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(57) Abstract: Disclosed herein are systems and methods for rotor angle measurement in an electrical generator. According to one
embodiment, an intelligent electronic device may comprise control logic configured to generate a reference signal and to generate a
rotational position signal based upon an indicator of a rotational position of a rotor in an electrical generator. The control logic may
further be configured to detect a relative shift between the reference signal and the rotational position signal and to determine the ro -
tational position of the rotor based upon the relative shift. A power angle of the electrical generator may be calculated based upon
the rotational position of the rotor. According to certain embodiments, the control logic may further be configured to generate a con-
trol instruction to reduce the power angle in response to determining that the power angle exceeds a threshold.
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SYSTEMS AND METHODS FOR ROTOR ANGLE MEASUREMENT
IN AN ELECTRICAL GENERATOR

RELATED APPLICATION
[0001] This application claims priority under 35 U.S.C. § 119(e) to
U.S. Patent Application No. 13/594,269, filed August 24, 2012, and titled
“SYSTEMS AND METHODS FOR ROTOR ANGLE MEASUREMENT IN
AN ELECTRICAL GENERATOR,” which is incorporated herein by

reference in its entirety.

TECHNICAL FIELD
[0002] This disclosure relates to systems and methods for monitoring
an angular position of a rotor in an electrical generator or an electrical
motor, and calculating a power angle using a reference signal. This
disclosure also relates to the use of a calculated power angle in a power
system for control, automation, and/or protection. Further, this disclosure
relates to the use of a calculated power angle to determine parameters

associated with a model of an electrical generator.

BRIEF DESCRIPTION OF THE DRAWINGS
[0003] Non-limiting and non-exhaustive embodiments of the
disclosure are described, including various embodiments of the
disclosure with reference to the figures, in which:
[0004] Figure 1A illustrates a conceptual diagram of a rotor of a
synchronous generator consistent with embodiments disclosed herein.
[0005] Figure 1B illustrates a conceptual diagram of the rotor
illustrated in Figure 1A and a stator, which together may operate as a
synchronous generator. '
[0006] Figure 2 is a power angle curve for an exemplary power
generator.
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[0007] Figure 3 illustrates a simplified diagram of an exemplary

electric power generation and delivery system consistent with

embodiments disclosed herein.

[0008] Figure 4 illustrates a simplified partial cross-sectional view of a

magnetic pickup unit (MPU) consistent with embodiments disclosed

herein.

[0009] Figure 5A illustrates an exemplary terminal output voltage and

the output of an MPU in a generator operating in a no-load condition

consistent with embodiments disclosed herein.

[0010] Figure 5B illustrates an exemplary terminal output voltage and

the output of an MPU in a generator operating in a loaded condition
_consistent with embodiments disclosed herein. ‘

[0011] Figure 5C illustrates an exemplary output of an MPU and a

reference signal based upon an external time input, which may be

utilized to calculate a power angle of a generator operating in a loaded

condition consistent with embodiments disclosed herein.

[0012] Figure 6 illustrates a method of calculating a power angle of a

generator consistent with embodiments disclosed herein. .

[0013] Figure 7 illustrates a functional block diagram of an intelligent

electronic device (IED) that may be utilized to calculate a power angle of

a generator consistent with embodiments disclosed herein.

Detailed Description

[0014] Information about the power angle (sometimes referred to as a
rotor angle) of a generator in an electric power system is beneficial for
providing appropriate power system control, automation, and protection.
A power angle, as the term is used herein, refers to an angle between
the axis of a generator rotor and a resultant magnetic field axis.
Information about the power angle may be utilized in decisions regardin.g
power generator levels, load shedding or adding, islanding, joining
electrical networks, and so forth. Changes to an electrical generation
and delivery system may drive a generator to instability for certain
conditions of the power angle of the particular generator. As a result, to

maintain stability, information concerning the power angle of a generator
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is important in the protection, automation, and control of an electrical
generation and delivery system.

[0015] The power angle may be determined, according to some
embodiments, by using a time source (e.g., a common or reference time
source) to generate a reference signal that is compared to a rotational
position signal. The rotational position signal may be obtained using a
tooth wheel coupled to the shaft of the electrical generator. Alternatively,
individual phases of the terminal voltage may be compared with the
reference signal to detect a relative phase angle.. A shift between the
reference signal and the rotational position signal may be analyzed in
order to determine the power angle of the electric generator. Some
embodiments disclosed herein may incorporate a variable reluctance
sensor (also known as a magnetic pickup unit or MPU) positioned with a
pole piece in proximity to the teeth of a tooth wheel. As the teeth move
past the pole piece, a periodic frequency voltage may be induced in a coil
wrapped around the pole piece. A corresponding signal generated by
the MPU may be used to determine a rotor angle in various
embodiments.

[0016] Certain embodiments disclosed herein may allow for a
determination of a rotor position using a tooth wheel having teeth
disposed thereon that are substantially uniform. An output signal
generated by a tooth wheel having uniform teeth may be
indistinguishable based on the angular position of the tooth wheel. In
other words, the angular position of the tooth wheel cannot be
determined from the output signal alone when the wheel has uniform
teeth. Various embodiments disclosed herein may allow for use of the
tooth wheels having teeth disposed thereon that are substantially
uniform. Accordingly, such systems and methods diéclosed herein may
be used in connection with existing generators having tooth wheels in
which each of the teeth are substantially uniform. Embodiments in which
the teeth of a tooth wheel are not substantially uniform (e.g., because
one of the teeth has been ground down, or because the spacing between
the teeth is not uniform) may also be utilized in connection with the

systems and methods disclosed herein.
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[0017]  According to other embodiments, the power angle of an
electrical generator may be determined by using a terminal voltage of
one or more phases as a reference signal and comparing the terminal
voltage to an output signal of an MPU. As the generator is loaded,

- torque increases with mechanical input to balance the opposing electrical
force. The position of the tooth wheel relative to the terminal voltage may
be monitored since the tooth wheel is mechanically coupled to the rotor
shaft. The relative change between a loaded condition and a no-load
condition may be used in calculating a power angle associated with the
generator.

[0018] The embodiments of the disclosure will be best understood by
reference to the drawings, ‘wherein like parts are designated by like
numerals throughout. It will be readily understood that the components
of the disclosed embodiments, as generally described and illustrated in
the figures herein, could be arranged and designed in a wide variety of
different configurations. Thus, the following detailed description of the
embodiments of the systems and methods of the disclosure is not
intended to limit the scope of the disclosure, as claimed, but is merely
representative of possible embodiments of the disclosure. In addition,
the steps of a method do not necessarily need to be executed in any
specific order, or even sequentially, nor need the steps be executed only
oncé, unless otherwise specified.

[0019] In some cases, well-known features, structures or operations
are not shown or described in detail. F;Ithhermore, the described
features, structures, or operations may be combined in any suitable
manner in one or more embodiments. It will also be readily understood
that the components of the embodiments as generally described and
illustrated in the figures could be arranged and designed in a wide variety
of different configurations. ‘

[0020] Several aspects of the embodiments described and illustrated
may be implemented as software modules or components. As used
herein, a éoftware module or component may include any type of
computer instruction or computer executable code located within a
memory device and/or any other suitable medium or device. A software
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module or component may, for instance, comprise one or more physical
or logical blocks of computer instructions, which may be organized as a
routine, program, object, component, data structure, etc., that performs
one or more tasks or implements particular abstract data types.
[0021] In certain embodiments, a particular software module or
component may comprise disparate instructions stored in different
locations 6f a memory device, which together implement the described
functionality of the module. indeed, a module or component may
comprise a single instruction or many instructions, and may be
distributed over several different code segments, among different
programs, and across several memory devices. Some embodiments
may be practiced in a distributed computing environment where tasks are
performed by a remote processing device linked through a
communications network. In a distributed computing environment,
software modules or components may be located in local and/or remote
memory storage devices. In addition, data being tied or rendered
together in a database record may be resident in the same memory
device, or across several memory devices, and may be linked together in
fields of a record in a database across a network.
[0022] Embodiments may be provided as a computer program
product including a non-transitory machine-readable medium having
stored thereon instructions that may be used to program a computer (or
other electronic device) to perform processes described herein. The
non-transitory machine-readable medium may include, but is not limited
to, hard drives, floppy diskettes, optical disks, CD-ROMs, DVD-ROMs,
ROMs, RAMs, EPROMs, EEPROMSs, magnetic or optical cards, solid-
state memory devices, or other types of media/machine-readable
medium suitable for storing electronic instructions.
[0023] Electric generators are used in electrical power networks to
provide electric power to the electrical network. Several types of
generators may be used, most of which include a rotor that is rotated by
~ a mechanical force or prime mover provided by, for example, wind flow,
water flow, steam flow, torque from an engine, and/or the like. One
particular type of generator is a synchronous generator. Synchronous
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generators are used in electric utility systems to convert mechanical
rotation into alternating electric current. After suitable conditioning, the
alternating electrical current is typically transmitted and distributed to a
variety of power system loads within an electric network.

[0024] Figure 1A illustrates a conceptual diagram of a rotor 104 of a
synchronous generator consistent with embodiments disclosed herein. A
rotor 104 may be driven by an external torque (not shown) to induce an
electromagnetic field (EMF) in a stationary stator (e.g., stator 153
illustrated in Figure 1B). The rotor 104 includes a field winding 158
wrapped around a rotor body, and the stator includes an armature
winding wrapped around an armature body. A direct current is made to
flow in the field winding 158 (using, for example, an exciter voltage 160)
to generate a magnetic field in the rotor 104. Additionally or alternatively,
permanent magnets may also be used.

[0025] Figure 1B iIIustrates a 3-phase synchronous generator that
includes three sets of stator windings 153a to 153a’, 153b to 153b’, and
1563c to 153c¢’ consistent with embodiments disclosed herein. The stator
windings are each separated by 120" such that when an electrical field
associated with the rotor 104 passes, the electrical currents induced in
terminal pairs 155a and 155a’, 155b and 155b’, and 155c and 155c¢' are
each separated by 120 electrical degrees. When the rotor 104 rotates,
as indicated by arrow 110, the magnetic field rotates with it, passing the -
stator windings and inducing a time-varying electric current therein. As
the poles of the electrical field associated with the rotor 104 pass the
stator windings, the voltage present on the corresponding terminals
oscillates, and an alternating current results.. Thus, the angular position
of the rotor 104 is related to the time-varying electrical output of the
terminals 155a-c. As described below, this relationship can be
influenced by, for example, an electrical load connected to the terminals
of the generator.

[0026] The period (T;) of the resulting alternating current from a
synchronous generator with N poles, and which has a period of rotation

of T, can be calculated using the formula:
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TI = NTG Eq 1

Embodiments disclosed herein may be applied to any rotor regardless of
the number of phases or pairs of poles included therein.

[0027] The position of the generator rotor axis is a function of a
mechanical power input on the generator and an opposing electrical
torque attributed to the electric output from the generator. These
opposing forces result in a torque on the rotor. In a steady state
condition (i.e., normal operating conditions) these forces are equal in
magnitude but opposite in direction. In conditions where the mechanical
torque and the electrical torque fall out of balance, the power angle may
shift or oscillate, depending on the magnitude and nature of the
imbalance.

[0028] Figure 2 is one illustration of a power angle curve that shows
the relationship between a power angle (6) and an input mechanical
power (P,). Under balanced conditions, input mechanical power

P, results in equilibrium with the electrical energy drawn from the
generator. When the electric torque that balanées the mechanical torque
decreases (i.e., as a result of an increase in the mechanical power input
or a decrease in the electrical load attached to the generator), the rotor
rotates at an increased rate, thus causing the power angle to increase.
For example, in Figure 2, the mechanical power may increase to P,,;
from P,,,, resulting in an increase in the power angle from &, to 8. Ina
stable system, the rotor would experience negative acceleration, and
eventually corr'\e' into equilibrium. If the power input exceeds a maximum
power input threshold, P,.., the generator may become unstable.
Knowing the maximum power angle, 6,,,,, and the associated maximum
power input threshold, P,,,,, allows an operator to determine how much
power can be safely produced by a generator without causing the
generator to become unstable.

[0029] Figure 3 illustrates a simplified diagram of an exemplary
electric power generation and delivery system 300 consistent with
embodiments disclosed herein. Particularly, systems and methods

described herein may be applied and/or implemented in a system such
7
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as exemplary electric power generation and delivery system 300. The
electric power genefation and delivery system 300 may include, among
other things, an electric generator 302, configured to generate an
electrical power output, which in some embodiments may be a sinusoidal
waveform. Although illustrated as a one-line diagram for purposes of
simplicity, an electrical power generation and delivery system 300 may
also be configured as a three-phase power system.

[0030] A step-up power transformer 304 may be configured to
increase the output of the electric generator 302 to a higher voltage
sinusoidal waveform. A bus 306 may distribute the higher voltage
sinusoidal waveform to a transmission line 308 that in turn may connect
to a bus 320. In certain embodiments, the system 300 may further
include one or more breakers 312-318 that may be configured to be
selectively actuated to reconfigure the electric power generation and
delivery system 300. A step down power transformer 322 may be
configured to transform the higher voltage sinusoidal waveform to a lower
voltage sinusoidal waveform that is suitable for delivery to a load 324.
[0031] The IEDs 326-338, illustrated in Figure 3, may be configured
to control, monitor, protect, and/or automate the one or more elements of
the electric power generation and delivery system. An IED may be any
processor-based device that monitors, controls, automates, and/or
protects monitored equipment within an electric power generation and
delivery system (e.g., system 300). In some embodiments, the IEDs
326-338 may gather status information from one or more pieces of
monitored equipment, including generator 302. Further, the IEDs 326-
338 may receive information concerning monitored equipment using
sensors, transducers, actuators, and the Iike.‘

[0032] Figure 3 illustrates various IEDs 326-338 performing various
functions for illustrative purposes and does not imply any specific
arrangements or functions required of any particular IED. In some
embodiments, IEDs 326-338 may be configured to monitor and
communicate information, such as voltages, currents, equipment status,
temperature, frequency, pressure, density, infrared absorption, radio-

frequency information, partial pressures, viscosity, speed, rotational
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velocity, angular position, mass, switch status, valve status, circuit
breaker status, tap status, meter readings, and the like. Further, IEDs
326-338 may be configured to communicate calcu'lations, such as
phasors (which may or may not be synchronized as synchrophasors),
events, fault distances, differentials, impedances, reactances, frequency,
and the like. IEDs 326-338 may also communicate settings information,
IED identification information, communications information, status
information, alarm information, and the like. Information of the types
listed above, or more generally, information about the status of monitored
equipment, may be referred to herein as monitored system data.
[0033] In certain embodiments, IEDs 326-338 may issue control
instructi'ons to the monitored equipment in order to regulate various

~ aspects relating to the monitored equipment. For example, an IED (e.g.,
IED 336) may be in communication with a circuit breaker (e.g., breaker
314), and may be capable of sending an instruction to open and/or close
the circuit breaker, thus connecting or disconnecting a portion of a power
system. In another example, an IED may be in communication with a -
recloser and capable of controlling reclosing operations. In another
example, an IED may be in communication with a voltage regulator and
capable of instructing the voltage regulator to tap up and/or down.
Information of the types listed above, or more generally, information or
ins.tructions directing an IED or other device to perform a certain action,
may be generally referred to as control instructions.
[0034] |EDs 326-338 may be communicatively linked together using a
data communications network, and may further be communicatively
linked to a central monitoring system, such as a supervisory control and
data acquisition (SCADA) system 342, an information system (IS) 344,
and/or wide area control and situational awareness (WCSA) system 340.
[0035] Consistent with embodiments disclosed herein, IEDs 326-338
may be communicatively coupled with various points to the electric power
generation and delivery system 300. For example, IED 334 may monitor
conditions on transmission line 308. |IEDs 326, 332, 336, and 338 may
be configured to issue control instructions to associated breakers 312-
318. IED 330 may monitor conditions on a bus 352. |IED 328 may

9
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monitor and issue control instructions to the electric generator 302, while
IED 326 may issue control instructions to breaker 316.

[0036] In certain embodiments, various components of the electrical
power generation and delivery system 300 illustrated in Figure 3 may be
configured to monitor the power angle of generator 302. According to
certain embodiments, IED 328 may be configured to monitor the power
angle of generator 302. In other embodiments, information relating to the
power angle of generator 302 may be calculated by other devices, such
as automation controller 350. Further, two or more devices may jointly
generate information relating to the power angle of generator 302.

[0037] In certain embodiments, communication between various IEDs
326-338 and/or higher level systems (e.g., SCADA éystem 342 or IS 344)
may be facilitated by an automation controller 350. The automation
controller 350 may also be referred to as a central IED or access
controller. The IEDs 326-338 may communicate information to the
automation controller 350 including, but not limited to, status and control
information about the individual IEDs 326-338, IED settings information,
calculations made by the individual IEDs 326-338 (e.g., the power angle
of generator 302), event reports (e.g., a report relating to an electrical
fault), communications network information, network security events, and
the like. In some embodiments, the automation controller 350 may be
directly connected to one or more pieces of monitored equipment (e.g.,
electric generator 302 or breakers 312-318).

[0038] The automation controller 350 may also include a local human
machine interface (HMI) 346. In some embodiments, the local HMI 346
may be located at the same substation as automation controller 350.
The local HMI 346 may be used to change settings, issue control
instructions, retrieve an event report, retrieve data, and the like. The
automation controller 350 may further include a programmable logic
controller accessible using the local HMI 346.

[0039] The automation controller 350 may also be communicatively
coupled to an external time source 348. In certain embodiments, the
automation controller 350 may generate a time signal based on the time

source 348 that may be distributed to communicatively coupled |IEDs
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326-338. Based on the time signal, various IEDs 326-338 may be
configured to collect and/or calculate time-aligned data points including,
for example, synchrophasors, and to implement control instructions in a
time coordinated manner. As described in detail below, a common time
sighal provided by time source 348 may be used in order to calculate a
power angle of generator 302.

[0040] The time signal provided by time source 348 may also be used
by the automation controller 350 for time stamping information and data.
Time synchronization may be helpful for data organization, real-time
decision-making, as well as post-event analysis. The time source 348
may be any time source that is an acceptable form of time
synchronization, including, but not limited to, a voltage controlled
temperature compensated crystal oscillator, Rubidium and Cesium
oscillators with or without a digital phase locked loop,
microelectromechanical systems (MEMS) technology, which transfers the
resonant circuits from the electronic to the mechanical domains, or a
global positioning system (GPS) receiver with time decoding. In the
absence of a discrete time source 348, the automation controller 350
may serve as the time source 348 by distributing a time synchronization
signal.

[0041] To maintain voltage and reactive power within certain limits for
safe and reliable power delivery, an electrical power generation and
delivery system may include switched capacitor banks (SCBs) (e.g.,
capacitor 310) configured to provide capacitive reactive power support
and compensation in high and/or low voltage conditions within the
electrical power system.

[0042] Figure 4 illustrates a simplified partial cross-sectional view of
an MPU 400 consistent with embodiments disclosed herein. MPU 400 is
operable to track the passing of a plurality of teeth 412a-c associated
with a tooth wheel 410 and may be utilized in connection with an
electrical generator (not shown). A shaft connected to a rotor (not
shown) of the generator may pass through aperture 430 of tooth wheel
410. MPU 400 includes a magnet 406, which in certain embodiments
may be permanent, a pdle-piece 402, a sensing coil 404, and a case

11
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408. Case 408 may extend through a housing 409. An air gap 426
separates tooth wheel 410 from MPU 400. Coil 404 may be disposed
around a pole-piece 402, which is disposed across air gap 426 from the
plurality of teéth 412a-c. Pole pieée 402 abuts permanent magnet 406.
A connector 407 may be used to connect MPU 400 to an IED (not
shown) or other device configured to monitor the power angle of a
generator associated with MPU 400.

[0043] The passing of the plurality of teeth 412a-c in proximity to pole-
piece 402 causes a distortion of the magnetic flux field passing through
the sensing coil 404 and pole-piece 402, which in turn generates a signal
voltage. In certain embodiments, tooth wheel 410 may be formed of
ferrous material. The voltage induced in sensing coil 404 is proportional
to the rate of change of flux in the magnetic field, where the rate of
change of flux is determined by the size of the air gap 426, and the
rotational velocity of the tooth wheel 410, as provided in Eq. 2.

dod
= _N—__ Eq. 2
£ th q

In Eq. 2, € represents the voltage induced in the sensing coil 404, N
represents the number of coil turns in the sensing coil 404, and ¢
represents the flux in the magnetic field generated by permanent magnet
406. A plurality of leads 405 may be used to transmit the signal
generated by MPU 400 to an IED or other device. The frequency of the
induced voltage is proportional to the number of teeth on the wheel and

the speed of rotation, according to Eq. 3.

Number of Teeth + RPM
' 60
[0044] Figure 5A illustrates a graph of an output 510 of an MPU and

the terminal voltage 520 of one phase of a generator in a no-load

Eq. 3

Frequency (Hz) =

condition. According to the embodiment illustrated in Figure 5A, the
output 510 of the MPU is generated by a tooth wheel having five (5)
equally spaced teeth coupled to a four pole generator (i.e., a generator in
which one complete revolution equals two cycles of the terminal voltage).
Therefore two terminal voltage cycles equals one complete revolution of

the tooth wheel on a four pole machine. Accordingly, the frequency of
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the terminal voltage 520 may be 60 Hz, and the frequency of the output
of the MPU 510 may be 150 Hz.

[0045]  While various embodiments disclosed herein generate a
rotational position signal based on the output of an MPU, other 4
embodiments may rely on a design that does not generate a rotational
position signal based on the output of an MPU. For example, a rotational
position system may count the teeth associated with a tooth wheel
coupled to a rotor of a generator as the teeth pass by a sensor. The -
number of teeth on the tooth wheel is known, and accordingly, the
rotational position system may determine the rotational position of the
rotor by counting the teeth as they pass the sensor.

[0046] According to one embodiment in which there is one electrical
cycle per revolution of the rotor (i.e., a 2-pole generator), when an equal
number of teeth are counted by the sensor, the rotational position system
may determine that one complete revolution of the rotor has occurred.
The rotational position system mAay therefore genératé a rotational
position signal that may be compared to a reference signal in order to
determine a relative shift between the signals. According to another
embodiment, in which there are two electrical cycles per revolution of the
rotor (i.e., a 4-pole generator), the rotational position system may
generate a 2-cycle-per-revolution signal when each two on the tooth
wheel has been counted.

[0047] Embodiments that generate the rotational position signal based
on the approach of counting teeth on a tooth wheel may generate a
rotational position signal that is the same frequency as the reference
signal. Certain embodiments that generate a rotational position by
counting the teeth on a tooth wheel may compute the power angle of a
generator in the same manner as described in connection with other
embodiments disclosed herein.

[0048] The output signal 510 of the MPU may be tracked relative to a
reference signal to determine the angular position of the rotor. According
to one embodiment, the reference signal comprises a phase of the
terminal voltage of the generator. Such an embodiment is described in
connection with Figure §B. According to another embodiment, the

13
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reference signal may comprise a signal matched to the nominal
frequency of the tooth wheel and synchronized to a time reference.
According to various embodiments, the time reference may be provided
by a variety of sources, such as the Global Positioning System (GPS), an
inter-range instrumentation group (IRIG) time reference, the WWYV time
signal from the National Institute of Standards and Technology (NIST),
the WWVB time signal from the NIST, a local area network (LAN) time
signal, or the like. Figure 5C illustrates an embodiment that utilizes a
time reference based signal to produce a reference signal.
[0049] Figure 5B illustrates a graph of the output signal 510 of the
MPU and the terminal voltage 520 in a loaded condition. As the
generator is loaded, torque increases as mechanical input increases to
balance the opposing electrical force. The position of the tooth wheel

- relative to the terminal voltage may be monitored since the tooth wheel is
mechanically coupled to the rotor shaft. The relative chénge between the
loaded condition and the no-load condition (i.e., as shown in Figure 5A)
may be used as a basis for calculating a power angle associated with the
generator.
[0050] Given that the MPU produces a sinusoidal output proportional
to the power system frequency, a zero crossing of the output signal 510
of the MPU can be marked relative to an individual phase of the terminal
voltage in a no-load condition (i.e., as shown in Figure 5A). For
example, if the frequency of the output signal 510 of the MPU is X, every
2X" zero crossing can then be measured relative to the same phase of
the terminal voltage. Although the specific embodiment illustrated in
Figure 5A, shows a ratio of 5:2 bétween the output 510 of the MPU and
the terminal voltage 520, in alternative embodiments the frequency of the
sensor signal may be any ratio. Any change in the relative time between
the MPU signal and the terminal voltage on the 2Xth measurement, as
the machine is loaded, represents a change in relative rotor angle. In
Figure 5B, a zero-crossing of the output 510 of the MPU and the
terminal voltage 520 of one phase of the generator are shown-at 512 and
522, respectively. The shift between these two points, Ad, represents the

position of the rotor relative to the terminal voltage 520. The reference
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position identified in the no-load condition (i.e., as shown in Figure 5A)
may be used to calculate the change in rotor position according to Eq. 4.

Rotor Position Eq. 4

= Reference Position
— Loaded position
[0051] A no-load condition may be established, éccording to one
embodiment by electrically disconnecting a generator from a load. For
example, a breaker may be actuated to selectively disconnect a
generator from a load in order to operate the generator in the no-load
condition. According to another embodiment, an exciter voltage used to
generate a magnetic field in the rotor may be temporarily removed.
When the exciter'voltage is removed, the rotor may not generate a
magnetic field, and thus, no current may be induced in the stator as a
result of movement of the rotor with respect to the stator. Such
embodiments may provide a more accurate “no load” condition because
circuitry downstream of the generator may have impedance. For
example, electrical impedance may be attributable to the windings in the
generator. The generator may have a “loss curve” that approximates the
electrical losses of the generator from a no-load condition to a full load
condition. The electrical losses in the generator may account for some
change in rotor position with respect to the output voltage in the no-load
condition. Accordingly, by determining the no-load condition by removing
an exciter voltage, these losses may be taken into account when
calculating a power angle in a loaded condition.
[00562] Figure 5C illustrates an embodiment in which a constant
reference signal 530 is generated and compared to an output signal 540
of an MPU over a span of time as the generator is loaded. Figure 5C is
merely illustrative, given that the loading of a generator generally would
occur more slowly in practice than is illusfrated in Figure 5C. Constant
reference signal 530 may be generated based on the frequency of the
MPU output at a rated speed of the generator. The frequency of the
MPU output at the rated speed of the generator may be calculated using
Eg. 3. According to certain embodiments, the constant reference signal
530 may be generated using a time source, such as a GPS reference
15
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time. According to the illustrated embodiments; the load may increase
from a first time 550 to a second time 560. At 550, a generator may be
operating in a no-load condition, and at 560, the generator may be fully
loaded. The angular position of the rotor may be determined by
detecting a relative shift between the reference signal 530 and the output
of the MPU 540. |

[0053]  According to one embodiment, the zero-crossings of each of
signals 530 and 540 may be used to detect a relative shift between
reference signal 530 and the output signal 540 of the MPU. A zero
crossing of reference signal 530 is designated at 570, while a zero
crossing of the output signal 540 of the MPU is designated at 580. A
time difference, Ag, between zero crossings 570 and 580 may be
determined. The relative time difference may be used to calculate the
rotational position of the rotor. _
[0054] Although the waveforms illustrated in Figure 5A, Figure 5B,
and Figure 5C are sinusoidal, alternative embodiments may rely other
types of waveforms, such as a square wave. For example, in one
embodiment, a Hall-Effect Sensor may be utilized in place of an MPU as
a mechanism for detecting the passage of a plurality of teeth associated
with a tooth wheel. The output signal in such embodiments may
comprise a square waveform. In certain embodiments, such as those
that utilize an approach of counting the passage of teeth associated with
a tooth wheel, a square waveform may be advantageous.

[0055] Figure 6 illustrates a flow chart of a method 600 for determining a
rotational position of a rotor in an electrical generator. At610, a
rotational position signal based upon an indicator of a rotational position
of a rotor in an electrical generator may be generated. According to
certain embodiments, the indicator of the rotational position may
comprise a tooth wheel coupled to the rotor of the electrical generator.
Further, an MPU may be configured to detect the passage of a plurality
of teeth disposed on the tooth wheel.

[0056] At 620, a reference signal may be generated. According to
one embodiment, the reference signal may be based upon an external

time signal, such as a GPS time signal. For example, the reference
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signal could be .a signal matched to the nominal frequency of the tooth
wheel and synchronized to the external time reference. According to
another embodiment, the reference signal may comprise a terminal
voltage of at least one phase of the generator.
[0057] The reference signal may be initiated when the generator is
operating in a no-load condition. In the no-load condition, the power
angle of the generator may be at a minimum (i.e., approximately 0).
Accordingly, the reference signal may be aligned with the rotational
position signal. According to embodiments in which the reference signal
comprises a signal matched to a nominal frequency of a tooth wheel, the
reference signal may be aligned with the output of an MPU monitoring
the rotational position of the tooth wheel. According to embodiments in
which the reference signal comprises the terminal voltage of one phase
of the electrical generator, the reference signal may similarly be aligned
with the output of the MPU.
[0058] At 630, a relative shift between the reference signal and the
indicator of the rotational position may be determined. The rélative shift
~ between the reference signal and the indicator of the rotational position
may be attributable to increasing the electrical load attached to the
electrical generator. An increase in the mechanical en'ergy applied to the
input of the generator to produce additional electrical power may cause
the rotational position signal to advance relative to the reference signal.
Similarly, a decrease in the mechanical energy applied to the input of the
electrical generator may cause the rotational position signal to retreat
relative to the reference signal. '
[0059] At 640, the rotational position of the rotor may be calculated
based upon the relative shift between the reference signal and the
indicator of the rotational position. The rotational position of the rotor
may be expressed in terms of the power angle of the generator or in
absolute terms (e.g., the angular position of the rotor). The rotational
position of the rotor may be used to calculate a power angle of the
electrical generator, at 650. The power angle of the electrical generator

may be transmitted at 660 to a higher-level control system configured to

17



WO 2014/031895 PCT/US2013/056271

coordinate the action of the electrical generator together with other
components of an electrical power generation and delivery system.
[0060] According to certain embodiments, at 670, it may be
determined whether the rotational position is within an acceptable range.
As described above, to maintain stability, information concerning the
power angle of the generator may be monitored, and appropriate control
actions may be undertaken if it is determined that the rotational position
is outside of-an acceptable range.

[0061] At 680, a control instruction may be generated to cause the
rotational position to return to the acceptable range if it is determined that
the rotational position is not with inAthe acceptable range. For example,
the control action may include an instruction to reduce the load
connected to the generator (e.g., by load shedding). Further, the control
action may include an instruction to increase generation capacity (e.g.,
by bringing additional generators online).

[0062] Figure 7 illustrates an exemplary block diagram of an IED 700
configured to determine a rotational position of a rotor in an electrical
generator consistent with embodiments disclosed herein. IED 700
includes a network interface 732 configured to communicate with a data
network. |ED 700 also includes a time input 740, which may be used to
receive a time signal. In certain embodiments, time input 740 may be
used to generate a reference signal, as described above. In certain
embodiments, a common time reference may be received via network
interface 732, and accordingly, a separate time input and/or GPS input
736 would not be necessary. One such embodiment may employ the
IEEE 1588 protocol. Alternatively, a GPS input 736 may be provided in
addition or instead of a time input 740.

[0063] A monitored equipment interface 729 may be configured to
receive status information from, and issue control instructions to a piece
of monitored equipment, such as an electrical generator. According to
certain embodiments, the monitored equipment interface 729 may be
configured to interface with an MPU and/or Hall-Effect sensor that

generates a signal based upon the detection of the passage of one or '
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more teeth associated with a tooth wheel coupled to a rotor in an

. electrical generator.
[0064] A computer-readable storage medium 726 may be the
repository of one or more modules and/or executable instructions
configured to implement any of the processes described herein. A data
bus 742 may link monitored equipment interface 729, time input 740,
network interface 732, GPS input 736, and computer-readable storage
medium 726 to a processor 724. A
[0065] Processor 724 may be configured to process communications
received via network interface 732, time input 740, GPS input 736, and
monitored equipment interface 729. Processor 724 may operate using
any number of processing rates and architectures. Processor 724 may
be configured to perform various algorithms and calculations described
herein using computer executable instructions stored on computer-
readable storage medium 726. Processor 724 may be embodied as a
general purpose integrated circuit, an application specific integrated
circuit, a field-programmable gate array, and other programmable logic
devices. . '
[0066] In certain embodiments, IED 700 may include a sensor:
component-750. In the illustrated embodiment, sensor component 750 is
configured to gather data directly from a conductor (not shown) using a
current transformer 702 and/or a voltage transformer 714. Voltage
transformer 714 may be configured to step-down the power system's
voltage (V) to a secondary voltage waveform 712 having a magnitude
that can be readily monitored and measured by IED 700. Similarly,
current transformer 702 may be configured to proportionally step-down
the power system's line current () to a secondary current waveform 704
having a magnitude that can be readily monitored and measured by IED
700. Low pass filters 708, 716 respectively filter the secondary current
waveform 704 and the secondary voltagé waveform 712. An analog-to-
digital converter 718 may multiplex, sample and/or digitize the filtered
waveforms to form corresponding digitized current and voltage signals.
[0067] As described above, certain embodiments may monitor the
terminal voltage of one or more phases of electrical power generated by
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an electrical generator. Sensor component 750 may be configured to
perform this task. Further, sensor component 750 may be configured to
monitor a wide range of characteristics associated with monitored
equipment, including equipment status, temperature, frequency,
pressure, density, infrared absorption, radio-frequency information,
partial pressures; viscosity, speed, rotational velocity, mass, switch
status, valve status, circuit breaker status, tap status, meter readings,
and the like.

[0068] A/D converter 718 may be connected to processor 724 by way
of a bus 742, through which digitized representations of current and
voltage signals may be transmitted to processor 724. In various
embodiments, the digitized current and voltage signals may be compared
against conditions. For example, certain conditions may be established
in order to implement one or more control actions based upon a
determination that a power angle exceeds a threshold. The control
action may include an instruction to reduce the load connected to the
generator (e.g., by load shedding) or an instruction to increase
generation capacity.

[0069] A monitored equipment interface 729 may be configured to
receive status information from, and issue control instructions to a piece
of monitored equipment. As discussed above, control actions may be
issued when the power angle of a generator is outside of an acceptable
range in order to cause the power angle to return to the acceptable
range. Monitored equipment interface 729 may be configured to issue
control instructions to one or more pieces of monitored equipment.
According to some embodiments, control instructions may also be issued
via network interface 732. Control instructions issued via network
interface 732 may be transmitted, for example, to other IEDs (not
shown), which in turn may issue the control instruction to a piece of
monitored equipment. Alternatively, the piece of monitored equipment
may receive the control instruction directly via its own network interface.
[0070] Computer-readable storage medium 726 may be the repository
of one or more modules and/or executable instructions configured to

implement certain functions described herein. For example, a signal
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module 752 may be configured to generate or analyze a reference signal
and/or a rotational position signal. Signal module 752 may further be
configured to detect a relative shift between the reference signal and the
rotational position signal. The rotational position module 753 may be -
configured to determine the rotational position of the rotor based upon
the relative shift between the reference signal and the rotational position
signal. Further, the rotational position-module 753 may be configured to
determine whether the rotational position is within an acceptable range.
The determination of whether the rotational position is within an
acceptable range may be used to determine when control actions are to
be implemented in order to cause the rotational posifion to return tb the
acceptable range. Control instruction module 754 may be configured to
issue appropriate control instructions in order to maintain the electrical
generator within the acceptable range or to cause the rotational position
to return to the acceptable range. Communication module 755 may
facilitate communication between IED 700 and other IEDs (not shown)
via network interface 732. In addition, communication module 755 may
further facilitate communication with monitored equipment in
communication with IED 700 via monitored equipment interface 729 or
with monitored equipment in communication with IED 700 via network
interface 732. Finally, generator modeling module 756 may be
configured to use the power angle information to develop a model of the
generator. The model may, for example, include the ability to model the
reactance of the generator.

[0071] While specific embodiments and applications of the disclosure
have been illustrated and described, it is to be understood that the
disclosure is not limited to the precise configuration and components
disclosed herein. Various modifications, changes, and variations
apparent to those of skill in the art may be made in the arrangement,
operation, and details of the methods and systems of the disclosure

without departing from the spirit and scope of the disclosure.
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Claims

1.~ Anintelligent electronic device (IED) configured to determine a
power angle of an electrical generator based on the rotational position of
a rotor, comprising:
a communications port;
control Idgic communicatively coupled to the communications port,
the control logic configured to: '
generate a reference signal,
generate a rotational position signal based upon an
indicator of a rotational position of a rotor in an electrical
generator;
detect a relative shift between the reference signal and the
rotational position signal;
calculate a power angle of the electrical generator using the
relative shift between the reference signal and the rotational
position signal; and
transmit an indication of the power angle via the

communications port.

2. The IED of claim 1, further comprising a monitored equipment
interface communicatively coupled to the control logic configured to

receive status information from a piece of monitored equipment.

3. The IED of claim 2, wherein the monitored equipment interface is
configured to receive an input from a magnetic pickup unit (MPU)
configured to detect passage of a plurality of teeth associated with a
“tooth wheel coupled to the rotor of the electrical generator; and

wherein the rotational position signal is based on the input from
the MPU.

4. The IED of claim 3, wherein the rotational position signal is
indistinguishable based on the angular position of the indicator of the
rotational position.
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5. The IED of claim 3, wherein the teeth of the tooth wheel are eaéh

substantially uniform.

6. The IED of claim 2, whérein the monitored equipment interface is
configured to receivé an input from a Hall-Effect sensor configured to
detect passage of a plurality of teeth associated with a tooth wheel
coupled to the rotor of the electrical generator; and

wherein the rotational position signal is based on the input from
the MPU.

7. The IED of claim 1, further comprising
an external time input communicatively coupled to the control logic

and configured to receive an external time signal.

8. The IED of claim 7, wherein the control logic is further configured
to create a reference signal based upon an external time signal received

via the external time input.

9. The IED of claim 1, further comprising a sensor component
configured to monitor a terminal voltage of one phase of the electrical
generator, and wherein the reference signal comprises the terminal

voltage.

10.  The IED of claim 1, wherein the control logic is further configured
to:
determine that the power angle exceeds a threshold; and

generate a control instruction to reduce the power angle.

11.  The IED of claim 10, wherein the control instruction comprises one
of an instruction to reduce the load connected to the generator, and an

instruction to increase generation capacity.

12. A method of determining a rotational position of a rotor in an
electrical generator, comprising:
' 23
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generating a rotational position signal based upon an indicator of a
rotational position of a rotor in an electrical generator,

generating a reference signal;

detecting a relative shift between the reference signal and the .
indicator of the rotational position;

calculating a power angle of the electrical generator using the
relative shift between the reference signal and the rotational position
signal; and .

transmitting an indication of the power angle via a communications

port.

13. The method of claim 12, wherein generating the reference signal

comprises operating the generator in a no-load condition.

14.  The method of claim 13, wherein determining the relative shift
comprises:

connecting the generator to a load; and

comparing the reference signal in the no-load condition to the

indicator of the rotational position in a loaded condition.

15. The method of claim 13, further comprising:
determining that the phase shift exceeds a threshold; and

generating a control instruction to reduce the phase shift.

16.  The method of claim 15, wherein the control instruction compri'ses
one of an instruction to reduce the load connected to the generator, and

an instruction to increase generation capacity connected to the load.

17.  The method of claim 13, wherein calculating the rotational position
of the rotor comprises:

detecting a zero crossing of the reference signal;

detecting a zero crossing of the terminal voltage; and

determining a time difference between the zero crossing of the

reference signal and a zero crossing of the terminal voltage
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18.  The method of claim 13, wherein operating the generator in a no-
load configuration comprises selectively removing an exciter voltage

operable to induce a magnetic field in the rotor.

19.  The method of claim 12, wherein the reference sighal comprises a

signal generated based upon an external time signal.

20. The method of claim 12, wherein the reference signal comprises a

phase of the terminal voltage of the electrical generator.

21. The method of claim 12, wherein the indicator of the rotational

position comprises a tooth wheel coupled to the shaft of the rotor.

22. The method of claim 21, wherein the rotational position signal is
indistinguishable based on the angular position of the indicator of the

rotational position.

23. The method of claim 12, wherein the teeth of the tooth wheel are

each substantially uniform.

24. A method for developing a rﬁodel of an electrical generator
performed by a system comprising a processor and a non-transitory
computer-readable storage medium storing instructions that when
executed by the processor cause the processor to perform the method,
the method comprising:

generating a rotational position signal based upon an indicator of a
rotational position of a rotor in an electrical generator;

generating a reference signal;

detecting a relative shift between the reference signal and the
indicator of the rotational position;

calculating a power angle of the electrical generator using the
relative shift between the reference signal and the rotational position

signal; and
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determining a parameter of a model of the electrical generator

based upon the calculated power angle.
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Figure 6

5001 (  Stat )

Generating a rotational position signal based upon an indicator of a
rotational position of a rotor in an electrical generator

Generating a reference signal

Detecting a relative shift between the reference signal and the
indicator of the rotational position

Determining the rotational position of the rotor based upon the
relative shift.

Calculate a power angle of the electricél generator

Transmit the power angle of the electrical generator

670

Power angle
within acceptable
range?

—— Yes

No
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680
Generating a control instruction to cause the rotational position to f
return to the acceptable range
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