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of electrical energy supplied by the AC power grid to the load and to adjust a consumption of the electrical energy by the load when
the electrical characteristic indicates that the AC power grid Is no longer In a state of balance. As another example, the power
control device may be configured to control an electrical energy injection process during which an injection of electrical energy from
the auxiliary power source into the AC power grid Is Increased In relation to a detected rate of deviation of the AC power gria
frequency. As yet another example, the power control device may be configured to adjust an injection of electrical energy into the
AC power grid according to a magnitude of kinetic energy bleed from the AC power grid that is derived during an occurrence of a

power generation deficit within the AC power grid.
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POWER CONTROL DEVICE

Field of the invention
The present invention relates to a controller for controlling the electrical power

transferred between an AC power grid and a load connected to the power gird, or

between the AC power grid and an auxiliary power source.

Background of the invention

To ensure the reliability of an electric power grid, the operator continually maintains a
power reserve to compensate for a possible failure of electrical generation units. The
power reserve is essentially an excess production capacity on standby. In normal
conditions, the power generation units are run at less than 100% such that a degree of
reserve power is always available. However, the maintenance of this reserve capacity is
an expensive proposition since the reserVé constitutes a resource that cannot be

effectively monetized by the utility company.

An AC power grid will operate in normal conditions at a fixed frequency (usually 50 or
60 Hz). The frequency remains constant as long as the supplied power matches the
power consumed by the load. Any sudden changes in generation or load resulting in an
Imbalance between generation and load will lead to a frequency instability during which
the frequency deviates from its nOminaI value. Large frequency variations are

undesirable because they could lead to equipment trip or even a system collapse.

Frequency instability events are generally caused by the sudden loss of an electrical
generation unit or by the loss of a large load and are characterized by a sudden

frequency variation from the frequency nominal value.

The reserve capacity in a power grid is thus tapped when the frequency drops below a
certain level. Electrical generation units that supply power to the grid are equipped with
a speed governor. The speed governor continuously regulates the power output of

generation units to balance the generation with the load. Thus, when the frequency of
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the power grid varies, the speed governor responds to this variation to compensate it.
For example, when the frequency is higher than normal, the speed governor will simply
lower the power generated by the generation unit (therefore reducing the amount of
power supplied to the grid). Alternatively, when the frequency is lower than normal, the
speed governor will increase the power generation. The speed governor however has
some inherent limitations. In particular, it is slow to respond since it involves certain
mechanical constraints. Depending of the type of generation (hydraulic, gas, thermal,

wind, etc...) some time is required for the generation unit to increase its speed up to the

desired point.

System inertia is another aspect to frequency stability of the AC power grid. “Inertia”
refers o the ability of the grid to buffer imbalances, such as excess power generation or
power generation deficit and thus prevent significant and rapid frequency excursions.
Any AC power grid has a level of inherent inertia. This inherent inertia effect is the result
of the energy stored in the AC power grid that builds up or bleeds off to buffer the
imbalance, depending on whether the imbalance is the result of an excess or deficit of
power generation. Most of this energy is the kinetic energy of the power generators and
other rotating masses. When the AC power grid experiences a significant imbalance
due to a power generation deficit, the kinetic energy will be tapped and converted in
electricity to feed the load, thus compensating temporarily the power generation deficit.
As the kinetic energy bleeds off, the power generators and other rotating masses will
slow down causing the frequency to deviate from its nominal value. The rate of

deviation of the frequency is thus dependent on the rate of kinetic energy depletion.

Accordingly, from the perspective of frequency stability, some level of inertia in the
power grid Is desirable because it acts as a mechanism to dampen frequency variations

and thus provides more time for slower frequency stabilization systems to become

active.

Canadian patent 2,817,822 and Canadian patent applications 2,856,433, 2,778345 and

2,809,896 describe a power control device that can be implemented to modulate a Ioad
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iNn response to frequency deviations. In many applications, the power control device is
iIntegrated in a domestic electrical equipment unit that receives electrical energy from
the AC power grid. A specific example is a water heater. From a power flow direction,
the power control device is located between the AC power grid and the load in the water
heater, which is a resistive heating element. The power control device observes the
frequency of the electrical energy supplied by the AC power grid and lowers the
consumption of electrical energy by the load when the frequency deviates downward

from a nominal value.

This approach to frequency regulation has a material impact on the AC power grid when
enough autonomous power control devices are present such that their aggregate effect
can meaningfully reduce the load on the AC power grid. From that perspective, there
would be a benefit to retrofit existing domestic electrical equipment units, which
currently cannot modulate their load on the basis of the frequency of the electrical

energy, such that they can acquire this functionality.

Summary of the invention

In one broad aspect, the invention provides a circuit breaker for connection to a power
distribution panel, the circuit breaker comprising a power control device for controlling
an electrical consumption of a load protected by the circuit breaker and supplied by an
AC power grid. The AC power grid being characterized by a dynamic state of balance,
the power control device being configured to monitor an electrical characteristic of the
electrical energy supplied by the AC power grid to the load and to adjust a consumption
of the electrical energy by the load when the electrical characteristic indicates that the

AC power grid is no longer in a state of balance.

According to another broad aspect, the invention also provides a power control device
for use in an AC power grid for regulating an injection of electrical energy from an

auxiliary power source into the AC power grid, the power control device comprising:
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a frequency sensing functional block for detecting a rate of deviation of the AC power
grid frequency;

a logic functional block for controlling an electrical energy injection process during
which the injection of electrical energy from the auxiliary power source into the AC
power grid is increased in relation to the detected rate of deviation of the AC power grid
frequency;

an output for outputting a control signal for controlling the injection of electrical energy

into the AC power grid according to the electrical energy injection procéss.

As embodied and broadly described herein, the invention further provides a process for
frequency regulation in an AC power grid characterized by a dynamic state of balance
between power generation and load, the AC power grid storing kinetic energy when in a
state of balance between power generation and load, the process including:

sensing with a power control device an electrical characteristic of the electrical energy
supply by the AC power grid to derive, during an occurrence of a power generation
deficit within the AC power grid, a magnitude of kinetic energy bleed from the AC power
grid; '

adjusting with the power control device an injection of electrical energy from an auxiliary
power source into the AC power grid at a level selected on a basis of the magnitude of

Kinetic energy bleed.
Brief description of the drawings

A detailed description of non-limiting examples of implementation of the present

invention is provided hereinbelow with reference to the following drawings, in which:

Figure 1A shows an example of an electrical power grid, illustrating the power

generation side and the distributed load side of the power grid;
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Figure 2A is a bioc diagram of a power control device in accordance with a non-limiting
example of implementation of the invention used to regulate the electrical power that a

load is allowed to consume, based on the AC frequency;
Figure 3A is a more detailed bloc diagram of the power control device shown in 2A;

Figure 4A is a flow chart of the process implemented by the power control device of

Figure 3A for controlling an electrical load;

Figure 5A is a graph, which illustrates the variation of the frequency in an AC power grid

as a result of a loss of a generation unit;
Figure 6A is a graph, which illustrates an example of a linear load shedding strategy;

Figure 7A is a graph, which illustrates an example of a non-linear load shedding

strategy;

Figure 8A is a graph that shows a frequency variation pattern to communicate

messages to the power control device;

Figure 9A is a flowchart of a process imp'lemented by the power control device to

decode messages encoded by frequency variation patterns;

Figure 10A Is block diagram illustrating a supplemental energy source connected to the

AC power grid to supply energy to the power grid;

Figure 11A is a more detailed block diagram of a power control device, which regulates

the transfer of energy from the supplemental energy source to the AC power grid;
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Figure 12A is a flowchart of a process implemented by the power control device of

Figure 11A to regulate the power flow from the supplemental energy source to the AC

power grid;

Figure 13A is an example of another load shedding strategy that is based on a linear

relationship between the instantaneous frequency value and the degree of load

shedding;

Figure 14A is yet another example of a load shedding strategy that is based on a non-

linear relationship between the instantaneous frequency value and the degree of load

shedding.

Figure 15A is a perspective view of a circuit breaker in which the power control device

of this invention can be mounted;

Figure 16A is a front view of a power distribution panel in which the circuit breaker of

Figure 15A is installed;

Figure 17A is a high level electrical diagram of the power distribution panel of Figure

16A, showing the connections to the AC power distribution network and also the

connections to the various loads in a dwelling;

Figure 18A is a perspective view of a different circuit breaker that can be used for

housing the power control device of the invention.

In the drawings, embodiments of the invention are illustrated by way of example. ltis to
be expressly understood that the description and drawings are only for purposes of

illustration and as an aid to understanding, and are not intended to be a definition of the

limits of the invention.

Detailed description of the embodiments of the invention
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To facilitate the description, any reference numeral designating an element in one figure
will designate the same element if used in any other figure. In describing the

embodiments, specific terminology is used but the invention is not intended to be limited

to the specific terms so selected.

Figure 1A shows an AC power grid. Electricity is generated at a power plant 10 and is
transmitted over high voltage transmission lines 12 to a voltage down step station 14.
The voltage down step station 14 lowers the electrical voltage (via transformers for
example) such that it may be distributed to households 16 and industrial buildings 18 via

residential distribution lines 20.

In a first example of implementation, the present invention provides a power control
device 32 that can regulate the electrical load that household appliances or industrial
equipment is allowed to consume. By using a sufficient number of such power control
devices, a significant portion of the grid load is controllable and can thus provide a
significant effect on the overall power demand. Accordingly, the power control can be
invoked to lower the electrical load in periods of peak demand and/or when a power

generation unit fails, thus reducing the production capacity.

Figure 2A is a diagram of the power control device 32, showing the power control
device 32 connected to an AC supply 30 (which is the AC power grid) and to an
electrical load 34. The power control device 32 monitors the frequency of the AC supply
30 via the power supply connection to the AC supply. If the frequency varies from its
nominal value, the power control device 32 reacts to shed the load accordingly or in
exceptional cases to increase it. Note that for the purpose of this specification the

expressions “load shedding” and “power reduction” and “load reduction” are used

Interchangeably.

With reference to Figure 3A, a more detailed bloc diagram showing the different

components of the power control device of Figure 2A are shown. The power control
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device 32 is computer based and uses software to interpret the AC frequency and
implement the desired load shedding strategy. The power control device 32 has an
input/output interface 40, a CPU 42, a machine-readable storage 44 and power
electronics 46. Signals representative of the AC frequency, which are sensed via the
power supply connection between the load 34 and the AC supply are communicated to
the power controller 32 via the input/output interface 40. The input/output interface 40

reads the frequency information, digitizes it and makes it available to the CPU 42 for

processing.

The machine-readable storage 44 is encoded with software executed by the CPU 42.
The software implements the load shedding strategy. The /O interface 40 outputs
control signals that are generated by the software to command power electronics 46 for
performing the actual power control. The power electronics 46 typically would include
thyristors or power transistors that can lower the RMS voltage supplied to the electrical
load 34. The power electronics 46 can simply chop segments of the voltage wave to

effectively lower the RMS supply voltage hence, the amount of power the load

consumes.

The control signals output from the 1/O interface 40 convey information indicating the

amount of power reduction desired. In response to these control signals the power

electronics 46 control the AC voltage wave accordingly.

EXAMPLES OF LOADS THAT CAN BE CONTROLLED

The loads that are the most suitable to be controlled by the power control device 32 are

resistive loads. The power consumed by a resistive load can be adjusted by varying the

supply voltage to provide a continuous range of power consumption regulation.

Another example of a load that also can be controlled by the power control device 32 is
a load that consumes power at several discrete levels. In such case, the power control
device varies the power consumption of the load by selecting the maximal level of

power consumption of the load. Note that in the latter case, the power control device
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may not need to adjust the AC voltage that is applied to the load. Rather, it sends

control signals to the load to direct the load to cap its power consumption at a particular

level.

In one specific example of implementation, the electrical load 34 is a water heater in a
dwelling. If a decrease in the power consumption of the water heater is necessary, the
power electronics 46 will reduce the supply voltage according to the programmed
control strategy to obtain the desired power consumption reduction. The decrease in
power level can be enforced for a short period of time (for example, ten to thirty
minutes) to avoid an excessive cooling of the water load. In this particular example it is
unlikely that the power consumption reduction will affect in a major fashion the
functionality of the apparatus and would be almost imperceptible to the end user. The
large thermal mass of the water load (assuming that it is at the set point temperature
when the load reduction was initiated) may reduce the water temperature by a few
degrees and be virtually unnoticeable by the end user. As will be further discussed
below, such an effect would be even less perceptible if the power control occurs at

times during which the water heater is not being heavily used, such as during the night.

Another example of a load suitable to be controlled is a heating system in a commercial
building or a home. In such embodiments, if it is necessary to decrease the power
consumption of the load, the power controller 32 can instruct the heating system to
reduce the consumed power for a period of thirty minutes for example. During such a
control period, it can be understood that the overall temperature of the commercial
building or home may not vary greatly. Hence, such a variation to the end user would
once again be small. Note that the heating system may be of resistive nature (electrical

heating elements) that can be regulated via the power electronics 46.

Yet another example of a load suitable to be controlled would be an industrial facility
implementing a process that requires a significant amount of electrical energy but
whose power consumption can be reduced to some degree over a certain period of time

without any major drawback on the process itself. An example is an aluminum smelter.
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Another example of an apparatus to which a power controller can be connected is an
oven for food preparation purposes. For example, if the oven is set to operate at a
temperature of 450°F, a reduction in power supplied to the oven for a short period of
time will not drastically change the temperature of the oven. The oven control can be

similar to the heating system control described earlier.

Yet another example of a load that could be controlled by the power control device 32 is
a clothes dryer. The clothes dryer includes a heating system that can be regulated in a
continuous fashion as described earlier. In a period of usage, the power control device
32 can reduce the amount of electrical power made available to the heating system of
the dryer. From the point of view of the end-user, this électrical power reduction will

translate into a longer drying time.

POWER REGULATION STRATEGY

Generally, the power regulation strategy has two main phases. The initial phase is a
response to an observed frequency decrease. The purpose of this response is to adjust
the power consumed by the electrical load 34. In this specification it is referred to as '
“load shedding” or “power reduction®™. The second phase of the power regulation
strategy is the power restoration phase. During this phase the electrical power that the
load 34 consumes is restored. An important consideration during the power restoration

phase is to perform this restoration without triggering a further frequency instability by
overloading the grid, which is likely to occur if the power restoration is performed at
once. For that reason the power restoration could be performed at a rate, which is

slower than the rate at which power was initially reduced.

Figure 4A is a flow chart of.an example of the process implemented by the power
control device 32 for controlling an electrical load. After the power control device 32 is
in an active state (generally represented by a "Start” condition at step 50), the logic of
the power control device 32 proceeds to step 52 where the AC frequency is measured

to determine if a power regulation strategy needs to be implemented.
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The purpose of the AC frequency assessment is to detect an imbalance between the
generation side of the grid and the load side thereof, which is reflected by the frequency
deviation. Typically, the larger the deviation the larger the imbalance. The output of step
52 is thus a frequency value. Since the power control device 32 performs digital data
processing, the frequency value is preferably generated in a digital format. Any suitable
methodology can be used to convert the AC analog waveform into digital frequency
information. A possible refinement is to perform several frequency measurements and
to compound those measurements into a single representative value, such as by
averaging them. Specifically, the power control device 32 is programmed to acquire
over a predetermined period of time a frequency measurement, which is stored in the
memory of the power control device 32. In a specific example, a frequency
measurement can be made at évery 100 ms interval, but this value can vary. Generally,
the measurement interval depends on the processing speed of the CPU 42; the faster
the CPU 42 and the system overall, the larger the number of frequency measurements

In a given time period.

The frequency measurement is done by computing the period of one or more
consecutive cycles of the AC voltage and deriving from the period information the
fundamental frequency. When the frequency is measured at each 100 ms, and
assuming a 100 ms measurement window, the system measures the period of at least

one AC voltage cycle within that 100 ms window.

The memory of the power control device 32 keeps a certain number of frequency
measurements. As a new measurement becomes available, it is stored in the memory

and the oldest measurement overwritten. All the frequency values that are stored in the
memory are averaged as a new frequency measurement becomes available. Short-
term frequency variations that may not be indicative of the grid frequency instability are

smoothed out by the averaging.
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Note that instead of averaging the frequency measurements, other ways to blend this

data into a single representative value are possible.

In addition to computing a compound frequency measurement, which reflects the
current frequency value, step 52 also computes the rate of variation of the frequency.
The rate of variation of the frequency is an indicator of the AC power grid stability; the
faster the frequency diminishes the greater the risk of AC power grid collapse.
Accordingly, the rate of variation of the frequency can be used as a factor to tailor the
load shedding response in order to restore the balance between the generation side

and the load side of the AC power grid, or at least prevent further balance deterioration.

Several possibilities exist to determine the rate of frequency variation. One is to
measure the rate of frequency variation from the nominal AC power grid frequency

versus time. In other words, the process computes the first order derivative of the

frequency change versus time. Practically, this measure reflects the speed at which the

frequency varies.

Another possibility to determine the rate of frequency variation is to measure the rate at
which the speed of variation of the frequency itself varies. This measurement, which is

the derivative of the rate of frequency variation versus time, reflects the acceleration of

the frequency variation.

The rate of frequency variation versus time is computed on the basis of consecutive
frequency measurements stored in the memory 44 and the time intervals separating the
frequency measurements. If desired, further computations can then be performed to

derive the acceleration of the frequency variation from the speed of frequency variation.

The load shedding strategy is determined on the basis of several factors, namely the

current value of the frequency, the rate at which the frequency varies or both. Other

factors can also be used to further fine-tune the load shedding strategy.
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The power control device 32 implements decision logic based on the compounded
frequency measurement and also the rate of frequency variation in order to determine
the load shedding strategy to be employed. Subsequently, the power control device 32

sends a corresponding command to the power electronics 46 (via control signals, for

example) as represented by step 56 to be described later.

Step 54 of the process thus uses the compounded frequency measurement and the rate
of variation of the frequency as an input in determining if load shedding is required and
optionally the strategy to be employed (when different strategies can be used). In
instances when the AC power grid is stable and the frequency is within a nominal
acceptable range the processing at step 54 determines that no load shedding is
necessary and no further action takes place. This processing loop repeats constantly to
provide a continuous monitoring of the grid frequency stability. However when a

frequency instability event is detected, step 54 invokes a load shedding response.

When a large number of power controllers 32 are installed in the electrical network or
grid, each of them responds independently to the frequency instability event. However,
since the responses are coherent and predictable they all add up to a combined load

shedding that has a grid-wide effect.

Figure 5A is a graph, which illustrates how the frequency typically varies in an AC power
grid, when a generation unit is lost. As a result of the loss of the generation unit, the
balance between the generation side and the load side is upset, which will cause the
grid frequency to progressively diminish. In the graph of Figure 5A, point A represents
the loss of a generation unit, which roughly is of about 1600 MW. At that moment, since
the AC power grid manifests a power generation deficit, the frequency that is illustrated
by curve C starts to diminish. The rate at which the frequency varies versus time from
the nominal frequency during this initial phase, which is illustrated by the slope D, is
function of the inherent AC power grid inertia. The inertia of the AC powe'r grid depends

on a number of factors, such as the size of the AC power grid, the relative size of the

generation units and other factors. Suffice it to say that in AC power grids that have
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relatively low inertia the rate of frequency drop will be higher than in thoSe that have

higher inertia.

The equation Af/At =APe(2H+D) represents the mathematical relationship between the
frequency rate of variation versus time, the magnitude of the power generation lost and
the AC power grid inertia. Af/At represents the rate of variation of the frequency versus
time. APe represents the amount of electrical power that is no longer available to the
AC power grid, while (2H+D) is essentially a constant. More particularly, D is a load-
damping factor that typically ranges from 0 to 2, where 2 represents the scenario where
all electric motors that the AC power grid supplies are connected to the AC power grid
at the moment the imbalance occurs. H is an inertia constant that is a characteristic of
the AC power grid itself and it is a function of the interconnection and all synchronous

power generation sources. H typically ranges from 2.5 to 6.5.

As the equation suggests, the frequency will vary much faster in an AC power grid that
has lower inertia than in one that has a higher inertia, for the same power generation
deficit.

When a power generation unit is lost, the AC power grid reacts to compensate this loss
by increasing the power generation from remaining power generation units. That
response, however, which is illustrated by the curve E in the graph of Figure 5A is
relatively slow because it involves mechanical actions, such as opening valves to
increase the water flow to turbines. Accordingly, it takes some time before the
commanded action produces a power injection effect. In the example of Figure 5A,
assuming the power increase directive has been issued immediately upon the loss of
the power generation unit, it takes almost up to 2 seconds for an effect to manifest itself

and up to 12 seconds for the power deficit to be compensated.

During this 2-second period the AC power grid is largely uncontrolled and only the grid
inertia buffers the frequency drop. In severe cases, where the inertia of the AC power

grid is comparatively low and a large power generation unit is lost, the frequency may
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drop too much before any compensation takes effect, thus triggering a partial of full AC

power grid collapse.

Figure 6A is a graph depicting an example of load shedding in relation to the AC
frequency, which provide a fast system response to further buffer the frequency drop
during the initial time period, before any power generation injection has been performed.
The response is represented by a line of constant slope (slope A), which establishes a
linear relationship between the rate of variation of the AC power grid frequency versus
modulation % of the load 34. Operation point A occurs at a rated frequency of 0 Hz/sec
when the load is fully supplied (100% supplied). However, when the frequency rate of
variation versus time is decreasing below the rated value to a point at which a frequency
instability event is considered to be occurring the electrical power available to the load

34 is reduced proportionally to the frequency rate of variation versus time. The rate at

which the load 34 is reduced in relation to the frequency rate of variation versus time is
determined on the basis of the measured rate of frequency variation versus time; the

higher this rate the higher the rate at which the load 34 is reduced.

In the representation at Figure 6A, a zero slope, shown in dotted lines would produce an
instant de-powering of the load, so the lower the slope the more aggressive the
response is. In that example, a slope of -0.5Hz/sec will trigger a load de-powering when
the rate of frequency decrease is of -0.5Hz/sec or higher. Generally, the range of load
shedding could be operative in the range from about OHz/sec to about -0.6Hz/sec. In
other words, load shedding will begin at any deviation from OHz/sec and reach a full
load de-powering at about -0.6Hz/sec. Preferably this range could be from about -
0.05Hz/sec to about -0.1Hz/sec.

From an implementation perspective, the memory 44 of the power controller 32 stores a
series of tables mapping current frequency to respective power consumption values
according to a linear relationship, whére each table is associated with a respective rate
of frequency variation versus time. Once the rate of frequency variation versus time has

been computed, the table associated with that frequency rate of variation versus time is
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selected from the memory 44 and the power consumption of the load 34 modulated

based on the data in that table.

Instead of using a table look-up operation, an algorithm can be programmed to compute
directly the power consumption of the load 34, based on the rate of frequency variation

versus time.

The load shedding strategy example illustrated in Figure 6A is based on a linear
relationship between the rate of frequency variation versus time and controlled load (%
of load rated value). Alternatively, the variation in controlled load in relation to the rate
of variation in frequency versus time can also occur in a non-linear manner as shown in
Figure 7A. The non-linear function has the advantage of providing a more aggressive

load reduction effect with increasing frequency deviation.

In this instance, the rate of variation of the frequency versus time determines the degree
of aggressiveness of the load reduction. Figure 7A shows three different response
curves A, B and C, which are associated with different rates of frequency variation
versus time. Response curves A, B and C respectively, provide a decreasing response
aggressiveness. In other words, response curve A provides a more aggressive
response and will reduce the load faster for a given frequency than anyone of response
curves B and C. As in the case of the previous implementation example, look-up tables

can be used or an algorithm can be programmed to identify from a particular response

curve the allowed power consumption given the frequency rate of variation versus time.

The load shedding strategy can be modified to implement a dead band where no load

shedding takes place as long as the rate of frequency variation versus time is within the
dead band boundaries. The dead band spread can be set on the basis of a frequency
rate of variation versus time Window within which rates of frequency variations versus
time occur but are considered normal. In other words, as long as the frequency rate of
variation versus time remains within that frequency variation rate of variation versus

time window the frequency of the power grid is considered to be stable and no
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frequency instability is occurring. In this exarﬁple, frequency instability'occurs when the
frequency rate of variation versus time exceeds the window boundaries. For example, In
a typical AC power grid the nominal frequency rate of variation versus time is of 0 Hz/sc,
and the frequency variation window, which is centered on the 0 Hz/sec value could have
a spread of £0.05 Hz. This means that as long as the frequency rate of variation versus
time remains within that window, it is considered stable and it will not invoke any load
shedding response. However, a variation outside the range of +0.05 Hz/sec from the

operation point at 0 Hz/sec will cause the power control device 32 to decrease the

power consumed by the load.

Yet another possible example of a load shedding strategy is to use a binary response
where the power to the load 34 is completely turned off, when the rate of frequency
variation versus time exceeds a certain degree which is indicative of impending AC
power grid collapse. This binary response strategy can be used either on its own or In
combination with other load shedding strategies described earlier. When used alone,
the power controller 32 does not modulate the electrical load 34 and solely provides
protection against severe frequency instability events. The load shedding strategy is
thus triggered when the rate of frequency variation versus time exceeds a threshold that
is indicative of a serious imbalance between the generation side and the load side of the
AC power network. When used in combination with other load shedding strategies that
also modulate the power consumption of the electrical load 34, this binary control
mechanism is invoked as a last resort when the threshold of frequency rate of variation

versus time is exceeded.

Instead of using the rate of frequency variation versus time as a basis for determining
the load shedding response, the acceleration of the frequency variation could be used,
which provides yet another order of prediction of the frequency stability. A load
shedding response based on the acceleration of the frequency variation can be
implemented in a similar way to the load shedding response based on the rate of
frequency variation versus time. More specifically, the acceleration of the frequency

variation versus time is computed by taking a second order derivative of the frequency
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versus time and look-up tables or an algorithm used to derive the degree of load

shedding.

The examples of load shedding strategies described above provide an adaptive
response to the severity of frequency instability events and can thus protect the AC
power grid from collapsing event when large power generation deficits occur or when
the AC power grid inertia is low. Since the load shedding strategy uses as a factor the
rate of frequency variation, hence it is forward looking and not just responsive to the
instant conditions, it can adapt the response such that the rate at which the load is
being shed is higher than the rate of frequency variation as it exists immediately
following the occurrence of the imbalance, and that will continue without reduction if no

such load shedding would occur.

From another perspective, the rate of frequency variation, whether the speed of
variation or the acceleration of the variation constitutes an indicator of the rate at which
the kinetic energy of the AC power grid is being depleted. The AC power grid stores
kinetic energy, as described earlier, which constitutes an energy buffer that can
compensate temporarily a power generation imbalance. The higher the kinetic energy
content of the AC power grid, the slower the frequency will decay when an imbalance
arises. Thus the frequency at the power supply connection of the load to the AC power
grid and especially how the frequency varies is an indicator of the rate of kinetic energy

dissipation of the AC power grid. In turn that information can be used to choose the

appropriate load shedding response.

When the frequency instability subsides, which occurs when additional power
generation capacity has been be put on line to compensate the initial loss of power
generation, the load shedding operation is terminated and the power to the load 34 is

restored either fully or partially.

Another example of a load shedding strategy uses the current value of the frequency

rather than the rate of frequency variation. This is a simpler approach where the
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frequency value determines the degree of load shedding. The relationship between the
frequency value and the degree of load shedding may be linear or non linear to provide

a more aggressive response with an increasing deviation of the frequency with relation

to the nominal frequency.

Figure 13A illustrates an example of a linear response based on frequency value. In this
example, the slope of the response curve is such that full load de-powering occurs

when the frequency deviates from the nominal frequency by a value of 3 Hz or more.

Figure 14A shows an example of a non-linear response where the initial load shedding
is gentler but accelerates with an increasing frequency drop. As in the previous case,

full load de-powering occurs at 3 Hz or more of frequency deviation.

In the examples shown at Figures 6A, 7A, 13A and 14A the load is varied In a
continuous fashion with frequency deviation, whether rate or instantaneous value. In
those examples, the variation is gradual and non-stepwise. In a possible variant, the
variation is continuous but step-wise, where a multiplicity of discrete steps approximates

the response curve.

As indicated above, the second phase of the power regulation strateqy is the power
restoration phase. The power restoration phase restores the power to the load 34 at a
rate, which is slower than the rate at which power was initially adjusted. For clarity, the
expression “power restoration performed at a rate which is slower than the rate at which
power was initially reduced” or any other equivalent expressions that may be used in
the specification means that it takes less time to adjust initially the power to the load 34
from the level at which it was when the frequency instability event was detected (initial
power level) to another level (adjusted power level) than it takes to restore it back from
the adjusted power level to the initial power level, once it is determined that the
frequency instability event is subsiding or is no longer present. This definition applies

from the perspective of the individual power control device 32, the power grid or both.
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In a specific example of implementation where power is restored by increasing the
power that the load 34 is allowed to consume, the power control device 32 increases

the power the load is allowed to consume in a continuous and gradual fashion.

The power restoration phase may include a minimal time delay before the power to the
load starts increasing. For example, the delay may be set to anywhere from about 2
seconds to about 2 hours, more preferably from about 5 minutes to about one hour and
most preferably from about 10 minutes to about 30 minutes. Accordingly, once the
power restoration phase starts, a timer is started programmed with the desired delay
period. Concurrently with the start of the power restoration phase, the power
maintenance action is initiated, during which the power to the load Is held steady at the
level it was when the power restoration phase was triggered. The power maintenance
action continues while the timer operates and before the delay period has expired. At
the expiration of the delay period the power increase action is invoked during which the
power the load is allowed to consume is progressively increased. The rate of power
increase is lower than the rate at which the power was diminished during the load

shedding phase.

Another possibility is to use a power restoration strategy that has a degree of
randomness to it. In this case when a large number of households supplied by the grid
and using independent power control devices 32 will increase their power consumption
following a grid instability event, the increase will happen gradually without creating a
load spike. For instance, the power restoration phase for an individual power control
device 32 can be such that the load fully recovers at once, in other words there is no
progressive load increase. The restoration time is not fixed but varies between
boundaries, say 5 minutes to 3 hours. When the power restoration phase is initiated,
the power control device 32 initiates the power maintenance action and randomly sets
the time for transitioning to the power increase action within those boundaries. In this
example, the power to the load will be switched up to its nominal value at once,
anywhere from 5 minutes to 3 hours. In the population of the power control devices 32

in the entire power grid that manage the individual loads, this random selection is
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effected and would result in an overall recovery operation that is gradual and balanced
out over the entire power restoration time window. Thus, from a power grid perspective,

the load will increase progressively over the power restoration time window as individual

power control devices 32 switch their loads back to nominal value.

Note that in the case of an individual power control device 32, the power to the load will
increase at a rate that may not be lower than the rate of decrease during the power
compensation phase. However, collectively, the rate of power increase will be lower
since the individual power switch back events are spread over a time period that is

longer than the period over which the power was reduced.

Another alternative is to provide the power control device 32 with an auto-learning ability
to adapt the power regulation strategy based on past events, such as to fine tune the
system response. For example, the power control device 32 can take into account
usage data in connection with the load that is being controlled imn order to adjust the
power regulation strategy such as to reduce inconvenience to the end user as much as
possible. For instance, the power control device 32 stores information about energy
usage of the load over a period of time, say weeks or months, to determine patterns of
heavier usage and patterns of lighter usage. If a power control is required, the strategy
IS conditioned on the basis of expected usage of the load during that period. For
example, if the energy usage pattern indicates that the load is not being used or only
lightly used during the night, then a frequency instability event occurring during the night
will trigger a more aggressive load reduction susceptible to assist grid frequency
stabilization and less likely to inconvenience the end user. In contrast, if the power
restoration occurs during the day where the load usage is higher, then the load
reduction response is less aggressive to reduce user inconvehience. By “less
aggressive” is meant that the load will be reduced to a lesser degree and/or the load will

be restored faster.

In another example, the power regulation strategy can be adapted on the basis of the

real-time condition of a particular load. For example, if the load is a water heater and
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the water is at a low temperature (the spread between the actual water temperature and
the set point is large), this water heater can acquire a “privileged” status such that the
power regulation strategy will be less aggressive than a situation where the water is at
or near the set point temperature. Specifically, the power control will reduce the load to
a lesser degree and/or will recover the load faster. The same behavior can be
considered with a heating system load where it may be desirable to reduce the power
control in instances where a significant demand is placed on the heating system before

the grid instablility event occurred.

Figure 8A illustrates a graph showing a frequency variation pattern that is impressed by
the grid operator in the electrical grid and that can be used to communicate messages

to the individual power control devices that continuously read the AC frequency.

The messages are frequency encoded which is accomplished by varying the frequency
of the AC supply. The variations are small to avoid creating a frequency instability
event. For example, the variations to perform the encoding can be kept at a percentage
of the nominal or allowable frequency variation of the power grid. The percentage can
be 25% for example. In a more specific example, in the case of an isolated power grid,
the encoding can be done over a range of 0.2 Hz, preferably over a range of 0.15 Hz.

In the case of an interconnected power grid a range of 0.05 Hz is appropriate.

In a specific example of implementation, the memory 44 stores representations of
different frequency variation patterns that the power control device 32 should be able to
recognize. Since the memory 44 stores a number of frequency measurements to
compute an average value, the logic of the power control device 32 compares the
patterns to the set of frequency data to determine if a pattern is being transmitted.
Every time a new frequency measurement is stored in the memory 44, the content of
the buffer with the frequency measurements is compared to the library of patterns the
power control device 32 is designed to recognize. If a pattern is recognized then an

action is taken.
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Furthermore, patterns of frequency variation may vary in duration. For example, some
patterns may be established within a period of 3 seconds (i.e.: from a time t=0 seconds
to a time t=3 seconds), while others may be established within a period of less than 2
seconds (i.e.. from a time t=5 seconds to a time t=6 seconds). I[n addition, longer
patterns taken over periods of more than 5 seconds can also be stored in the memory
44 for comparison. It is to be understood that a given set of data may be consulted (and
compared) in multiple comparative trials in order to “fit” the data to possible patterns
stored in memory 44. Thus, several comparative iterations may be necessary within a
given period of time in order to associate the dynamically collected data to a pattern
stored in memory 44. For example, shown ih Figure 8A are different sets of data A, B,
C, D and E representing different portions of the graph from time t=0 seconds to t=7
seconds. Thus, at t=3 seconds, data set A may be compared to given patterns within
memory 44. If no matches are found, then data sets B or C may be compared to
patterns'stored in memory 44. At the same time as the comparisons of data sets A, B
or C occur, different combinations of data sets may also be compared in memory 44.
For example, a data set comprising sets A and B (or alternatively B and C, or
alternatively A and B and C) may be compared all the while comparing data sets D and
E as they are collected. In addition, it is not necessary that data sets be connected in
time. For example, a given pattern stored in memory 44 may comprise a time
differential between different acquired data. For example, data sets A and C can
correspond to a pattern wherein a corrective action may be associated with data sets A

and C regardless of the data contained between A and C (i.e.: regardless of the data set
B).

The action performed when a frequency variation pattern is recognized can be a

command that directs the power control device 32 to do something. Examples of such

commands will de provided below.

The frequency encoded messages me structured in different ways. One example is to
design the system to operate on the basis of a limited number of messages, where each

message Is represented by an individually recognizable frequency variation pattern.
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The power control device 32 is designed to recognize the frequency variation patterns
and implement the actions that are associated with the patterns. The action will likely

be combined action and include a command associated with some parameter, such as

a time parameter.

Alternatively, the message may have a structure allowing conveying multiple elements
of information. This is a more flexible approach since it allows for more communication
possibilities. In a specific example of implementation, the message includes a
command portion that basically tells the power control devices what to do. In addition,
the message also includes a time variable portion that conveys in addition to the
command portion time information such as a delay or specific time at which the
command is to be implemented and/or the duration for the action that the command
entails. The message can be structured by frequency encoding symbols, such as
individual bits. The power control device is designed to decode the message by

decoding the individual symbols, assembling the message and then executing the

command.

A possible message structure would include a header portion that is a frequency
variation pattern that can be recognized by the individual power control devices 32 as a
signal that a message is being sent. The header recognition is performed as discussed
in connection with Figure 8A, where the frequency data is compared to a pattern stored
in memory. Once a header is detected, the power control device 32 senses individual
symbols. A particular symbol can be a specific frequency variation pattern occurring

over a predetermined time period. For example, the system can be designed to transmit

one symbol every second.

The logic of the power controller 32 assembles the symbols to determine the command

that is to be executed.

To distinguish different message portions from one another a specific frequency

variation pattern can be used, which when detected indicates to the logic of the power
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control device 32 the end a symbol stream and the beginning of a new one. In this
fashion, the command portion of the message can be distinguished from the time

variable portion.
To terminate the message, an end of message frequency variation pattern can be sent.

Figure 9A, illustrates a flow chart outlining the steps implemented by the power control
device 32 to decode and then execute frequency encoded messages. At step 92, the
power control device 32 measures the AC frequency as discussed earlier. At step 94, a
frequency variation pattern is constructed by mapping individual frequency values to
time intervals. For example, the mapping would include associating a particular
frequency value to a particular time period over which that frequency value was

maintained.

The resulting frequency/time map is compared to a pattern stored in the memory of the
power control device 32, at step 96. Assuming a match exists, as shown at step 98, the
matching operation derives a command that is then executed. The command is

implemented at step 100.

One example of a specific command that can be frequency encoded is to invoke the
initial phase of the power regulation strategy, namely the load shedding phase. Such

command allows the grid operator to determine the collective response of the
population of power control devices 32 to a frequency instability event. That
determination allows the operator to know the degree of load reduction capacity that is

effectively available in the grid in the case a frequency instability event occurs.

The teSt.invoIves the generation of the frequency encoded message. This is done by
adjusting the frequency of the supply (when no frequency instability is present) to build
the message which propagates over the entire grid and is received by each power
control device 32. The message signals the power control devices to reduce the power

the respective loads consume by a predetermined amount. The response of the power
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control devices 32 is determined by observing the state of loading of the grid. The
timing and degree of load reduction is recorded and provides valuable information that

can predict how the grid will react should a frequency instability event occur. The
degree of loading on the grid can be determined by looking at the frequency variation
that would occur as a result of the triggering of the power control devices 32. Since the
effect is a load reduction, the resulting imbalance with the generation side will translate
into a frequency increase. The degree of frequency increase is indicative of the degree

of load reduction that is available.

As to the timing of the response, the frequency variation is mapped versus time to
determine how the response, once triggered evolves time wise. The Important

parameter is deriving how fast the degree of loading of the grid is lessened.

Another example of a command is to inhibit the power control function for a
predetermined time period. This command is useful to prevent the power control

function to occur when the grid is being restored following a power outage.

Another example of a command is to trigger the power compensation phase
preemptively when an overload on the grid is expected to occur or has occurred but

frequency instability is not yet observable.

Figures 10A to 12A illustrate another example of implementation of the invention, which
applies to energy transfer in the AC power grid which is controlled on the basis of the

power grid frequency.

In Figure 10A a supplemental energy source connects to the AC power grid 106 via a
power control device 104. The supplemental energy source 102 is designed to supply
the AC power grid 106 with electric power. Specific examples of implementation of a
supplemental energy source include solar panel arrays, wind turbines and also energy
storage devices. Examples of energy storage devices include flywheel banks and

electrical batteries.
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The supplemental energy source 102 can be a stand-alone unit, which is designed for
the sole purpose of supplying the AC power grid 106 with electrical energy.
Alternatively, the supplemental energy source 102 can be primarily designed to supply
with electricity a dwelling and feed the AC powef grid 106 only when there is excess

energy available.

The supplemental energy source 102 outputs a DC voltage. The power control device
104 converts the DC voltage in an AC voltage that is synchronized with the AC
waveform in the AC power grid 106. The pOwer control device 104 regulates the power
flow into the AC power grid 106 by adjusting the AC voltage impressed at the power
connections between the power control device 104 and the AC power grid; the higher
the RMS AC voltage the higher the rate of energy transfer from the supplemental
energy source 102 to the AC power grid 106.

Note that the supplemental energy source 102 may generate electrical energy in AC
form, rather than DC form, however for those applications a suitable conversion will be
made. For instance, solar panel arrays have a DC output which most likely will require
some form of conditioning to produce a stable and usable DC output. Wind turbines
and flywheels, which are rotating devices, generate an AC output that will be rectified

into a DC form.

Figure 11A illustrates in greater details the structure of the power control device 104. It
will be apparent that the power control device 104 is similar to the power controller 32
shown in Figure 3A, in that it includes an Input/Output (I/O) interface 106, a CPU 108
and a machine-readable storage (memory) 110. The power control device 104 also
includes an inverter 112 that converts the DC input 114 from the supplemental energy

source 102 to an AC waveform at its output 116 for supplying the AC power grid 106.
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The inverter 112 is controlled by control signals generated from the /O 106. In addition
to receiving commands from the /O 106 the inverter also supplies frequency

information as it is observed at the output 116.

The software executed by the CPU 108 implements a process that is illustrated by the
flowchart at Figure 12A. Step 118 processes the frequency information derived from
the output 116. The purpose of the processing is to detect an imbalance between the
generation side of the grid and the load side thereof, which is reflected by a frequency
deviation. The processing can be performed in the same way as described earlier in
connection with step 52 at Figure 4A and may involve determining the rate of frequency
variation, such as the speed of variation or the acceleration of the variation, which
constitutes an indicator of the rate at which the kinetic energy of the AC power grid is

being depleted when there is a generation deficit.

Step 120 determines the parameters of an energy input augmentation strategy, which
computes the rate at which electrical energy will be transferred to the AC power grid
106 by using the computations at step 118 as a factor. Generally, the higher the
frequency deviation, the larger the energy injection should be in order to stabilize the
frequency of the AC power grid. Unlike traditional power generation units, which are
slow to respond, the supplemental energy source 102 can provide a nearly
iInstantaneous burst of energy into the AC power network 106 to slow down the
frequency decrease until the main power generation units of the AC power grid 106 are

able to react.

The energy injection strategy at step 120 can essentially mirror the load shedding
strategy described earlier, but in reverse. For example, the slope A in Figure 6A could
be used to derive the percentage of the available energy output of the supplemental
energy source 102 that is injected into the AC power grid 106. When the speed of
frequency decrease is at its maximum as established by slope A, namely -0.5Hz/sec,
the inverter 112 is controlled such as to feed energy into the AC power grid 106 at the

maximal rate that the supplemental energy source 102 can provide. When the speed of
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frequency decrease is less than -0.5Hz/sec then the inverter 112 is commanded such

that less than the maximal output is fed into the AC power grid 106.

Strategies such as those shown by the non-linear functions in Figure 7A can also be

used to determine the rate of energy injection.

Yet another possible example of energy injection strategy is to use a binary response
where energy is injected at the maximal rate, when the rate of frequency variation
versus time exceeds a certain degree, which is indicative of impending AC power grid
collapse. This binary response strategy can be used either on its own or in combination

with other energy injection strategies described earlier.

Note that in determining the rate at which energy can be injected into the AC power grid
106, the processing at step 120 needs to determine the amount of energy that the
supplemental energy source 102 is actually capable of supplying. In the case of a solar
array, if there is no sunlight, the array would not be able to supply much, in which case

the inverter regulates whatever is available, to inject it into the AC power grid.

In the case of a battery or a flywheel bank, the consideration is somewhat different.
Those devices can usually produce their rated output, even if the amount of energy
stored is iow. In other words, the rated output will be available, but the amount of time
this output can be maintained depends on the degree of charge of the battery and the
rotational speed of the flywheels in the bank of flywheels. Since the intent is to generate
a burst of energy into the AC power grid, a possible approach is to tap the battery or

flywheel bank such that they provide the maximal output until complete depletion.

A similar consideration exists in connection with a wind turbine. Inherently, a wind
turbine is also an energy storage device because the rotor assembly builds up kinetic
energy that can be tapped in emergency conditions. In one example of implementation
using wind turbines as supplemental energy sources 102, the process step' 120 controls

the rate at which energy is taken from the wind turbine not to exceed the steady state
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output of the turbine, in other words without tapping into the kinetic energy reserve.
However, in emergency conditions, such as when the frequency of he AC power grid
has significantly decreased, the kinetic energy is tapped which will cause the rotor to

slow down and eventually stop.

Note that the power control device 104 is designed to operate autonomously.
Accordingly, when several auxiliary power sources, which are likely to be geographically
distributed are connected to the AC power grid and each is provided with a power
control device, their responses in terms of modulation of the injection of electrical
energy into the AC power grid will be consistent without the need to directly

communicate with each other or with a central entity that controls their operation.

With reference to Figure 15A, the power control device according to the invention can
be Integrated in a circuit breaker 1500 that mounts in a power distribution panel, of the
type shown in Figure 16A. The advantage of integrating the power control device in the
circuit breaker 1500 is to simplify the installation; it suffices to remove the old circuit
breaker and replace it with the circuit breaker 1500 such as to control the loads in the
respective circuit based on the frequency of the AC supply. Accordingly, the circuit
breaker 1500 allows retrofitting existing electric installations without the need to access

and modify individual loads (appliances).

With reference to Figure 17A, the power distribution panel 1600 has a housing for
receiving an array of circuit breakers 1500. The circuit breakers are removably
mounted In respective slots by using a quick connect attachment system, such as the
one known under the trade name Square D or Stab-Lok. The circuit breakers control a

range of loads in the dwelling serviced by the power distribution panel 1600.

In one example of implementation, the feeder cables 1700 connect to respective rails of
a rail-type circuit breaker mounting system in the distribution panel 1600. The rails

allow mounting the circuit breakers in the panel 1600 side by side. The circuit breakers
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are of the snap-on type, having legs that mechanically Iafch on the rails; the legs also

double as electrical contacts.

The power distribution panel connects to power feeder cables 1700 of the AC power
distribution network. The drawing shows two power distribution cables which, in a 120V
AC power distribution network carry the same voltage with reference to ground, namely
120 V, but are 120 degrees out of phase. Circuit breakers 1500 connect individually to a
respective power distribution cable 1700 to protect electrical circuits from damage
caused by overload or a short circuit. Essentially, the individual circuit breakers 1500
detect a fault in the circuit and interrupt the current flow. Once tripped, the circuit
breakers 1500 can be re-set to resume a normal mode of operation. In the specific

example shown, circuit breakers 1502, 1504 and 1506 control loads 1, 2 and 3 which

reside in individual circuits.

Circuit breakers 1510 and 1508 feed a water heater 1612. Since a water heater 1612
requires a 240 V AC supply, a 2 pole circuit breaker is used which essentially is a dual
circuit breaker, one in each conductor of the circuit, connecting to a respective power
feeder cable 1700. The circuit breaker of Figure 15A is a 2 pole circuit breaker and it
nhas a housing type that is double the size of a single pole circuit breaker in order to
occupy two consecutive slots in the power distribution panel 1600. For reference, a

single pole circuit breaker is shown in Figure 18A.

The circuit breaker 1500 of Figure 15A has a housing in which are mounted the
components necessary to provide the protection function and the components that
provide the power control function. Specifically, this would include the entirety of the

power control device 32, namely the CPU 42, the memory 44, the 1/O interface 40 and

the power electronics 46.

Once installed in the power distribution panel 1600, the circuit breaker 1500 provides a

load shedding function that is effective for all the electrical loads in the circuit controlled
by the circuit breaker 1500.
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In a possible variant, instead of installing the load shedding function into the circuit
breaker, that system providing that function can be associated with the power
distribution panel 1600 in other ways, such as providing a sub-panel located within the
housing of the power distribution panel 1600 or installed adjacent the power distribution

panel 1600 through which the circuits to be provided with the load shedding function are

routed.
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Claims:

1. A circuit breaker for connection to a power distribution panel, the cirCuit
breaker comprising a power control device for controlling an electrical
consumption of a load protected by the circuit breaker and supplied by an AC
power grid, the AC power grid being characterized by a dynamic state of
balance, the power control device being configured to monitor an electrical
characteristic of the electrical energy supplied by the AC power grid to the load
‘and to adjust a consumption of the electrical energy by the load when the
electrical characteristic indicates that the AC power grid is no longer in a state

of balance.

2. A circuit breaker as defined In claim 1, wherein the circuit breaker has a

housing, the power control device being mounted in the housing.

3. A circuit breaker as defined in anyone of claims 1 and 2, wherein the circuit

breaker is a rail-mounted type circuit breaker.

4. A circuit breaker as defined in anyone of claims 1 to 3, wherein the circuit

breaker Is a snap-on type circuit breaker.

5. A circuit breaker as defined in anyone of claims 1 to 4, wherein the electrical
characteristic of the electrical energy monitored by the power control device is

the frequency of the electrical energy.
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6. A circuit breaker as defined in claim 5, wherein the power control device '
reduces the consumption of electrical energy by the load on the basis of a

variation of the frequency from a nominal frequency.

7. A circuit breaker as defined in claim 5, wherein the power control device is
configured to adjust the Consumption of electrical energy according to a linear
relation that is function of the variation of the frequency from the nominal

frequency.

8. A circuit breaker as defined in claim 5, wherein the power control device is
configured to adjust the consumption of electrical energy according to a non-
Iine'ar relation that is function of the variation of the frequency from the nominal

frequency.

9. A circuit breaker as defined in anyone of claims 7 and 8, wherein the power
control device is'coﬁnfigured to adjust the consumption of electrical energy at a

level selected among an infinite number of levels.

10.A circuit breaker as defined in claim 5, wherein the power control device
reduces the consumption of electrical energy by the load on the basis of a rate

of variation of the frequency versus time from a nominal frequency.
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11. A circuit breaker as defined in claim 1'0, wherein the power control device is
configured to adjust the consumption of electrical energy according to a linear
relation that is function of the' rate of variation of the frequency versus time

from the nominal frequency.

12.A circuit breaker as defined in claim 10, wherein the power control device is
configured to adjust the consumption of electrical energy according to a non-

linear relation that is function of the rate of variation of the frequency versus

time from the nominal frequency.

13. A circuit breaker as defined in anyone of claims 11 and 12, wherein the power

control device is configured to adjust the consumption of electrical energy at a

level selected among an infinite number of levels.

14.A circuit breaker as defined in anyone of claims 1 to 13, wherein the power
control device comprising a machine-readable storage medium encoded with

software for execution by a CPU to monitor the electrical characteristic of the

electrical energy supply.

15. A power control device for use in an AC power grid for regulating an injection

of electrical energy from an auxiliary power source into the AC power grid, the

power control device comprising:
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a. a frequency sensing functional block for detecting a rate of deviation of
the AC power grid frequency;

b. a logic functional block for controlling an electrical energy injection
process during which the injection of electrical energy from the auxiliary
poWer source into the AC power grid is increased in relation to the
detected rate of deviation of the AC power grid frequency;

c. an output for outputting a control signal for controlling the injection of
electrical energy into the AC power grid according to the electrical

energy injection process.

16.A power control device as defined in claim 14, wherein the electrical energy
injection process increasing the injection of electrical energy into the AC power
grid according to a linear relation that is function of the rate of deviation of AC

power grid frequency.

17.A power control device as defined in claim 14, wherein the electrical energy

injection process increasing the injection of electrical energy into the AC power
grid according to a non-linear relation that is function of the rate of deviation of

AC power grid frequency.

18.A power control device as defined in anyone of claims 15 to 17, wherein the
frequency sensing functional block measures a rate of deviation of the

frequency from a nominal frequency versus time.
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19.A power control device as defined in anyone of claims 15 to 17, wherein the
' frequency sensing functional block measures an acceleration of the frequency

variation from the nominal frequency.

20. A power control device as defined in anyone of claims 15 and 17, wherein the
electrical energy injection process sets the injection at a level selected among

an infinite number of levels.

21.A power control device as defined in anyone of claims 15 to 20, wherein the
auxiliary power source is selected in the group consisting of battery, solar

panel array, flywheel bank and wind turbine.

22.A process for frequency regulation in an AC power grid characterized by a
dynamic state of balance between power generation and load, the AC power
grid storing kinetic energy when in a state of balance between power
generation and load, the process including:

a. sensing with a power control device an electrical characteristic of the
electrical energy supply by the AC power grid to derive, during an

occurrence of a power generation deficit within the AC power grid, a
magnitude of kinetic energy bleed from the AC power grid;

b. adjusting with the power control device an injection of electrical energy
from an auxiliary power source into the AC power grid at a level

selected on a basis of the magnitude of kinetic energy bleed.
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23.A process as defined in claim 22, wherein the characteristic of the electrical

energy supply is the frequency of the electrical energy.

24.A process as defined in claim 23, wherein the power control device determines
a rate of variation of the frequency of the electrical energy to derive a

magnitude of the kinetic energy bleed from the AC power grid.

25.A process as defined in claim 24, wherein the determining of the rate of
variation of the frequency of the electrical energy includes measuring a rate of

deviation of the frequency from a nominal frequency, versus time.

26.A process as defined in claim 24, wherein the determining of the rate of
variation of the frequency of the electrical energy includes measuring an

acceleration of a variation of the frequency from a nominal frequency.

27.A process as defined in anyone of claims 22 to 26, wherein the power control

device is configured to continuously adjust the level of injection of electrical

energy as the magnitude of the magnitude of kinetic energy bleed changes.

28.A process as defined in claim 27, wherein the power control device is
configured to select the level of injection of electrical energy among an infinite

number of levels.
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29. A process as defined in anyone of claims 22 and 28, wherein the power control
device is configured to adjust the level of injection of electrical energy
according to a linear relation that is function of the magnitude of kinetic energy

bleed.

30. A process as defined in anyone of claims 22 and 28, wherein the power control
device is configured to adjust the consumption of electrical energy according to

“a non-linear relation that is function of the magnitude of kinetic energy bleed.

31.A power control device for regulating an amount of electrical energy injected
by an auxiliary power source into an AC power grid, the AC power grid being
characterized by a dynamic state of balance between power generation and
load, the AC power grid storing kinetic energy when in a state of balance
between power generation and load:

a. the power control device being configured to monitor a characteristic of
the electrical energy supplied by the AC power grid to derive, during an
occurrence of a power generation deficit within the AC power grid, a
magnitude of kinetic energy bleed'from the AC power grid;

b. the power control device being configured to adjust an injection of

electrical energy into the AC power grid according to the derived

magnitude of kinetic energy bleed.
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32. A power control device as defined in claim 31, wherein the characteristic of the

electrical energy supply is the frequency of the electrical energy.

33.A power control device as defined in claim 32, wherein the power control
device determines a rate of variation of the frequency of the electrical energy

to derive a magnitude of the kinetic energy bleed from the AC power grid.

34. A power control device as defined in claim 33, wherein the determining of the
rate of variation of the frequency of the electrical energy includes measuring a

rate of deviation of the frequency from a nominal frequency, versus time.

35.A power control device as defined in claim 33, wherein the détermining of the
rate of variation of the frequency of the electrical energy includes measuring

an acceleration of a variation of the frequency from a nominal frequency.

36.A power control device as defined in anyone of claims 31 to 35, wherein the

power control device is configured to continuously adjust the injection of

electrical energy as the magnitude of kinetic energy bleed changes.

37.A power control device as defined in any one of claims 31 to 36, wherein the
power control device is configured to adjust the injection of electrical energy at

a level selected among an infinite number of levels.
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38. A power control device as defined in anyone of claims 36 and 37, wherein the
power control device is configured to adjust the level of injection of electrical
energy according to a linear relation that is function of the magnitude of kinetic

energy bleed.

39.A powe'r control device as defined in anyone of claims 36 and 37, wherein the
power control device is configured to adjust the level of injection of electrical

energy according to a non-linear relation that is function of the magnitude of

Kinetic energy bleed.
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