution system may include a power-line based communication system. The
power-line-based communication system may be configured to operate on a
distribution system such as the distribution system 100 in FIG. 1. The power-line-
based communication system may include bridge elements located at each
distribution transformer, such as distribution transformers DTy through DTp. The
bridge elements may allow the secondary side transformer voltages to be measured
and ftransmitted along the power-line-based communication system. Each
secondary side transformer voltage may be used to determine the corresponding
primary side voltage based on the turns ratio.

[0051] FIG. 7 shows a flow diagram of an example operation fo determine a
primary side voltage of a distribution transformer. A step 700 may include
determining measured currents flowing through each branch of each customer circuit
connected fo a secondary side of the distribution transformer for a piurality of time
instants. In one example, the step 700 may be performed using meters connected in
the manner shown in FIG. 6 in regard to the meters 614, 616. This arrangement
allows each meter to measure current flowing through a respective branch for a
number of time instants, such as three time instants. These currents may be
summed together at each time instant for each branch providing the total current
flowing through the corresponding branches.

[0052] The operation may also include a step 702 of determining the total
current flowing through each customer circuit for the plurality of time instants. in one
example, the total current at each of the plurality of time instants may be found by
summing the currents measured by each meter at each of the plurality of fime
instants. In one example, step 702 may be performed using meters such as the
meters 614, 616 shown in FIG. 6. The operation may also include a step 704 of
determining a first meter voltage and a second meter voltage at the plurality of time
instants. In one example, step 704 may be performed in a manner described in
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regard to FIG. 6 using the meters 614, 616. The operation may also include a step
706 of determining a secondary side voltage of the distribution transformer at each of
the piurality of time instants. In one exampie, step 708 may be performed in a
manner described in regard to FIG. 6, which may use Eqn. 6 to determine the
secondary side voltages at each of three fime instants. The operation may also
include a step 708 of determining the primary side voltage of the distribution
transformer. In one example, this may be performed by determining the primary side
voltage using a turns ratio and the secondary side voltage of the distribution
transformer.

[0053] Determining a primary side transformer voltage, or node voltage \N/'N,

for each associated T-section shown in FIG. 6 allows the node voltages to be used
to determine power losses along sections of a phase conductor as previously
described. In one example, the analysis to determine phase conductor line
conditions may be determined using example configurations shown in FIGS. 8 and 9.
FIG. 8 shows an example system configured to generate state variables using
phasor data obtained from a pair of sensors, which may be used to generate
synchrophasor data for a phase conductor line section between the pair of sensors,
such as that shown in FIG. 1. The associated state variables may be used to
determine phase conductor line conditions, such as temperature based on power
dissipation. Primary side voltages, such as those determined based on meter data
may be used for various other applications, such as feeder voltage regulation,
distribution transformer detection an d classification, power outage detection and
localization, and power restoration tracking, for example.

[0054] The system of FIG. 8 is shown as receiving voltage and current
measurements for a three-phase system having phases A, B, and C. The voltages
Va through V¢ and the currents |5 through Ic may be determined through line sensors
(not shown). The sensed voltages V4 through V¢ and sensed currents I through Ic
may be received by a respective A/D converter 802 through 812, The digitized
voltage and current data may be received and stored in a respective digital storage
device, such as the data ring buffers 814 through 824. The digitized data may be
used to determine the state variable vaiues for each phase at a particular time. The
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digitized data may be received by a computer device 826 having a processor 828
and a memory 830. The computer device 826 may use the digitized data for each
phase to generate state variables associated with each phase.

[0055] The digitized phase data may be transformed fto the frequency
domain by the computer device 826 through Fourier transform module 832. The
computer device 826 may process the frequency domain data in determining root
mean square (RMS) information for each phase voltage (Vrus) and current (lgus), as
well as real power (P) and reactive power (Q) through a module 834. The digitized
phase data may also be used by the computer device 826 in a three-phase
frequency tracking module 836 to determine the line frequency.

[0056] The RMS voltages and currents for each phase, real and reactive
power for each phase, and the line frequency may be used by the computer device
826 at module 838 which may include a power factor determination, voltage phasor
frequency compensation, and current phasors determination for each phase from
corresponding voltage phasors, current magnitudes, and power factors for each

£ s

phase. The module 838 may generate voltage phasors (VABC} and current phasors

(TABC) for each phase. The computer device 826 may include a phase correction

module 840, which receives a GPS signal from a GPS signal source 842 and an AC
voltage system frequency from a system frequency source 843, which results in
generating synchrophasor data for a line sensor. The synchrophasor data for each

phase V... L., may be used by the computer device 826 in a state variable

ynch !

determination module 845, which also implements synchrophasor data from a
synchrophasor data module 844 from another adjacent sensor to determine state
variables for each phase for a section of a line conductor. In FIG. 9, a set of state
variables 846 is shown which may represent state variable values for each of the
three phases.

[0057] The computer device 826 may be a computer device connhected to a
distribution system such as in a remote terminal unit (RTU). In one example, the
computer device 826 may generate the state variables and transmit the state
variables to a centralized location for use by another computer device. In an
alternative example, the computer device 826 may fransmit the synchrophasor data
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\

synch

and Imh to the centralized location which may also receive synchrophasor

data for an adjacent line sensor, which allows the state variables to be determined at
the centralized location.

[0058] Upon determination of the state variables for each phase, the state
variables may be used along with primary voltages of the distribution transformers
for a corresponding phase to determine phase conductor line section conditions.
FIG. 9 shows a system 900 that may be configured to determine the conditions for a
line section of phase A. However, a line section of any other phase, B or C, may be
analyzed in substantially the same manner.

[0059] in ohe example, the system 900 may include a computer device 902.
The computer device 902 may be a single computer device or a number of computer
devices. In the example of FIG. 9, the computer device 902 includes a processor
804 and a memory 906. The processor 804 and the memory 806 may be used to
process the state variable values and customer circuit meter data. In one example,
the computer device 902 may be located at a centralized location to receive state
variable data from data collection devices such as RTUs located throughout a
metered distribution system. Other devices may be used to capture and determine
system data, such as voltage and current sensors or any other device or mechanism
capable of capturing distribution system related data and calculating state variable
values. In alternative examples, the computer device 902 may receive
synchrophasor data measurements to determine the state variable values. The
computer device 826 in FiG. 8 may also be used to perform the operations and
modules associated with the computer device 802.

[0060] in FIG. 9, the computer device 902 may receive the state variables
and customer circuit meter data for distribution transformers connected to a line
segment being analyzed by the computer device 902, in one example, the computer
device 902 may implement a module 908 to process the customer circuit meter data
in a manner described in regard to FIG. 6 to generate primary side voltages
associated with respective distribution transformers positioned at various points
along a line section being analyzed. In one example, the computer device 902 may
query a data query device responsible for obtaining meter data associated with
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customer circuits in a distribution system, such as an RTU, a supervisory control and
data acquisition system (SCADA), a meter system, or any other data capture device
or system.

[0081] The primary side voltages may be used with the state variables by
the computer device 902 in module 810 to determine the voltage drops along phase
conductor line segments between sensor points, which may include sensors
generating synchrophasor data, as well as, node voltages on the primaries of the
distribution transformer. In one example, the module 810 may implement a T-
section analysis as previously described. The computer device 802 may perform a
power dissipation determination at module 812 for each segment. The determined
power dissipation for each segment may be used by the computer device 902 at
module 9814 to determine line segment temperature for each segment and generate
an output signal indicating any segments having abnormal temperatures, which may
indicate a fault along that segment.

[0062] in another example, secondary side transformer voitages DTy
through DTp may be determined using the bridge elements of a power-line-based
communication system. The secondary side voltages may be fransmitted through
the power-line-based communication system to the compuier device 902 and
converted to primary side transformer voltages at the module 912. [n another
example, the secondary side voltages received by the computer device 902 may be
a combination of secondary side voltages from meters or bridge elements of a
power-line-based communication system.

{0063] FIG. 10 shows a fiow diagram of an example operation fo determine
phase conductor line conditions. A step 1000 may include determining
synchrophasor data based on output from a first and second sensor. In one
example, step 1000 may be performed using a configuration such as that shown in
FIG. 2 in which sensors 81 and S2 are positioned along a line section 202 and
configured to generate data that may be used to determine synchrophasor data.
[0064] The operation may include a step 1002 of determining state variable
values associated with the line section between the first and second sensors. In one
example, step 1002 may be performed using the synchrophasor data and Egns. 1
through 4. The operation may also include a step 1004 of determining a T-
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equivalent circuit of the line section between the first and second sensors. In one
example, this may be performed using the state variables determined at step 1002.
[0065] The operation may also include a step 1006 of decomposing a T-
equivaient circuit into smaliler T-sections. In one example, step 1006 may be
performed in a manner described in regard to FIGS. 3 or 4. The operation may also
include a step 1008 of determining meter data from power meters connecied to a
secondary side of distribution transformers, which may be connected to the line
segment between the first and second sensors. The operation may also include a
step 1010 of determining the primary side voltages for each distribution transformer
electrically connected to the line segment between the first and second sensors. In
one example, step 1010 may be performed in a manner described in regard to FIG.
6 using the acquired meter data.

[0066] The operation of FIG. 10 may also include a step 1012 of determining
power dissipation in a plurality of line segments between the first and second
sensors. In one example, step 1012 may be performed using the state variable
values and the primary side voltages of the distribution transformers between the
first and second sensors in a T-equivalent circuit analysis. As previously described,
based on the state variable values determined in a T-section analysis, the
impedance per distance may be determined for a line segment between the first and
second sensors. This impedance per distance may be used with the determined
primary side transformer voltages to determine each line segment between adjacent
distribution transformers and the first and second sensors.

[0067] The operation may include a step 1014 of determining if excessive
temperatures exist along any of the line segments. If excessive temperatures are
detected, step 1016 may be performed to determine the feeder segment associated
with the excessive temperature. If fault temperatures are not detected, the operation
may continuously be performed to monitor the phase conductor line section between
the first and second sensors. The operation of FIG. 10 may be used to determine
other phase conductor line conditions associated with fault conditions, such as
phase-to-phase, phase-to-ground, three phase faults (short circuits) and open phase
faults (circuit open on the down stream side, so that no fault current flows).
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[0068] A distribution system may include various structural or topological
levels as voltage power is distributed and as feeders branch into various sections.
These various levels may all be decomposed into T-sections, allowing a system to
be continuously analyzed in a manner as previously described. Sensor points may
be determined throughout a distribution system from which to receive data for
analyzing a system implementing T-section analysis. These sensor points may be
locations within distribution system levels at which to position sensors for measuring
system values, such as sensors S1 and S2 shown in FIG. 1, as well as locations
selected metering points for system analysis as discussed in regard to FIG. 6.

[0069] FIG. 11 shows a flow diagram of an example operation to determine
sensor points throughout a distribution system. A step 1100 may include loading a
topographical map of a distribution system. In one example, the map may be ioaded
onto a computer device, such as the computer device 902 of FIG. 9. A computer
device or devices, such as the computer device 802, may execute the entire
operation of FIG. 11. The topographical map may be a distribution system model
including various distribution system equipment that may be used to obtain system
data.

[0070] A step 1102 may include determining sensor points at a first level of a
distribution system based on a first predetermined criteria and an input criteria. The
topographical map may be used to determine the locations of any determined sensor
points. In one exampie, the first level of a distribution system may be a feeder circuit

level. The feeder circuit level may include a circuit from a substation to an end of a

circuit. In one example, sensor points may be selected in which to position sensors
configured to obtain synchronized phasor data for analysis. The first level may also
include feeder circuit sections, which may be sections of a feeder circuit defined by
interconnection equipment such as circuit relays or fuses. The first level may also
include feeder segments, which may be defined by various factors for analysis, such
as selected areas within a distribution system that may be desired for more resolute
analysis in comparison to other areas of a distribution system,

[0071] In one example, the first predetermined criteria may represent a
generalized system configuration, which may determine sensor points at various

predetermined conventional sensor locations, In another example, the first
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predetermined criteria may be contractual obligations. A customer connected to a
distribution system may have a coniract with a power supplier to receive monetary
compensation in an event of a power outage. This criterion may be used to more
closely monitor customers of this nature relative o the other customers, which may
require more sensor points than other areas of the distribution system.

[0072] In another example, the input criteria may be selected based on the
particular configuration of the distribution system being analyzed, such as load
distribution. Within a system, certain circuits may historically experience load
volatility in particular areas within a distribution system. The input criteria allow
sensor points to be determined based on the load distribution considerations of a
particular distribution system.

[6073] The operation of FIG. 11 may include a step 1104 of determining if
sensor points are to be positioned at a second level of the distribution system. In
one example, the decision at step 1104 may be based on the first criteria. If sensor
points are to be positioned, step 1106 may include determining sensor points on the
map at the second level based on the first predetermined criteria and the user input
criteria. In one example, the second level of the distribution system may include a
feeder branch level. A feeder branch level may be one or more circuits that branch
from the feeder circuit. In one example, the feeder branch level may be circuits
stepped down in voltage at a transformer or may be the same voltage as the feeder
circuit. The second level may also include one or more branch segment levels,
which may be segments of the feeder branch levels determined by load
considerations or other system considerations such as a particular circuit
configuration.

[0074] The operation may further include a step 1108 of determining if
sensor points are to be positioned at a third level of the distribution system. in one
example, the decision at step 1108 may be based on the first predetermined criteria
and the input criteria. If sensor points are to be positioned, a step 1110 may include
determining sensor points on the map at the third level based on the first criteria. In
one example, the third level of the distribution system may include a lateral level. A
lateral level may be one or more circuits that branch from the feeder circuit or from a
feeder branch, and thus may branch from a first and second level. In one example,
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the lateral level may be a distribution system circuit directly connected to a customer,
such as the circuit configuration shown in FIG. 6. The third level may also include
one or more lateral segment levels, which may be segments of the feeder branch
levels determined by load considerations or other system considerations such as a
particular circuit configuration. The sensor points for the third level may be
determined for positioning sensors for obfaining data used for synchrophasor
analysis, or the sensor points may be customer meters, such as that described in
regard to FIG. 6. The customer meters data may be used for system analysis along
with sensor data, such as in a manner previously described.

[0075] The operation may include a step 1112 of determining if additional
sensor points are to be positioned based on the first predetermined criteria and input
criteria. If additional sensor points are to be positioned, a step 1114 may include
determining sensor points on the map at the first, second, and third levels of the
distribution system based on a second predetermined criteria. In one example, the
additional sensor points may be determined to be positioned at least one fault
location level. A distribution system may include an area more susceptible to faults
for various reasons, such as environment, load, circuit configuration, etc. These
reasons may represent the second predetermined criteria in determining the position
of a fault location level and if additional sensor points are to be used. Additional
sensor points may also be determined at step 1114 based on predetermined criteria
such as locations of system capacitor banks or distributed generation systems, such
as combustion turbines or fuel cells, for example. The sensor points determined at -
step 1114 may either be sensors configured o obtain data for synchronized phasor
analysis or may be meter data based upon meter availability.

[0076] The operation of FIG. 11 may allow analysis of a distribution system
to determine phase conductor line conditions. In one example, upon sensor point
determination through the operation of FIG. 11, the sensors may either be placed, or
used if already in place, to gather data allowing a state variable to be determined at
various sections of the phase conductors in the distribution system using a T-
equivalent circuit for analysis. Data from meters selected as sensor points may also
be used for the distribution system analysis allowing various phase conductor line
conditions to be determined, such as in the manner described in regard o FIG. 9.
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[0077] Although specific components of innovations were described,
methods, systems, and articles of manufacture consistent with the innovation may
include additional or different components. For example, processors 828 and 902
may be implemented as a microprocessor, microcontrolier, application specific
integrated circuit (ASIC), discrete logic, or a combination of other type of circuits or
logic. Similarly, memories 830 and 906 may be DRAM, SRAM, Flash or any other
type of memory. Flags, data, databases, tables, entities, and other data structures
may be separately stored and managed, may be incorporated into a single memory
or database, may be distributed, or may be logically and physically organized in
many different ways. Programs may be parts of a single program, separate
programs, or distributed across several memories and processors. Additionally
modules 832, 834, 836, 838, 840, 845, 908, 910, 912, and 914 may be software or
hardware implementations on the associated processors and memories.

[0078] While various embodiments of the innovation have been described, it
will be apparent to those of ordinary skill in the art that many more embodiments and
implementations are possible within the scope of the innovation. Accordingly, the
innovation is not to be restricted except in light of the attached claims and their

equivalents.
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Claims

1. A monitoring system configured to determine at least one phase conductor line
condition in each of a plurality of segments of a phase conductor line of a distribution
system, the monitoring system comprising:

a first sensor positioned at a first location along the phase conductor line,
wherein the first sensor is configured to generate a first set of synchrophasor data;

a second sensor positioned at a second location along the phase conductor line,
wherein the second sensor is configured to generate a second set of synchrophasor
data; and

a processor configured to receive the first set of synchrophasor data and the
second set of synchrophasor data and to determine a primary side voltage of at least
one distribution transformer electrically connected to the phase conductor based on a
secondary side voltage of the at least one distribution transformer, wherein the
processor is further configured fo determine at least one phase conductor line condition
comprising at least power dissipation in each of the plurality of segments based on the
first set of synchrophasor data, the second set of synchrophasor data, and the primary

side voltage of the at least one distribution transformer.

2. The monitaring system of Claim 1, wherein the processor is further configured to
determine the secondary side voltage of the at least one distribution transformer based
on data generated by a plurality of meters electrically connected fo the secondary side

of the at least one distribution transformer.

3. The monitoring system of Claim 2, wherein the data generated by the plurality of
meters is a first set of meter voltages and a first set of meter currents measured by a
first meter and a second set of meter voltages and a second set of meter currents
measured by a second meter.

4. The monitoring system of Claim 2, wherein the at least one distribution
transformer comprises a first distribution transformer and a second distribution
fransformer,;

24



wherein, the processor is further configured to determine a secondary side
voltage of the first distribution transformer based on the data generated by a plurality of
meters electrically connected to the secondary side of the first distribution transformer;
and

wherein, the processor is further configured to determine a secondary side
voltage of the second distribution transformer based on the data generated by the
plurality of meters electrically connected io the secondary side of the second distribution

transformetr.

5. The monitoring system of Claim 1, wherein the processor is configured to
determine the power dissipated in each of the plurality of segments at a moment in time
based on the first set of synchrophasor data, the second set of synchrophasor data, and

the primary side voltage of the at least one distribution transformer.

6. The monitoring system of Claim 5, wherein the processor is further configured to
determine the at least one line condition for each of the plurality of segments based on

the determined dissipated power in each of the plurality of segments.

7. The monitoring system of Claim 1, wherein the at least one phase conductor line

condition is line temperature distribution.

8. The monitoring system of Claim 1, wherein the processor is further configured to
determine the secondary side voltage of the at least one distribution transformer based
on a measurement by a bridge element of a communication system electrically

connected to the secondary side voltage of the at least one distribution fransformer.

9. A method of determining at least one condition in each of a plurality of segments
of a phase conductor line, the method executable by a computer device having a
processor and memory, the computer device coupled with at least one data capture
device or system, the method comprising:

receiving, by the computer device, a first set of synchrophasor data associated

with the phase conductor line;
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receiving, by the computer device, a second set of synchrophasor data
associated with the phase conductor line;

determining, by the processor, a primary side voltage of at ieast one distribution
transformer based on a secondary side voltage of the at least one distribution
transformer; and ‘

determining, by the processor, the at ieast one phase conductor fine condition
comprising at least power dissipation in each of the plurality of segments based on the
first set of synchrophasor data, the second set of synchrophasor data, and the primary

side voltage of the at least one distribution fransformer.

10.  The method of Claim 9, further comprising determining the secondary side
voltage of the af least one distribution transformer based on meter data from a plurality

of meters connected to the secondary side of the at least one distribution transformer.

11.  The method of Claim 10, wherein determining the secondary side voltage based
on meter data received from a plurality of meters connected to the secondary side of the
at least one distribution transformer comprises determining the secondary side voltage
based on a first set of meter voltage data .and a second set of meter current data

received from a second meter.

12.  The method of Claim 9, wherein determining the at least one phase conductor
line condition comprises determining at least one respective phase conductor line
condition for a plurality of segments of the phase conductor line at a moment in time
based on the first set of synchrophasor data, the second set of synchrophasor data, and

the primary side voltage of the at least one distribution transformer.

13.  The method of Claim 9, wherein determining the at least one phase conductor
line condition further comprises determining temperature of the phase conductor line

based on the determined power dissipation in the plurality of segments of the phase
conductor line.
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14.  The method of Claim 9, further comprising determining the secondary side
voltage of the at least one distribution transformer based on data from a bridge element
of a communication system electrically connected to the secondary side of the at least

one distribution transformer.

15. A computer-readable medium encoded with computer executable instructions for
determining at least one phase conductor line condition in each of a plurality of
segments of a phase conductor line, the computer executable instructions executable
with a processor, the computer-readable medium comprising:

instructions executable to receive a first set of synchrophasor data associated
with the phase conductor line;

instructions executable o receive a second set of set of synchrophasor data
associated with the phase conductor ling;

instructions executable to determine a primary side voltage of at least one
distribution transformer based on a secondary side voltage of the at least one
distribution transformer; and

instructions executable to determine at least one phase conductor line condition
comprising at least power dissipation in each of the plurality of segments based on the
first set of synchrophasor data, the second set of synchrophasor data, and the primary

side voltage of the at least one distribution transformer.

16. The computer-readable medium of claim 15, further comprising instructions
executable to determine the secondary side voliage of the at least one distribution
transformer based on meter data from a plurality of meters connected to the secondary

side of the at least one distribution transformer.

17.  The computer-readable medium of claim 16, wherein the instructions executable
to determine the secondary side voltage of the at least one distribution transformer
comprise instructions executable to determine based on a first set of meter voltage data

and a second set of meter current data received from a second meter.
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18.  The computer-readable medium of claim 15, further comprising instructions
executable to determine the at least one phase conductor line condition fo determine at
least one respective phase conductor line condition for a plurality of segments of the
phase conductor line at a moment in time based on the first set of synchrophasor data,
the second set of synchrophasor data, and the primary side voltage of the at least one

distribution transformer.

19.  The computer-readable medium of Claim 15, wherein the instructions executable
to determine the at least one phase conductor line condition further comprise
instructions executable to determine the temperature of the phase conductor line based
on the determined power dissipation in the plurality of segments of the phase conductor
line.

20.  The computer-readable medium of Claim 15, further comprising instructions
executable to determine the secondary side voltage of the at least one distribution
transformer based on data from a bridge element of a communication system

electrically connected to the secondary side of the at least one distribution transformer.
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