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There is provided a power management device and method. An interface is configured to receive data indicative of a frequency of
electrical energy distributed by an AC power distribution system which supplies a load. Control circuitry is configured for processing
the data for detecting a presence of a frequency instability in the AC power distribution system during which the frequency of the
electrical energy deviates from a nominal frequency. In addition, the control circuitry is configured to modulate an amount of
electrical energy consumed by the load according to the deviation of the frequency from the nominal frequency.
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ABSTRACT

There is provided a power management device and method. An interface is
configured to receive data indicative of a frequency of electrical energy distributed by an
AC power distribution system which supplies a load. Control circuitry is configured for
processing the data for detecting a presence of a frequency instability in the AC power
distribution system during which the frequency of the electrical energy deviates from a
nominal frequency. In addition, the control circuitry is configured to modulate an amount
of electrical energy consumed by the load according to the deviation of the frequency
from the nominal frequency.
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FREQUENCY BASED POWER MONITORING AND MANAGEMENT

This application is a division of Canadian Patent Application No. 2,791,889,
filed on June 8, 2004.

TECHNICAL FIELD

This invention relates to electrical power distribution control methods, electrical

energy demand monitoring methods, and power management devices.

BACKGROUND OF THE INVENTION

Consumption of and reliance upon electrical enhergy is increasing. Usage of
electrical energy is ubiquitous in almost every aspect of life. Businesses, entertainment,
communications, etc. are heavily dependent upon electrical energy for fundamental
operation. Power distribution systems or grids provide electrical energy to households,
businesses, manufacturing facilities, hospitals, etc. Such systems are typically reliable,
however, numerous systems employ backup electrical supplies in case of failure of the
power distribution system being utilized.

Some electrical power distribution systems are ever-changing dynamic systems
and operations are often concerned with balancing generation with load. Frequency of
the voltage of the electrical energy may be used as an indicator of variances between
generation of electrical energy and usage of electrical energy by loads coupled. with the
electrical power distribution system. For example, when demand exceeds generation,
the frequency of the electrical energy on the electrical power distribution system may
drop, and conversely, when there is excess electrical energy available,:the frequency
increases. Over a given 24 hour period, it is desired to balance energy surplus and
deficit so the average frequency is 60 Hz, or other desired frequency.

Typically, control of the state of the electrical power distribution system is
implemented by controlling operations of generators coupled with the system. For
example, at times of increased demand, the output of generators may be increased
and/or other generators may be brought on-line to assist with supplying the electrical
energy. In addition, spinning reserves may be utilized to accommodate unexpected
significant fluctuations in demand for electrical energy. Provision of spinning reserves is
costly, and much of the time, not used.

Some electrical power distribution approaches have been designed to curtail
peak loads through the utilization of Demand Side Management (DSM). DSM
techniques include direct load control wherein a utility has the ability to curtail specific
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loads as conditions warrant. [n these arrangements, a utility may broadcast a control
signal to specific loads when curtailment is desired (e.g., during peak usage periods).
Other electrical power distribution approaches attempt to stabilize bulk-power
transmission corridors using external Flexible AC Transmission System (FACTS) devices
to improve dynamic performance of transmission systems. FACTS devices, such as
Static-Var Compensation (SVC) and Thyristor-Controlled Series Capacitors (TSCSs), are
designed to provide stability enhancements allowing transmission facilities to be loaded
to levels approaching fheir ultimate thermal capacity. These devices may supply

reactive power to support voltage or provide modulation to damp electromechanical

oscillations.
Utilites may use other devices at distribution points (e.g., substations and/or
switchyards) tc manage electrical power distribution operations. Exemplary

management devices include underfrequency and undervoltage relays. These devices
may “black out" entire neighborhoods when a grid is in trouble allowing the grid to
recover before power is reapplied to the blacked out customers.

Oscillations of power flows within electrical distribution systems are of concern to
utilities. Some techniques .utilize large power flow controllers within high capacity
transmission lines to reduce or minimize: oscillations of power flows. These devices are
typically relatively expensive and require significant investment by a utility.

Aspects of the present invention provide improved apparatus and methods for

supplying electrical energy.

SUMMARY OF THE INVENTION

In accordance with one aspect of the present invention, there is provided a
power management device, comprising an interface configured to receive data
indicative of a frequency of electrical energy distributed by an AC power distribution
system which supplies a load, a control circuitry configured for processing the data
for detecting a presence of a frequency instability in the AC power distribution
system during which the frequency of the electrical energy deviates from a nominal
frequency, modulating an amount of electrical energy consumed by the load
according to the deviation of the frequency from the nominal frequency.

In accordance with another aspect of the present invention, there is
provided a method for power management in an AC power distribution system
which supplies a load with electrical energy, the method comprising detecting a
presence of a frequency instability in the AC power distribution system during which
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the frequency of the electrical energy deviates from a nominal frequency,
modulating an amount of electrical energy consumed by the load according to the

deviation of the frequency from the nominal frequency.

BRIEF DESCRIPTION.OF THE DRAWINGS

Preferred embodiments of the invention are described below with reference to the
following accompanying drawings.

Fig. 1 is a functional block diagram of an exemplary electrical power distribution
system according to one embadiment.

Fig. 2 is a functional block diagram of an exemplary power management device
according to one embodiment. ‘

Fig. 3 is an illustrative representation of a plurality of exemplary operational states
of the power management device according to one embodiment.

Fig. 4 is a flow chart illustrating an exemplary conirol methodology for applying
electrical energy to a load according to one embodiment.

Fig. 5 is a flow chart illustrating another exemplary control methodology for

applying electrical energy to a load according to one embodiment.
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

According to one aspect of the invention, an electrical power distribution control
method comprises providing electrical energy from an electrical power distribution
system, applying the electrical energy to a load, providing a plurality of different values
for a threshold at a plurality of moments in time and corresponding to an electrical
characteristic of the electrical energy, and adjusting an amount of the electrical energy
applied to the load responsive to an electrical characteristic of the electrical energy
triggering one of the values of the threshold at the respective moment in time.

According to another aspect of the invention, an electrical power distribution
control method comprises providing electrical energy from an electrical power distribution
system, applying the electrical energy to a lead, randomly selecting a value of a
threshold corresponding to an electrical characteristic of the electrical energy of the
electrical power distribution system, and adjusting an amount of the electrical energy
applied to the load responsive to the electrical characteristic of the electrical energy
triggering the value of the threshold.

- According to another aspect of the invention, an electrical power distribution
control method comprises receiving electrical energy from an electrical power distribution
system using control circuitry, applying electrical energy of the electrical power
distribution system to a load using the control circuitry, monitoring an electrical
characteristic of the received electrical energy using the control circuitry, and adjusting
the applying at a plurality of moments in time responsive to the monitoring, wherein the
adjusting comprises adjusting for a plurality of different lengths of time at the respective
moments in time.

According to yet another aspect of the invention, an electrical power distribution
control method comprises providing electrical energy from an electrical power distribution
system, applying the electrical energy to a plurality of loads coupled with the electrical
power distribution system, providing a power management system comprising a plurality
of power management devices coupled with respective ones of the loads, and controlling
an electrical characteristic of the electrical energy of the electrical power distribution
system using the power management system.

According to an additional aspect of the invention, an electrical energy demand
monitoring method comprises providing electrical energy from an electrical power
distribution system, applying the electrical energy fo a plurality of loads coupled with the
electrical power distribution system, monitoring an electrical characteristic of the
electrical energy, adjusting an amount of the electrical energy applied to at least one of
the loads responsive to the monitoring, and calculating a deficit of the electrical energy of

the electrical power distribution system responsive to the monitoring.
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According to another aspect of the invention, an electrical power distribution
control method comprises providing electrical energy using an electrical power
distribution system, applying the electrical energy to a load using a power management
device, detecting a power oscillation within the electrical power distribution system, and
adjusting an amount of electrical energy applied fo the load using the power
management device and responsive to the detecting.

According to yet another aspect of the invention, a power management device
comprises an interface configured to receive electrical energy from an electrical power
distribution system and control circuitry configured to control an amount of the electrical
energy provided to a load coupled with the power management device, to access a
plurality of different values for a threshold at a plurality of moments in time and
corresponding to an electrical characteristic of the electrical energy, to monitor the
electrical characteristic of the electrical energy with respect to the threshold, and to
adjust the amount of the electrical energy provided to the load responsive to the
electrical characteristic of the electrical energy triggering a respective one of the values
of the threshold.

According to still another aspect of the invention, a power management device
comprises an interface.configured to receive electrical energy from an electrical power
distribution system and control circuitry configured to control an amount of the electrical
energy provided to a load coupled with the power management device, to detect a power
oscillation within the electrical power distribution system, and to adjust an amount of the
electrical energy provided to the load responsive to the detection of the power oscillation.

Referring to Fig. 1, an electrical power distribution system 10 is shown arranged
according to one exempiary illustrative embodiment. System 10 comprises any
appropriate electrical energy delivery system configured to deliver residential,
commercial, industrial, or other electrical energy from a supply to customers or
consumers. The depicted exemplary system 10 comprises an electrical energy supply
12, a distribution grid 14, and an exemplary power management system 15 comprising a
plurality of power management devices 16. A plurality of loads 18 are depicted coupled
with the electrical power distribution system 10 and are configured to consume electrical
energy provided from supply 12. System 10 may comprise loads 18 in some
embodiments (e.g., configurations wherein power management operations are
implemented entirely or partially by the load itself).

Supply 12 is configured to provide electrical energy for consumption by loads 18.
Supply 12 may be arranged as one or more generator or other construction configured to
supply electrical energy. Generators may be individually taken on-line or off-line, or the
output thereof may be adjusted, according to the usage of the electrical energy. In one

4
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exemplary implementation, supply 12 is arranged to provide alternating current electrical
energy at a system frequency of 60 Hz. System frequency is the frequency of system
voltage.

Distribution grid 14 operates to conduct the electrical energy from the supply 12
to appropriate destinatiocns for consumption. In one embodiment, disfribution grid 14
may comprise a plurality of different voltage distribution lines and transformers
configured to conduct the electrical energy over substantial distances between distant
geographical locations. Distribution grid 14 may provide electrical energy at exemplary
voltages of 120/240 VAC (residential), 120/208 VAC (commercial), 277/480 VAC
(industrial) or cther appropriate voltages for usage by customer loads 18 in one example.

Power management devices 16 are configured to selectively apply electrical
energy from supply 12 to respective loads 18 as described below. In the exemplary
depicted implementation, ali of the illustrated loads 18 have associated power
management devices 16. In other configurations, only some of the loads 18 may have
associated power management devices 16.

Power management devices 16 are configured to monitor at least one
characteristic of the electrical energy provided from supply 12. In one embodiment,
power management devices. 16 are configured to monitor system frequency of the
electrical energy and to adjust the amount of electrical energy supplied to the respective
load 18 responsive to the monitoring. For example, in one operational implementation,
power management devices 16 may reduce an amount of electrical energy supplied to
respective loads 18 responsive to detection of a drop in system frequency of the
electrical energy provided by supply 12.

in the exemplary embodiment, power management devices 16 are illustrated
separate from loads 18. In other possible embodiments, power management devices 16
may be proximately located to the respective loads 18, physically positioned adjacent to
the respective loads 18, embedded within the foads 18 (e.g., providing the power
management devices 16 within housings of the loads 18), etc. It is also possible to
implement power management operations described herein (or other operations of
control circuitry described below) using control circuitry of the load itself and configured
to control operations with respect to the load. These implementations are exemplary and
other implementations or operations are possible.

Loads 18 may have any configuration which consumes supplied electrical
energy. Loads 18 may also be referred to as appliances, motors, or utilization
equipment. In addition, one or more of loads 18 may comprise a plurality of different
internal loads. Consumption of electrical energy by such loads 18 may be adjusted by
turning off one internal load while leaving another internal load powered. For example,

5
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for a given appliance, there may be a control load wherein processing is implemented
{e.g., 3-5 Volt circuitry) and higher voltage loads including exemplary motors, heating
coils, etc. During exemplary power management operations, it may be desired adjust an
amount of electrical energy applied to one of the internal loads while continuing to
provide a full amount of electrical energy to an other of the internal loads. Alternately,
power may be reduced to all internal loads or ceased all together. Other methods may
be utilized to adjust an amount of electrical energy consumed within a given load 18.

In one embodiment, depicted loads 18 correspond to loads at one or more
customer location. Loads 18 may be configured to consume electrical energy received
via any suitable electrical connector (e.g., wall outlet) from supply 12. In one
embodiment, monitoring of electrical energy of system 10 and/or control of operational
modes of loads 18 may be implemented by control circuitry (e.g., control circuitry 24 of
devices 16 described below) at the customer location (e.g., proximate to the loads 18).
Additional details of exemplary power management operations and exemplary control
circuitry to implement power management operations are described in co-pending U.S.
Patent Application entitied “Electrical Appliance Energy Consumption Control Methods
And Electrical Energy Consumption Systems”, having client docket no. 12585-E, listing
Jeff Dagle, Michael Kinter-Meyer, David W. Winiarski, David P. Chassin, Robert G. Pratt,

Anne Marie Borbely Bartis, and Matt Donnelly as inventors.

Referring to Fig. 2, an exemplary arrangement of a power management device 16
configured to adjust an amount of electrical energy supplied to a load is shown. The
illustrated power management device 16 comprises an interface 20, a power transformer
22, frequency conditioning circuitry 23, control circuitry 24, a clock 26, and a relay 28.

Interface 20 is configured to couple with grid 14 of the power distribution system
10 and to receive electrical energy. Interface 20 may be sized and configured
corresponding fo the power requirements of the respective load 18.

Power transformer 22 is coupled with interface 20 and is arranged to transform
the electrical energy for processing within power management device 16. In one
exemplary implementation, power transformer is configured to reduce a voltage of
electrical energy received from grid 14 and to output electrical energy having a voltage of
approximately 30 VAC.

Frequency conditioning circuitry 23 in one possible implementation is initially
configured to convert received sinusoidal alternating current electrical energy into a
square waveform indicative of zero-crossings of the sinusoidal waveform. For example,
frequency conditioning circuitry 23 may comprise a voltage divider for providing a 8 VAC
sinusoidal wave to a high speed amplifier of the conditioning circuitry 23 and configured

6
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to provide a +/-5 VAC square wave. The frequency conditioning circuitry 23 may
additionally comprise a voltage clipping circuit configured to receive the +/- 5 VAC
square waveform and provide a pulse wave where a rising edge represents a positive
zero-crossing event of the electrical energy from grid 14 and a falling edge represent a
negative zero-crossing event of the electrical energy from grid 14 (aithough not shown,
the voltage divider, the high speed amplifier and the voltage clipping circuit of an
exemplary frequency conditioning circuitry 23 may be arranged in series). Accordingly,
the edges of the pulse wave correspond to respective zero-crossings of the AC
waveform. Frequency conditioning circuitry 23 may comprise additional conditioning
circuits (not shown) in the voltage divider, amplifier and/or clipping circuit to filter small
voltage fluctuations corresponding to noise. Other arrangements of frequency.:
conditioning circuitry 23 are possible.

Control circuitry 24 is configured to monitor received electrical energy and to
controf operations of power management device 16 and/or load 18 to maintain operation
of the power distribution system 10 within a desired range. In one embodiment, the
control circuitry 24 may comprise circuitry configured to implement desired programming.
For example, the control circuitry 24 may be implemented as a processor or other

" structure configured to execute executable instructions including, for example, software ;

and/or firmware instructions.: In one arrangement, appropriate programming may be
stored within memory 25 of control circuitry 24. Other exemplary embodiments of control:
circuitry 24 include hardware logic, PGA, FPGA, ASIC, or other structures. These-
examples of control circuitry 24 are for illustration and other configurations are possible.

In but one configuration, power management system 15 and power management
deVices 16 are configured to implement power management operations of power
distribution system 10. Control circuitry 24 of devices 16 are configured to monitor
electrical energy of system 10 and to implement and/or control power management
operations responsive to the monitoring in one example. Exemplary power management
operations include adjusting an amount of electrical energy supplied to respective loads
18 using the power management devices 16.

For example, control circuitry 24 may issue a centrol signal to a controller 30 of
the respective load 18 to implement power management operations. The control signal
may instruct load 18 to enter a mode of operation wherein less electrical energy is
consumed.

Alternatively, or in addition to application of a conirol signal to confroller 30,
control circuitry 24 may control relay 28 to adjust an amount of electrical energy applied
to load 18. For example, control circuitry 28 may control relay 28 to cease or reduce the
amount of electrical energy passed thereby to load 18. Additional details regarding
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exemplary monitoring and control of control circuitry 24 are described below.
Furthermore, other power management operations may be utlized by power
management device 16 responsive to monitoring of the electrical energy of the power
distribution system 10.

it is desired to minimize deviation of the system frequency of electrical energy of
the power distribution system 10 from a desired nominal value (e.g., 60 Hz). Various
correction actions may be undertaken to minimize such deviations. In one arrangement,
an output of generators of supply 12 may be adjusted or additional generators may be
brought on-line or off-line within supply 12 in an effort correct system frequency deviation
conditions.

In accordance with aspects of the invention, power management devices 16 may
undertake the power management operations in an effort to balance electrical energy
generation and consumption and to maintain a system frequency of the electrical energy
within a desired range. For example, in one arrangement, control circuitry 24-monitors at
least one electrical characteristic of electrical energy provided by grid 14 (e.g., system
frequency in the described example) and adjusts an amount of electrical energy
consumed by load 18 responsive to the monitoring.

Exemplary monitoring of the system frequency may be implemented using clock
26 in the illustrated arrangement. For example, clock 26 provides a reference clock
signal, such as a 7.2 MHz signal, to control circuitry 24. Control circuitry 24 is configured
to count a number of pulses of the clock signal corresponding to pulses of the received
pulse waveform from frequency conditioning circuitry 23. For example, control circuitry
24 may count the number of pulses of the clock signal between rising edges of the pulse
waveform. The counted number of pulses corresponds to the system frequency of the
received electrical energy.

Control circuitry 24 is further configured to access a value of a shed threshold for
comparison operations which may trigger power management operations. Confrol
circuitry 24 compares the counted number of clock pulses with respect to the value of the
shed threshold to compare the system frequency of the received electrical energy with
respect to the value of the shed threshold. As described below, the monitoring may
trigger control power management operations of the power management device 16,
including, for example, adjusting or ceasing a supply of electrical energy from the grid 14
to the respective load 18.

In some arrangements, numerous power management devices 16 configured to
implement power management operations may be and typically are simultaneously
coupled with a given grid 14. Severe stresses may be introduced if all or a substantial
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number of devices 16 were configured to simultaneously implement power adjustment
operations.

In one accordance with one aspect, power management devices 16 are
configured to implement power management operations at different moments in time to
distribute the effects of such adjustment of the devices 16 over a longer period of time to
avoid or minimize stresses to supply 12 and grid 14 as a result of the power adjustment
operations. In one embodiment, the power management devices 16 are configured to
implement power adjustment operations responsive to different criteria. In one
embodiment, devices 16 may be configured with different values of the shed threshold to
control the triggering of power management operations. Utilization of different values of
the shed threshold causes the devices 16 to trigger responsive to different values of
system frequency of the electrical energy in the described example to spread the effects
of the power management operations.

in accordance with an exemplary embodiment, if the system frequency of the
electrical energy reaches a first valuel (e.g., 59.95 Hz), all devices 16 configured with the
first value implement power management operations. Thereafter, if the system
frequency continues to.drop to a second value (e.g., 59.93 Hz) all devices configured .
with the second value implement power management operations. This exemplary
methodology may utilize additional different values of the shed threshold for additional
devices 16 to spread the-effects or inconvenience of the power management operations
over a longer period of time.

In accordance with above described example, devices 16 configured to trigger at
a value closest to the nominal system frequency will trigger power management
operations first. Some power management operations (e.g., reducing or ceasing the
application of electrical energy) may adversely impact the operation of the associated
loads 18.

According to additional exemplary aspects, it is desired to configure individual
power management devices 16 to utilize a plurality of different values for the shed
threshold at different moments in time for comparison operations to avoid or minimize
one or more of devices 16 being more frequently susceptible to power management
operations than others of the devices 16. Accordingly, the utilization of different values
of the respective shed thresholds by devices 16 provides an equitable distribution of
power management inconvenience to the associated users in one implementation.

In one embodiment, power management devices 16 are individually configured to
vary the values of the shed threshold at different moments in time to provide a plurality of
different values for the shed threshold. In exemplary aspects described below, power

management devices 16 randomly assign the respective value at different moments in
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time. The random assignment by individual devices 16 provides values for the shed
threshold between an upper bounding value and a lower bounding value which control
the respective frequencies at which power management operations are impiemented
responsive to the system frequency. It may be desired to set the upper bounding value
to a point below a critical frequency or value to avoid devices triggering too frequently
responsive to normal operational fluctuations of the system frequency of the power
distribution system 10. Using the western grid of North America as one example, an
upper bounding value corresponding to the critical value may be 59.95 Hz. The critical
value may vary from system to system and also at different times of the year.

Setting the lower bounding value establishes a desired range or distribution of the
triggering of the power management devices 16 from the upper bounding value
inasmuch as all power management devices 16 are triggered if the system frequency
drops to the lower bounding value. In one implementation, the lower bounding value is
selected to provide a distribution range of at least 0.01 Hz, and perhaps 0.05 Hz, .
between the upper bounding value and the lower bounding value. Other ranges may be
provided in other embodiments.

A statistical distribution may be utilized to assign values for the shed thresholds of__,
the respective devices 16 between the upper and lower bounding values. One.
implementation of randomization includes assigning the values of the respective shed
thresholds upon power-up of the power management devices 16 to provide a uniform
distribution of shéd threshold values amongst the present power management devices
16. Power-up may include provision of operational energy to control circuitry 24 of
device 16.

As mentioned previously, control circuitry 24 of a device 16 may comprise
memory 25 and memory 25 may be utilized to randomly assign the respective value for
the shed threshold upon power-up of the device 16. For example, memory 25 may
comprise programmable gate array (PGA) memory or static random access memory
{SRAM). Upon power-up, such configurations of memory initialize with a random
number resulting from electrical noise. Accordingly, a portion of memory 25 may be
used to set the value for the shed threshold upon power-up. Control circuitry 24 may
thereafter access the randomly generated number from memory and use the accessed
number as an offset (and accordingly setting the shed threshold) for comparison
purposes with respect to counted values from clock 26 during system frequency
monitoring operations. In one example, the randomly generated number for a given
device 168 may be subtracted from the upper bounding value to define the respective
shed threshold for the device 16. The randomly generated offset is chosen such that the

trigger value does not exceed the lower bounding value. One arrangement provides a

10
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0.001 Hz offset of shed threshold per bit value. Accordingly, if a range between upper
and lower bounding values of 0.05 Hz is desired, 50 different possible bit values are
utilized. Other methods are possible for implementing the varying of the values of the
shed threshold.

Values of the shed threshold may be updated or changed at infervals or

.responsive to conditions different than power-up operations. For example, in one

possible embodiment, control circuitry 24 may reinitialize memory 25 at desired moments
in time to reset the randomly generated values. Reinitialization responsive to actions of
control circuitry 24 or other structure may be desired in situations wherein a device 16
may u’ndergo significant periods of time wherein no new power-up operation is
performed (e.g., device 16 is powered for long periods of time). In other embodiments,
the shed threshold is fixed for devices 16.

Following implementation of power management operations responsive to the
shed threshold being triggered, control circuitry 24 continues to monitor the electrical
energy of the system 10 to determine an appropriate time to return to .normal (e.g.,
increased consumption) operation. . In one embodiment, a restore threshold may be
used to control resumption of normal power consumption operations with respect to load
18. According to one arrangement, the value for the shed threshold may be used as a
value of the restore threshold to determine when fo resume normal operations (e.g.,

responsive to the system frequency rising above the value of the shed threshold). in-

another embodiment, a hysteresis value rﬁay be used to define the value of the restore - -

threshold.
Referring to Fig. 3, exemplary states of the power management devices 16 are

shown with respect to system frequency and an exemplary shed threshold and restore
threshold. The shed threshold is depicted as TH1 and the restore threshold is depicted
as TH2. The nominal system frequency may be 60 Hz. The hysteresis value may be
defined as the difference between TH1 and TH2. The hysteresis is utilized in one aspect
to minimize resumption operations in continued conditions of grid instability.

In state 0, the power management device 16 is in normal power consumption
mode wherein device 16 provides desired electrical energy to the respective load 18.
Following detection of system frequency triggering TH1 (e.g., dropping below TH1), the
device 16 enters state 1 wherein electrical energy either is not applied to load 18 or a
reduced amount of electrical energy is applied. During state 1, control circuitry 24
monitors the system frequency with respect to the restore threshold. Once the system
frequency rises above the restore threshoid, the condition of the power distribution

system 10 is recovering and device 16 enters state 3.
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In state 3, a delay timer may be triggered to establish a delay period for returning
the respective device 16 {o a normal operational mode. In one embodiment, the iength
of the delay is different for different devices 16. It is desirable in one aspect to have
devices perform restoration or resumption operations at different times to minimize
significant simultaneous load fluctuations responsive to numerous devices 16 restoring
consumption at the same moment in time. Accordingly, different devices 16 have
different periods of delay which are triggered responsive to system frequency triggering
the restore threshold TH2. The delay periods are counted by the respective devices 16
responsive to triggering of TH2 and thereafter the respective loads 18 may be restored
after the respective delay periods.

In one embodiment, the amount of delay for a given individual device 16 changes
at different moments in time. For example, the period of delay may be randomly
generated at different moments in time. The delay may be calculated using the value
from memory 25 described above in one instance. As described in the previous
example, the random number may be generated from 50 or more different possible
random numbers by memory 25. Control circuitry 24 may utilize the randomly generated
number to provide a length of delay in seconds corresponding to the magnitude of the
randomly generated number, Following detection of system frequency rising above TH2, .
control circuitry 24 may count the respective delay period during state 3 (e.g., in waiting
mode), and thereafter return to state 0 including load restoration and monitoring of
system frequency with respect to TH1. Other methods are possible for varying values
for the shed threshold and/or the period of delay before load restoration. For example,
varying may be implemented by a rotating number of values or other mechanism not
comprising random generation.

Additional exemplary operational aspects provide time-out operations. For
example, it is possible that the system frequency may remain below the shed threshold
for a lengthy period of time. It may not be acceptable fo shed the associated load for
excessive periods 61‘ time. In one embodiment, control circuitry 24 is arranged to monitor
a length of time while in state 1 with respect to a time-out period. If the length of time
exceeds the time-out period, control circuitry 24 may enter state 2 to initiate the restore
load operations following the delay period, or alternatively, proceed to directly
immediately restore the load 18. In other embodiments, a user may input a command
via an interface or other appropriate device (not shown) to instruct the control circuitry 24
o bypass the load shed operations.

Referring to Fig. 4, an exemplary methodology performed by control circuitry 24
illustrating exemplary monitoring of the electrical energy and performing power
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management operations is shown. Other methods are possible including more, less, or
alternative steps.

At a step S10, the control circuitry is configured to determine the shed threshold.
In one configuration, the shed threshold is calculated using a randomly generated value
from memory.

At a step S12, the control circuitry is configured to provide the power
management device within a normal mode of opera‘tion wherein a desired amount of
electrical energy is applied to the associated load to provide appropriate operation of the
load.

At a step $14, the control circuitry implements monitoring operations of the
electrical energy of the power distribution system including obtaining clock values from
the associated clock and data values from the frequency conditioning circuitry (e.g.,
pulse wave described previously) to determine an electrical characteristic of electrical
energy of the power distribution system (e.g., the control circuitry may calculate system
value).

At a step S16, the control circuifry compares the calculated system frequency
with respect to the shed threshold to determine if power management operations are
desired (e.g., responsive to system frequency dropping below an upper bouading value).

If the condition of step $16 is negative, the control circuitry returns to step $14 {o
continue to moniior the electrical characteristic.

if the condition of step $16 is affirmative, the control circuitry proceeds to step
S$18 to implement exemplary power management operations. In the described example,
the control circuitry adjusts an amount of power consumption of an associated load. The
control circuitry may implement a shed load operation wherein an amount of electrical
energy consumed by a load is reduced or ceased. Step S18 corresponds to the power
management device entering a state 1 mode of operation from state 0.

At a step S20, the control circuitry obtains updated clock and dafa values to
continue to monitor the electrical characteristic of the electrical energy of the power
distribution system.

At a step S22, the control circuitry determines whether the operation of the power
distribution system has returned to an acceptable level. Step S22 may comprise the
control circuitry comparing the system frequency with respect to the restore threshold.

If the condition of step S22 is negative, the control circuitry returns to step S20 to
obtain updated data for continued monitoring operations.

If the condition of step S24 is affirmative, the control circuitry proceeds to a step
S24 to count the desired delay period. The delay pericd may be randomly calculated,
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otherwise varied, or fixed. Proceeding from step S22 to step S24 corresponds to the
state of the power management device changing from state 2 to state 3.

Following counting of the delay period, the control circuitry operates to restore the
load at a step S26 wherein the amount of electrical energy applied to the respective load
may be increased.

As described above with respect to Fig. 1, power management system 15 may be
implemented using a plurality of power management devices 16 in the illustrated
exemplary configuration. Power management system 15 may be considered as system
for managing operations of power distribution system 10 by controlling an amount of
electrical energy consumed using attached loads 18:. Operations of power management
system 15 may be utilized to control an electrical characteristic of electrical energy of
electrical power distribution system 10 if implemented using a sufficient number of power
management devices 16, or a sufficient amount of an entirety of the load coupled with
the electrical power distribution system 10 is controlled via devices 16. For example, it is
believed that control of approximately 3% of the load or more of a system 10 may

provide perceptible changes in system operation.

Exemplary power management devices 16 described herein are configured to .-

monitor system frequency of electrical energy of the power distributicn system 10 and fo «
implement power management operations responsive to the monitoring. If provided in
sufficient quantity, the power management devices 16 of system 15 can be used to
control an electrical characteristic of the electrical energy. In the described example,
power management devices 16 automatically implement load shedding operations
responsive to the system frequency sufficiently deviating from a desired nominal
frequency. if used in sufficient quantity, the aggregate effect of load-shedding operations
of the devices 16 may automatically cause the system frequency to return within an
acceptable range of deviation of the nominal system frequency. As mentioned
previously, deviation of system frequency from the nominal system frequency represents
disparities between electrical energy generation and consumption. If electrical energy
consumption outweighs production, the system frequency drops relative to the desired
nominal frequency. Accordingly, automatically shedding load using devices 16
rgsponsive to system frequency monitoring operations reduces the disparity of
consumption to generation at a given mament in time, and the system frequency begins
to return to an acceptable range without alteration of operations at the supply 12.

As mentioned above, the power management devices 16 are configured
according to a plurality of defined rules to implement load shedding and restaration
operations in the illustrated examples. The described embodiments provide rules which

control shedding and restoration of loads responsive to monitoring of the electrical
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energy of the power distribution system 10. As described above, the exemplary rules of
the devices 16 reduce or cease application of electrical energy to respective loads 18
responsive to an electrical characteristic of the electrical energy triggering respective
threshold values of the devices 16.

If a sufficient number of devices 16 configured according to the exemplary rules
described herein are utilized, emergent behavior of the system 15 results wherein the
devices 16 conforming to well-defined common rules change the aggregate group
behavior of the devices 16 acting together (e.g., change the behavior of the system 10
corresponding to a change in the electrical characteristic of the electrical energy within
the system 10) and individual devices 16 are autonomous and oblivious to goals of the
system 15 in one arrangement.

Provision of the upper bounding value and the lower bounding value define a
desired operating range of the power distribution system 10 for the respective electrical
characteristic being monitored. Operation of a sufficient number of the power
management devices 16 of system 15 configured with the upper and lower bounding
values may maintain operations of the electrical power distribution system 10 within the .
desired operating range.

if a sufficient number of devices 16 are utilized in a system 10, it is possibie
according to additional aspects to determine or approximate the magnitude of a deficit of-
electrical energy production (also referred to as unserved load) at moments in time using
system frequency information. For example, if devices 16 are associated with loads 18
having known amounts of power consumption (and it is also known at what approximate

‘values of the system frequency wherein load shed operations are implemented by

devices 16), then it is possible to approximate an amount of electrical energy deficit at
moments in time corresponding to the system frequency. In other words, if the system
frequency is at a given value wherein it is known that a number of devices 16 and
associated loads 18 are in the shed mode state of operation due to the respective range
of trigger thresholds (the number of loads in shed mode are determined by the system
frequency and the respective trigger thresholds, and the amount of associated electrical
energy consumed or shed by the loads is known), then it is possible to calculate the
amount of electrical energy deficient with respect {o the system 10. In addition, using the
current price for the electrical energy at the moment in time, as well as a supply and
demand curve, it is possible to approximate or estimate the price of the electrical energy
if the amount of the deficit is supplied by increasing the output of supply 12.
Accordingly, system frequency may be utilized to determine or approximate an amount
of unserved load at moments in time and approximate price information if the unserved

load were to be served by increasing the electrical energy output of supply 12.
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As described above, exemplary aspects of the power management system 15
described herein provide power management devices 16 which change respective
thresholds to create an equitable distribution of inconvenience (e.g., load shedding) to
the users. Further, utilization of a sufficient number of devices 16 configured according
to exemplary rules described herein results in emergent behavior.

According to additional aspects, power management system 15 comprising
devices 16 may be utilized to avoid or minimize power flow oscillations within electrical
power distribution system 10. More specifically, operational problems may sometime
arise when the conditions of supply and demand dictate power transfers over an
inadequate transmission corridor of system 10. In such an exemplary situation, unstable
transfers of electrical power from one or more generating unit in a geographic region of .
system 10 to another set of generators in a separate geographic region may occur.
These unstable transfers of power manifest themselves in the form of oscillations. The
phenomenon is often called dynamic instability or small-signal instability. This form of
instability can cause system operators to limit the capacity of a transmission system
thereby increasing the cost of delivered power. In severe cases, the instability can cause . .
widespread blackouts.

Power oscillations may be detected by monitoring power flows through a
transmission corridor or. by monitoring system frequency. When one observes a time
series plot of system frequency, for example, small oscillations are often visible even to . -
an unirained observer. As these oscillations grow in magnitude, they may become more
serious threats to stable power system operation.

According to additional aspects, power management devices 16 may be
configured to detect power oscillations and to minimize or eliminate the power
oscillations before problems occur. ;

Referring to Fig. 5, an exemplary methodology executable by control circuitry 24
is shown according to one embodiment to detect power osciflations and implement
corrective action responsive to the detection. Other methods are possible including
more, less or alternative steps.

At a step S40, the control circuitry obtains the system frequency at a plurality of
moments in time. One exemplary method of determining system frequency has been
described previously. Monitoring system frequency may be used to detect power
oscillations, having a respective oscillation frequency, and corresponding to flows of
power intermediate different geographic portions of system 10. The contro} circuitry may
detect the oscillation frequency (e.g., typically 1-3 Hz) by detecting oscillations in the
system frequency (e.g., the system frequency oscillating between 59 and 61 Hz at

exemplary oscillation frequencies of 1-3 Hz).
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At a step S42, the control circuitry decimates the system frequency data to a
sample rate amendable to Fourier analysis in the described example. For example, data
may be provided at a sampling rate of approximately 100 Hz and decimated to 20 Hz.
Decimation increases resolution of the received data around the range of interest
wherein power oscillations are expected to occur (e.g., 0-5 Hz).

At a step S44, the control circuitry low pass filters the data to remove extraneous
data including noise associated with system operation and/or sampling. For 1-3 Hz data
of interest in the described example, the control circuitry implementing the low pass
filtering may have a - 3dB point of 5 Hz. Information of other ranges may he processed
in other embodiments. The output from the low pass filtering includes oscillatory
frequency components.

At a step 346, the control circuitry implements Fourier processing to yield
information regarding the magnitude of the power oscillations at frequencies of interest.
Exemplary Fourier processing includes Fast Fourier . Transform (as shown in .the
illustrated example), Discrete Fourier Transform, and Continuous Fourier Transform.
Other types of processing are possible. '

At a step S48, the control circuitry determines whether the magnitude of the
power oscillations exceeds an oscillation threshiold. In one example, an oscillation
threshold corresponding to 1% damping -may be used. Percent damping may be a
measure of the magnitude of the oscillation as commonly used in the frade..

If the condition of step S48 is negative, the control circuitry may return to step
$40 to continue power oscillation monitoring.

If the condition of step S48 is affirmative, the control circuitry may proceed to a
step S50 to .take appropriate corrective action. As indicated, exemplary corrective action
may include adjusting an electrical demand of the associated load via load shedding
operations and/or load modulation operations.

More specifically, the control circuitry 24 is configured in one aspect to implement
the corrective action in an attempt to reduce the magnitude of the power oscillations
which may grow responsive to the dynamic configurations of electrical power distribution
system 10 (e.g., power oscillations matching a resonant frequency of a configuration of
the electrical power distribution system 10 at a particular moment in time).

One exemplary corrective action includes shedding load as described previously.
For example, the amount of power consumed by the respective load 18 coupled with the
device 16 may be reduced or ceased all together. The magnitude of the power
oscillations may be reduced to an acceptabie level as a result of the load shedding
removing the resonant condition of the system 10. In particular, the resonant frequency

of the system 10 may be altered or changed a sufficient degree if a requisite amount of
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load is shed by one or more device 16 responsive to the monitoring of the power
oscillations. Further, by simply reducing demand, the system 10 is less stressed and an
occurring power oscillation may become stable without further measures. Alternately,
the reduction in demand may "buy time" for human intervention by system operators to
correct any underlying problems. Typically, a human operator may reconfigure the
system 10 to mitigate power oscillations following the adjustment operations described
herein. Following stabilization, loads 18 may be manually or automatically returned to
operation, for example, using a timer.

In another exemplary arrangement, the amount of electrical energy applied to a
load 18 by a respective device 16 may be modulated according to power oscillations in
an effort to dampen the oscillations and to reduce the magnitude of the oscillations to an
acceptable level. For example, the control circuitry 24 may determine the direction of the
power flow by monitoring whether the system frequency is increasing or decreasing.
Thereafter, the control system 24 may synchronize the modulation of the load 18 with the
oscillation frequency. For example, if a power flow oscillation is swinging from afirst
geographic portion of the system 10 to a second geographic location of the system 10,
the devices 16 in the first geographic location could be changed from a load restore
mode of operation to a load shed mode of operation and devices 16 in the second
geographic location could be changed from a load shed mode of operation to a load
restore mode of operation in- an effort to. dampen the power oscillations. Other
embodiments are possible for monitoring and/or reducing power oscillations within
system 10.

In compliance with the statute, the invention has been described in language
more or less specific as to structural and methodical features. It is to be understood,
however, that the invention is not limited to the specific features shown and described,
since the means herein disclosed comprise exemplary forms of putting the invention into

effect.
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What is claimed is:

1. A power management device for use in an AC power distribution system that
supplies an aggregate load including a plurality of individual loads controlled by
respective power management devices, the power management device,
comprising:

a. an interface configured to receive data indicative of a frequency of electrical
energy distributed by the AC power distribution system to each one of the
plurality of individual loads;

b. a control circuitry configured for;

i. processing the data for detecting a presence of a frequency instability
in the AC power distribution system during which the frequency of the
electrical energy deviates from a nominal frequency;

ii. in response to detection of frequency instability modulating an
amount of electrical energy consumed by the individual load
according to the deviation of the frequency from the nominal
frequency, the modulation including lowering the amount of electrical
energy consumed by the individual load to a level at which the
individual load is not fully depowered and that is less than an amount
of electrical energy that the individual load would consume during the
frequency instability if the modulation would not be performed;

c. wherein the interface is a first interface, the power management device
including a second interface, the second interface being a user interface,
the user interface configured to allow a user to input a command to disable
the control circuitry from performing the modulation at the level of the
individual load when a frequency instability occurs in the AC power
distribution system.

2. A power management device as defined in claim 1, wherein the control circuitry is

configured for processing the data for detecting a power oscillation.
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3. A power management device as defined in claim 2, wherein the control circuitry is
configured for synchronizing the modulation of the amount of electrical energy

consumed by the individual load with the power oscillation.

4. A power management device as defined in any one of claims 1 to 3, wherein the
control circuitry is configured for detecting zero crossings of the AC waveform
propagating through the AC power distribution system to measure the frequency

of the electrical energy.

5. A power management device as defined in any one of claims 1 to 4, wherein the
control circuitry is configured to compare a measured frequency of the electrical
energy propagating through the AC power distribution system to a threshold to

detect a deviation with the nominal frequency.

6. A power management device as defined in any one of claims 1 to 5, wherein the
control circuitry includes a switch configured to modulate an amount of electrical

energy passed to the load from the AC power distribution system.

7. A power management device as defined in claim 1, wherein the AC power
distribution system is characterized by a dynamic state of balance between power
generation and the aggregate load, wherein frequency instability results from the

aggregate load exceeding the power generation.

8. A power management device as defined in claim 7, wherein the control circuitry is
configured for detecting zero crossings of the AC waveform propagating through

the AC power distribution system to measure the frequency of the electrical energy.

9. A power management device as defined in claim 7 or 8, wherein the control
circuitry is configured to compare a measured frequency of the electrical energy
propagating through the AC power distribution system to a threshold to detect a

deviation with the nominal frequency.
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10. A power management device as defined in any one of claims 7 to 9, wherein the
control circuitry includes a switch configured to modulate an amount of electrical

energy passed to the load from the AC power distribution system.

11. A method for power management in an AC power distribution system that supplies
an aggregate load including a plurality of individual loads controlled by respective

power management devices, the method comprising:

a. detecting by a first one of the power management devices a presence of a
frequency instability in the AC power distribution system during which the
frequency of the electrical energy deviates from a nominal frequency;

b. in response to detection of frequency instability modulating an amount of
electrical energy consumed by the individual load controlled by the first
power management device according to the deviation of the frequency from
the nominal frequency, the modulation including lowering the amount of
electrical energy consumed by the individual load to a level at which the
individual load is not fully depowered and that is less than an amount of
electrical energy that the individual load would consume during the
frequency instability if the modulation would not be performed;

c. providing the first power management device with a user interface, the user
interface configured to allow a user to input a command to disable the
control circuitry from performing the response as defined in (b) at the level
of the individual load,;

d. in response to input of the command at the user interface, precluding the
control circuitry to modulate the amount of electrical energy consumed by
the individual load during a frequency instability occurs in the AC power

distribution system.

12.A method for power management as defined in claim 11, wherein the step of

detecting a frequency instability includes detecting a power oscillation.
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13.A method for power management as defined in claim 12, including the step of

synchronizing the modulation with the power oscillation.

14. A method of power management as defined in any one of claims 11 to 13, wherein
the step of detecting a frequency instability includes detecting zero crossings of
the AC waveform propagating through the AC power distribution system.

15. A method for power management as defined in claim 11, wherein the AC power
distribution system is characterized by a dynamic state of balance between power
generation and the aggregate load, wherein frequency instability results from the

aggregate load exceeding the power generation.

16. A computer system for use in an AC power distribution system that supplies an
aggregate load including a plurality of individual loads controlied by respective
computer systems, the computer system comprising :

control circuitry for performing a modulation when a frequency instability
occurs in the AC power distribution system, the modulation comprising
modulating an amount of electrical energy consumed by each one of the
plurality of individual loads according to a deviation of the frequency from a
nominal frequency;

a display device; and

at least one processor coupled to the display device, the at least one
processor being operable to execute code for generating a graphical user
interface (GUI) on the display device, the GUI being configured to provide
an input object allowing a user to disable the control circuitry from
performing the modulation at the level of the individual load when a

frequency instability occurs in the AC power distribution system.
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