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In a frequency control system, a system controller assigns load-specific threshold frequencies to electrical loads of a fleet of
electrical loads. Load controllers perform load monitoring and control operations for controlled electrical loads of the fleet including
(1) comparing a measurement of the electrical frequency with the threshold frequency assigned to the controlled electrical l[oad and
() operating the controlled electrical load based on the comparison. For example, each load controller may perform operation (i)
by turning the controlled electrical load on If the measurement of the electrical frequency Is greater than the threshold frequency
assigned to the controlled electrical load, and turning the controlled electrical load off if the measurement of the electrical frequency

IS less than the threshold frequency assigned to the controlled electrical load. The threshold frequencies may be assigned based
on State of Charge (SOC) values for the loads.
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ABSTRACT OF THE DISCLOSURE

In a frequency control system, a system controller assigns load-specific threshold
frequencies to electrical loads of a fleet of electrical loads. Load controllers
perform load monitoring and control operations for controlled electrical loads of
the fleet including (1) comparing a measurement of the electrical frequency with
the threshold frequency assigned to the controlled electrical load and (ii)
operating the controlled electrical load based on the comparison. For example,
each load controller may perform operation (ii) by turning the controlled electrical
load on Iif the measurement of the electrical frequency is greater than the
threshold frequency assigned to the controlled electrical load, and turning the
controlled electrical load off if the measurement of the electrical frequency is less
than the threshold frequency assigned to the controlled electrical load. The

threshold frequencies may be assigned based on State of Charge (SOC) values

for the loads.
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PRIMARY FREQUENCY CONTROL THROUGH SIMULATED
DROOP CONTROL WITH ELECTRIC LOADS

BACKGROUND

The following relates to the electric power arts, energy conservation arts,
electric power grid management arts, and related arts.

In electric power grid management, power flow and frequency balancing is
performed at various time scales.

Primary frequency control, sometimes called “frequency response’, Is
performed on a time scale of seconds or fractions of a second, and provides a
“first response” mechanism to arrest a frequency disturbance due to an
unexpected event such as a power generator abruptly going offline. Primary
frequency control is a local process in which generators or loads adjust their
power based on the locally detected electrical frequency. Generally, if the
electrical frequency is above the target frequency then the generator produces
less power, while if the frequency is below the target frequency then the
generator produces more power. By way of illustration, FIGURE 5 shows a
typical generator droop control curve for a generator providing primary frequency
control. In this example, the generator speed is locked with the electrical
frequency (hence the ordinate being labeled “Frequency/Speed”), but as the
system frequency moves up or down, the reference speed of the generator Is
adjusted (via throttling fuel or steam, for example) to move the power output to
match. This allows multiple synchronous generators on the system to instantly
respond to changes in system frequency and share the load.

Secondary frequency control, sometimes call “frequency regulation’,
operates on a time scale of a few minutes or less, and provides balance 1o
maintain a desired frequency, e.g. 60 Hz in North America. Secondary frequency
control is usually performed by a Supervisory Control and Data Acquisition
(SCADA) system in accordance with an Automatic Generation Control (AGC)

signal. Secondary frequency control entails substantial communications

infrastructure, and has higher latency time as compared with primary frequency
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control. Moreover, some implementations of secondary frequency control may
not be fully automated.

Frequency control on longer time scales is usually referred to as tertiary or
time control, and is performed on the basis of a “clock” defined by the
time-integrated frequency. If the “clock” is running slow (frequency too low) then
the target frequency may be increased slightly (e.g. by a few millihertz) to
compensate, while if the “clock” is running fast then the target frequency may be

decreased slightly.

BRIEF SUMMARY
The disclosure of this provisional application is to be considered in its

entirety, including the drawings which are briefly summarized in the next section.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGURE 1 diagrammatically illustrates a frequency response system
employing a fleet of loads (residential appliances, in this example).

FIGURE 2 diagrammatically shows an approach for allocating threshold
frequencies of the loads of the frequency response system of FIGURE 1 (where
the loads are residential water heaters in this example).

FIGURE 3 diagrammatically shows a total fleet load-versus-electrical
frequency curve (i.e. inverse droop control curve) provided by the threshold
frequencies allocation of FIGURE 2, assuming each load (water heater) has the
same power draw.

FIGURE 4 diagrammatically shows an illustrative process suitably
performed by the system controller of FIGURE 1 (left flow diagram) and an
illustrative process suitably performed by one of the load controllers of FIGURE 1
(right flow diagram).

FIGURE 5 illustrates a generator droop control curve of the prior art.

DETAILED DESCRIPTION
Disclosed herein are primary frequency control systems and methods (1.e.

frequency response systems and methods) that advantageously leverage a fleet
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of loads to provide frequency response. The disclosed approaches
advantageously provide mechanisms for combining the low latency (on the order
of seconds, fractions of a second, or faster) of conventional frequency response
operating on a “per-device” basis with the flexibility of secondary frequency
control operating on a larger regional scale (e.g. on the scale of a regional
balancing authority). The disclosed approaches readily leverage loads with binary
“on-off” power draw characteristics. The disclosed approaches can also readily
integrate an AGC-type control signal to provide more flexibility in the frequency
control as compared with conventional local frequency response.

With reference to FIGURE 1, a fleet of electrical loads 1, 2, ..., 10 are
powered by a electrical power grid (not shown) operating at an a.c. frequency

denoted herein as . The a.c. frequency is generally intended to be maintained at

a target value, such as 60.000 Hz in typical North American electrical power grids

— however, in practice the frequency j undergoes excursions in which the
frequency | deviates away from the target frequency. Such excursions can result

from changes in the electrical load, and/or from changes in the operative
power-generating capacity. Additionally, tertiary or time frequency control may be
applied to intentionally adjust the target frequency a few millihertz away from the
nominal (e.g. 60.000 Hz) target frequency.

The loads 1, 2, ..., 10 are each individually controlled by a corresponding
load controller 11, 12, .... 20. In the illustrative examples, the fleet of loads
includes ten loads, but the fleet may in general include any number of loads.
While the illustrative loads 1, 2, ..., 10 are residential appliances, and more
particularly (in FIGURE 3) residential electric water heaters, the loads of the
controlled fleet may in general be any type of load that can store energy, such as
electric water heaters, electric room air conditioners, refrigerators, or so forth. In
the illustrative example, each load controlier 11, 12, ..., 20 operates the load in a
binary “on” or “off’ fashion. However, more generally, the load controllers could

provide more complex control, such as a binary “kW” or “off” control in which

“kW” indicates a controllable operating power level, or in a more complex control
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paradigm the load controller could provide continuously adjustable or multiple
discrete power levels.

Each load controller 11, 12, ..., 20 includes a frequency meter 25 that
measures the electrical frequency of the a.c. power driving the corresponding
load 1, 2, ..., 10. Each frequency meter 25 may, for example, comprise an
integrated circuit (IC) with an internal precision timing circuit that counts the time
between zero crossings to develop a frequency value. Alternatively, the
frequency meters 25 may be moving-coil deflection meters, a resonant reed
frequency meters, electrodynamic frequency meters, or so forth. While in
illustrative FIGURE 1 each load controller 11, 12, ..., 20 has its own frequency
meter 25, in other embodiments some or all load controllers may share a
frequency meter, if the loads sharing the frequency meter can be reasonably
assumed to be powered by a.c. power at the same electrical frequency. Each
load controller 11, 12, ..., 20 further comprises a microprocessor or
microcontroller programmed to perform load monitoring and control operations.
Monitoring operations include monitoring one or more state variables
characterizing the controlled load, and more particularly characterizing a "State of
Charge” or “SOC” of the load. By way of illustration, in the illustrative case of a
load comprising an electric water heater, the SOC may be suitably characterized
by a set point temperature of the water heater in combination with the current
water temperature as measured by one or more thermocouples or other
thermometric devices installed on or in the water tank of the hot water heater. For
example, in a typical water heater control design, a dead band is defined around
the set point temperature. When the measured water temperature falls below the
lower band limit then the heater is turned on, and the heater is kept on until the
measured water temperature reaches the upper band limit at which point the
heater is turned off. More complex arrangements may be provided, such as
including multiple heaters and/or multiple temperature sensors (placed high and
low, for example). In general, however, by comparing the set point temperature
with the current measured temperature the amount of (thermal) energy stored In

the water heater can be quantitatively assessed. In the illustrative example,
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SOC=0% may be defined as the temperature being at the lower deadband limit
and SOC=100% may be defined as the temperature being at the upper
deadband limit. In this example, a SOC above 100% may be possible (to the
extent that the temperature overshoots the upper limit), as well as a SOC below
0% (to the extent the temperature undershoots the lower limit). The
microprocessor or microcontroller of the load controller also operates a power
switch (e.g. a solenoidal or solid-state relay or the like) to switch load power on or
off based on a control algorithm executed by the load controller.

In the system of FIGURE 1, each load controller 11, 12, ..., 20 is
programmed to switch load power to the controlled load 1, 2, ..., 10 on if the
electrical frequency measured by the frequency meter 25 is higher than a
threshold frequency stored in a memory of the load controller, and Is
programmed to switch load power off if the electrical frequency measured by the
frequency meter 25 is below the stored threshold frequency. A system controller
30 transmits a load-specific threshold frequency to each load controller 11, 12,
... 20 via a suitable electronic data network 32, and the transmitted threshold
frequency is then stored in the load controller memory for use in switching the
load on or off. The system controller 30 comprises a mMmICroprocessor,
microcontrolier, computer, or other electronic data processing device
programmed to determine the threshold frequencies for the respective load
controllers 11, 12, ..., 20. The electronic data network 32 may be a wired,

wireless, or hybrid wired/wireless network, and by way of non-limiting illustration

may be a power line communication (PLC) network, or a wireless WiF network at
the residence connecting the load controllers 11, 12, ..., 20 with the system
controller 30 via the Internet, or so forth. The data network 32 is a bi-directional
network, in that traffic flows both from the system controller 30 to the load
controllers 11. 12, ..., 20: and from the load controllers 11, 12, ..., 20 to the
system controller 30. In particular, the load-specific threshold frequency Is
transmitted from the system controller 30 to each respective load controller 11,
12, ..., 20 via the electronic data network 32; and load state information 1s

transmitted from each respective load controller 11, 12, ..., 20 to the system
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controller 30 via the electronic data network 32. The transmitted load state
information may be the SOC for the controlled load (in which case the
microprocessor or microcontroller of the load controller is programmed to
compute the SOC, e.g. from the set point temperature and current measured
temperature in the case of an electric water heater load), or the load state
information may be information sufficient for the system controller 30 to compute
the SOC for the load at the system controller 30 (for example, the load state
information may be the set point temperature and current water temperature In
the tank). In addition to the SOC, the power rating (e.g. energy draw in KW when
running) of each load should be known to the system controller 30, either by
having this information conveyed from the load controller to the system controlier
30 via the network 32, or by having the information pre-stored Iin the system
controller 30.

It will be appreciated that the various hardware may take various forms, for
example the load controllers may be integral with their respective controlied
loads. or the load controllers may be separate units operatively connected with
the respective controlled loads (or with salient components such as
thermocouples, power relays, et cetera). The system controller 30 may be
maintained by an ancillary service provider contracting with the electric power
company to provide frequency regulation as a service, or may be directly owned
and operated by the electric power company, Or some other business
arrangement may be employed.

With continuing reference to FIGURE 1, the system controller 30 uses the

SOC information for the loads 1, 2, ..., 10 to determine a set of load-specific

frequency thresholds for the respective loads 1, 2, ..., 10 such that, as the

electrical frequency increases, an increasing fraction of the total load fleet power
consumption is engaged (that is, an increasing fraction of the total power that
could be drawn by the fleet loads 1, 2, ..., 10 Is activated). In the illustrative
embodiment. a load is either on or off — accordingly, a (reverse) droop control
curve 40 implemented by this frequency-dependent load activation has a discrete

power increase (a power “jump”) at each load-specific threshold frequency due to
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that load being turned on as the frequency increases above that threshold
frequency. (The term “reverse” droop control curve indicates that the load should
increase with increasing frequency; whereas, for a generator droop control curve
the output of the generator decreases with increasing frequency. Also, as used
herein the term “droop control curve” is employed regardless of whether the plot
places frequency on the ordinate and power on the abscissa as in FIGURE 5, or
vice versa as in the reverse droop control curve 40). Conversely, if the electrical
frequency is decreasing, then a load will be turned off as the frequency
decreases below the load-specific threshold frequency for that load. It will be
appreciated that the granularity of these discrete jumps decreases as the size of
the load fleet increases, and the curve is approximately continuous for a
sufficiently large fleet. Additionally, if the loads provide continuously adjustable
power this can be leveraged to smooth out the reverse droop curve.

The system controller 30 is programmed to choose the load-specific
threshold frequencies for the respective loads 1, 2, ..., 10 to achieve two goals:
(1) provide the desired (inverse) droop control curve 40; and (2) ensure that each
of the respective loads 1, 2, ..., 10 is maintained within its desired operational
range. Goal (1) implies that the load-specific threshold frequencies should form a
distribution spanning the frequency range over which the inverse droop control
curve is operative, so that at frequencies near the botiom of the operative

frequency range only a few loads are turned on while at frequencies near the top
of the operative frequency range most of the loads of the fleet are turned on.
However, Goal (1) is constrained by Goal (2). In the limiting cases, Goal (2)
implies that a load with SOC<0% is “always on” (as it is fully discharged and
must operate in order to build up charge, e.g. in order to heat the water in the
water tank in the illustrative case of electric water heaters); whereas, a load with
SOC>100% is “always off’ (as it is fully charged and any further charging would
be detrimental, e.g. by heating the water to an uncomfortably hot or even

dangerously scalding temperature, and/or producing an unsafe amount of
heating on the tank thermal insulation, or so forth). The “always on” state can be

achieved by setting the threshold frequency for the load to a very low value (e.qg.
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0 Hz), while the “always off’ state can be achieved by setting the threshold
frequency for the load to a very high value, i.e. a value that will never be
achieved in any credible contemplated state of the power grid (e.g., 80 Rz may
be high enough for a grid operating in North America with a design-basis 60 Hz
frequency). More generally, Goal (2) favors running loads with low SOC values
over loads with high SOC values.

With reference to FIGURE 3, an approach for allocating the thresholds is
described. In this example, the frequency response system is intended to be
operative over a frequency range between 59.8 Hz and 60.2 Hz. That s, the fleet
power draw should be at its minimum value (not necessarily zero, since loads
with SOC<0% must run) at or below 59.8 Hz; whereas, the fleet power draw
should be at its maximum value at or above 60.2 Hz (where, however, any loads
with SOC>100% must be off). The top part of FIGURE 3 shows the illustrative
ten loads 1, 2, ..., 10, each labeled with its respective SOC value, It will be noted
that load 4 has SOC=-20%, that is, its water temperature is below the deadband
minimum - it therefore must run. On the other hand, load 5 has SOC=110% and
load 8 has SOC=120% — these loads must be off. The remaining loads 2, 3, 5, 6,
7. 8. 9 each have SOC>0% and SOC<100%, and hence can be selected to be
either on or off. In the bottom plot, the loads are shown sorted by SOC value,
with the lowest SOC loads furthest left and the highest SOC loads furthest right.
Below each load in this bottom diagram, its threshold frequency is shown (except
that for load 4 the threshold frequency is indicated as “ON” since it must be on,
achievable by setting its threshold frequency to a very low value; and loads 3, 8
have threshold frequency “OFF” achievably by setting a very high threshold
frequency). Loads with the lowest (positive) SOC are allocated the lowest
frequencies in the operational range [59.8 Hz, 60.2 Hz], while loads with the
highest SOC (while still below 100%) are allocated the highest frequencies.

With continuing reference to FIGURE 2 and with further reference to
FIGURE 3. the inverse droop control curve 40 is shown in enlarged view. This
illustrative inverse droop control curve 40 is obtained using the threshold

frequency allocations indicated in the bottom diagram of FIGURE 2, under the
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further assumption that the ten electric water heaters 1, 2, ..., 10 each have the
same power rating (i.e. each draw the same power when turned on). Under this
latter assumption, each time the frequency increases so as to turn on an
additional water heater, the total load fleet power draw increases by 10%. By
appropriate distribution of the allocated threshold frequencies over the fleet of
loads, the actually achieved inverse droop control curve 42 (plotted using a solid
line) closely approximates (albeit in a discretized fashion) a target linear inverse
droop control curve 44 (plotted using a dashed line).

Conventional frequency response operates locally on a per-load basis,
using the locally measured frequency. On the other hand, the frequency
response system of FIGURE 1 includes the system controller 30 which can take
a larger, e.g. regional, view. This provides additional frequency regulation
capability. For example, if it is desired for the fleet of loads 1, 2, ..., 10 to provide
additional power draw (for example, to compensate for an unexpected loss of
draw elsewhere, e.g. due to a power outage), the system controller 30 can
implement an adjusted inverse droop control curve 46 (dotted line), which would
cause the fleet to draw additional power at a given frequency. Implementing the
adjusted inverse droop control curve 48, on the other hand, would cause the fleet
of loads to draw reduced power at a given frequency. This type of frequency
response which is controllable at a regional or other level is not achievable in the
conventional local frequency response paradigm, which merely adjusts draw of

individual devices locally based on a fixed target frequency (e.g. 60.000 Hz).

By way of further illustration, the allocation of threshold frequencies
illustrated in FIGURES 2 and 3 may be implemented quantitatively, for example,
by minimizing a suitable objective function. In the illustrative example of a binary

(on/off) loads with fixed draw power in the on state, the tleet power draw Is given

by:

¢ 'tl"ifm:.'.: (nr } - 2 'y + Z i

o having YOUdisd ¢t having (158
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where d denotes a device of the fleet, #?; denotes the power draw of device
when on (e.g., in kW), | denotes the electrical frequency, [, is the frequency
threshold for turning on the load d, the first summation accounts for power draw

of any devices that are on because their SOC<0, and the second summation
accounts for power draw of those devices with positive SOC and threshold

frequency [, below the current electrical frequency (so that they are turned on).

In a slight variant, if the loads with SOC<0 are assigned very low threshold

frequencies (e.g. f. = 0) then the first summation is merged into the secona

summation. The target inverse droop control curve 44 of FIGURE 3 (or a variant
droop control curve 46 or 48) is suitably represented as a droop control curve

function ... (f}. The frequency thresholds allocation is then formulated as a

minimization problem:

£ | = argmin J (Prioe (F) = Pirose(F))"dF

where (f;] is the set of frequency thresholds that minimizes the integral, and the

integral is over the frequency range for which the droop control curve IS intended
to be operational. For specific designs, a more computationally efficient

frequency thresholds allocation algorithm may be used. For example, considering

the case of FIGURES 2 and 3, the threshold frequency for the load with the
lowest positive SOC IS between the frequency where

Fuigar U‘) = X hiving s&dlictizl] & and the frequency where
Pivos ) = T hoving socraien P + Paep, where £y, is the additional power that is

drawn by turning on the load with the lowest positive SOC. This approach can be
repeated for the power step provided by each next-lowest positive SOC load to
construct the inverse droop control curve 42 of FIGURE 3 in a step-by-step
fashion based on the sorted loads of FIGURE 2.

10
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In a more complex variant, if the loads are not binary on/off loads but

rather have adjustable power levels, then the terms #; for the individual loads
can be replaced in the fleet power #r..:(f) by frequency-dependent terms

functions as #4(} — f:). These individual-load power functions may be

parameterized, for example by power ramp slope values, and these parameters

may also optionally be optimized along with the set of threshold frequencies [ |.

With reference now to FIGURE 4, an illustrative system controller process
60 is shown that is suitably performed by the system controller 30 of FIGURE 1
(left flow diagram), along with an illustrative load controller process 70 that Is
suitably performed by each of the load controllers 11, 12, ..., 20 of FIGURE 1
(right flow diagram). Considering first the system controller process 60, In an
operation S61 the load controller 30 receives the State of Charge (SOC)
computed for each load by its respective load controller. (Alternatively, this
operation entails receiving sufficient data from the load controller in order for the
system controller 30 to computed the SOC values at the system controller 30). In
an operation $62, the system controller 30 calculates the range of available load.
This In an operation S63 the system controller sorts loads by SOC value as
already described with reference to FIGURE 2. In an operation S64 the system
controller 30 builds the inverse droop control curve 42 of FIGURE 3 based on the
loads sorted by SOC value, again as already described. Building the droop
control curve 42 entails allocating the frequency thresholds [, for the loads. (For

loads which are not binary on/off loads, the operation $64 may optionally also
optimize individual load power parameters such as ramp slope). In an operation

S65 the system controller 30 sends the frequency thresholds f. (along with any

optimized individual load power parameters) to the respective load controllers 11,
12. .... 20. In an optional monitoring operation $66, the system controller 30 may
monitor the loads, for example based on real-time power draw information
provided to the system controller 30 from the load controllers. This monitoring

may be used to generate an auditable record of the demand response provided

11
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by the system, or may be used to adjust load parameters in real time. The
system controller process 60 is performed iteratively, so that in loop S67 flow
returns to operation S61, for example so that an update loop is performed every
few seconds.

With continuing reference to FIGURE 4, the load controller process 70 is
next described. In an update trigger S71, it is determined that the calculated SOC
for the controlied load is due to be refreshed (or has changed enough to trigger a
refresh) and flow passes to operation $72 which calculates the (updated) SOC
and reports this value to the system controller 30 which receives the value In
operation S61. In an operation S73 the SOC is checked as to whether it is below
0% (no stored charge or negative stored charge) or above 100% (excess stored
charge), and if so in an operation S74 the state of the load is reported as
unavailable to the system controller 30. (This is one approach for handling “out-
of-range” SOC values; another approach as already described is to report the
true SOC value to the system controller 30 so that the system controller 30 can
handle the out-of-range SOC loads, e.g. by assigning threshold frequencies that
keep the out-of-range SOC loads turned on or off as appropriate).

In an operation 875, the load controller reads the electrical frequency [ in

real time using the frequency meter 25, and controls the load by turning the load

on if the electrical frequency | rises above [, and turning the load off if the

electrical frequency | falls below f. In performing the load control operation S75,

the load controller optionally may employ some protective algorithm to avoid
cycling the load too quickly — for example, the load may be kept on after turn-on
for at least some minimum time interval, and kept off after turn-off for at least
some minimum time interval. In an operation S76, the load controller optionally
keeps the system controller 30 updated on the status of the controlled load, thus
providing the information received by the system controller 30 in the system
controller process operation $66. In an operation S$77, a refresh of the SOC
calculation is triggered on a time basis, e.g. every X seconds. (Additional or other

update trigger bases are contemplated, such as those already described with

12
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reference to blocks S71 and S72). On a refresh trigger, flow follows loop path
S78 back to the operation S71. It will be appreciated that an instance of the load
controller process 70 is executed concurrently on each load controller 11, 12, ...,
20.

In general, the system controller 30 manages the fleet of load controllers
11. 12, ..., 20 and communicates with a grid operator (not shown). Each load
controller 11, 12, ..., 20 manages its respective load 1, 2, ..., 10 to monitor
characteristics such as State of Charge (SOC), power consumption, or other
operational factors. Depending upon the type of load, the SOC may be calculatea
as a range of temperatures (e.g., for the illustrative water heaters), as an actual
charge in a battery (e.g., for loads comprising electric vehicles docked at a
recharging station), or other measure of energy storage. As the electrical

frequency | of the electrical power grid powering the loads 1, 2, ..., 10 moves up

and down, the frequency meter or meters 25 of the loads automatically detects
the change in frequency and turns the controlled loads on and off based on their

set point (e.g. the frequency thresholds f,). Typically an energy storage load will

“charge up” when turned on and “discharge” when used, so the status and SOC
are periodically refreshed and the droop curve rebuilt. As the system runs, the
SOC of each load will, in general, change over time, so the fleet of loads Is
periodically re-ordered and new set points (frequency thresholds) sent to each

load.

The disclosed frequency response system employs the primary frequency
control (i.e. frequency response) mechanism of controlling loads individually
based on local electrical frequency, but does so in the context of a system
controller that provides functionality analogous to secondary frequency control.

For example, as described with reference to FIGURE 3 the target aroop control
curve 44 can be adjusted to that of curve 46 or curve 48 in order to implement
grid operator-directed control in a fashion similar to that achieved using a
conventional AGC signal. (Indeed, the target droop control curve may be

adjusted based on an actual received AGC signal).

13
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However, the disclosed frequency control approach has substantial
advantages as compared with a conventional AGC signal-mediated secondary
frequency control. The droop control curve 42 adjustment (e.g. to curve 46, or to
curve 48) can be performed at a lower time resolution compared with secondary
frequency control, e.g. the droop control curve can be updated every minute or
so (as compared with the AGC signal which is typically updated every two
seconds or so in conventional secondary frequency regulation). This reduces
communication speed and bandwidth required between the system controller 30
and the load controllers 11, 12, ..., 20, and data updates are not as
latency-dependent as in secondary frequency regulation. The disclosed
approaches benefit from the very fast (on the order of seconds) response speed
of the leveraged primary frequency control mechanism, as each load responds
nearly instantaneously to changes in electrical frequency of the grid. As already
mentioned, the grid operator could update the AGC signal or other control signal
less frequently since the droop control curve can be updated more infrequently.

It will further be appreciated that the disclosed techniques may be
embodied as a non-transitory storage medium storing instructions readable and
executable by a computer or other electronic data processing device or devices
that implement the system controller 30 and respective load controllers 11, 12,
... 20. The non-transitory storage medium may, for example, comprise a hard
disk drive or other magnetic storage medium; a read-only-memory (ROM),

erasable programmable read-only-memory (EPROM), flash memory, or other

electronic storage medium; an optical disk or other optical storage medium;
various combinations thereof; or so forth.

The preferred embodiments have been illustrated and described.
Obviously, modifications and alterations will occur to others upon reading and
understanding the preceding detailed description. It is intended that the invention
be construed as including all such modifications and alterations insofar as they

come within the scope of the appended claims or the equivalents thereof.
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THE EMBODIMENTS OF THE INVENTION IN WHICH AN EXCLUSIVE
PROPERTY OR PRIVILEGE IS CLAIMED ARE DEFINED AS FOLLOWS:

1. A frequency control system providing frequency control for an a.c.
electrical power grid operating at an electrical frequency using a fleet of electrical
loads powered by the electrical power grid, the frequency control system
comprising:

a system controller comprising an electronic data processing device
programmed to assign load-specific threshold frequencies to electrical loads of
the fleet of electrical loads, and to assign load-specific threshold frequencies to
electrical loads of the fleet of electrical loads based on State of Charge (SOC)
values for the electrical loads that measure energy stored in the electrical loads;
and

load controllers controlling the electrical loads of the fleet of electrical
loads, wherein each load controller comprises a microprocessor or
microcontroller programmed to perform load monitoring and control operations
for a controlled electrical load of the fleet of electrical loads including
() comparing a measurement of the electrical frequency with the threshold
frequency assigned to the controlled electrical load and (ii) operating the

controlied electrical load based on the comparison.

2. The frequency control system of claim 1 wherein each load controlier
performs the operation (ii) by:
turning the controlled electrical load on if the measurement

of the electrical frequency is greater than the threshold frequency

assigned to the controlled electrical load, and
turning the controlled electrical load off if the measurement
of the electrical frequency is less than the threshold frequency

- assigned to the controlled electrical load.
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3. The frequency control system of claim 2 wherein the system controlier
IS programmed to:
sort the electrical loads of the fleet of electrical loads by SOC value and

assign higher load-specific threshold frequencies to electrical loads with
higher SOC.

4. The frequency control system of claim 2 wherein the system controller
IS programmed to:

designate any electrical load whose SOC value indicates zero or negative
energy Is stored In the electrical load as must-run; and

designate any electrical load whose SOC value is greater than a maximum
SOC value as must-not-run;

wherein the load controller for any electrical load designated as must-run
controls the electrical load by running the electrical load, and the load controller
for any electrical load designated as must-not-run controls the electrical load by

not running the electrical load.

5. The frequency control system of claim 4 wherein the system controller
IS programmed to:

designate any electrical load whose SOC value indicates zero or negative
energy Is stored in the electrical load as must-run by assigning a very low load-

specific threshold frequency to the electrical load; and

designate any electrical load whose SOC value is greater than a maximum
SOC value as must-not-run by assigning a very high load-specific threshold

frequency to the electrical load.

6. The frequency control system of claim 2 wherein the fleet of electrical
loads includes an electric water heater with a water tank, and the system
controller or the load controller controlling the electric water heater Is

programmed to compute the SOC of the electric water heater based on a set
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point temperature of the electric water heater and a measured temperature of

water in the water tank.

7. The frequency control system of claim 1 wherein the system controlier
IS programmed to assign different load-specific threshold frequencies to different
electrical loads of the fleet of electrical loads such that the load controllers
controlling the electrical loads of the fleet of electrical loads generates a total
power draw of the fleet of electrical loads that increases with increasing electrical

frequency over an operational range of the frequency control system.

8. The frequency control system of claim 1 wherein the system controller

Is programmed to assign different load-specific threshold frequencies to different

electrical loads of the fleet of electrical loads such that the load controllers

controliing the electrical loads of the fleet of electrical loads generates a total
power draw of the fleet of electrical loads in accordance with an inverse droop

control curve over an operational range of the inverse droop control curve.

9. The frequency control system of claim 1 wherein each load controlier
includes a frequency meter configured to measure electrical frequency at the
controlied electrical load and output the measurement of the electrical frequency

used Iin the operation (i).

10. A frequency control method providing frequency control for an a.c.
electrical power grid operating at an electrical frequency using a fleet of electrical
loads powered by the electrical power grid, the frequency control method
comprising:

estimating a State of Charge (SOC) value for each electrical load of the
fleet which measures energy stored in the electrical load;

assigning load-specific threshold frequencies to electrical loads of the fleet

based on the estimated SOC values: and
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operating electric loads of the fleet whose l|oad-specific threshold
frequencies are below the electrical frequency of the grid while not operating
electric loads of the fleet whose load-specific threshold frequencies are above

the electrical frequency of the grid.

11. The frequency control method of claim 10 wherein the estimating
comprises:

estimating the SOC value for an electrical load of the fleet comprising an
electric water heater based on a set point temperature of the electric water heater

and a measured water temperature of the electric water heater.

12. The frequency control method of claim 10 wherein the assigning
comprises:
assigning load-specific threshold frequencies to the electrical loads such

that the assigned load-specific threshold frequency increases with Increasing
SOC value.

13. The frequency control method of claim 10 wherein the assigning
comprises:

assigning load-specific threshold frequencies to the electrical loads such
that the operating causes the fleet of electrical loads to draw power from the

electrical power grid in accordance with an inverse droop control curve.

14. The frequency control method of claim 10 wherein the operating
further comprises:

operating any electric load of the fleet whose SOC value indicates a
must-run state; and

not operating any electric load of the fleet whose SOC value indicates a

must-not-run state.
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15.  Aload controller for controlling an electrical load, the load controller
comprising:

a frequency meter configured to measure electrical frequency at the
controlled electrical load; and

a microprocessor or microcontroller programmed to perform load
monitoring and control operations for the controlled electrical load including (i)
comparing the electrical frequency at the controlled electrical load measured by
the frequency meter with a threshold frequency assigned to the controlled
electrical load and (il) operating the controlled electrical load based on the
comparison, wherein the load-specific threshold frequencies is assigned to the
controlled electrical load of a fleet of electrical loads based on State of Charge
(SOC) values for the electrical load that measure energy stored in the electrical
load, and wherein the load controller performs the operation (ii) by:
turning the controlled electrical load on if the measurement
of the electrical frequency is greater than the threshold frequency

assigned to the controlled electrical load; and

turning the controlled electrical load off if the measurement

of the electrical frequency is less than the threshold frequency assigned to

the controlled electrical load.

16. A frequency control system providing frequency control for an a.c.
electrical power grid operating at an electrical frequency using a fleet of electrical
loads powered by the electrical power grid, the frequency control system

comprising:

a system controller comprising an electronic data processing device
programmed to assign load-specific threshold frequencies to electrical loads of

the fleet of electrical loads based on State of Charge (SOC) values for the

electrical loads that measure energy stored in the electrical loads, wherein the

system controller is programmed to assign load-specific threshold frequencies to

electrical loads of the fleet of electrical loads by operations including:
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sorting the electrical loads of the fleet of electrical loads by
SOC value; and
assigning higher load-specific threshold frequencies to

electrical loads with higher SOC.

17. A frequency control system providing frequency control for an a.c.
electrical power grid operating at an electrical frequency using a fleet ot electrical
loads powered by the electrical power grid, the frequency control system
comprising:

a system controller comprising an electronic data processing device
programmed to assign load-specific threshold frequencies to electrical loads of
the fleet of electrical loads based on State of Charge (SOC) values for the
electrical loads that measure energy stored In electrical loads, wherein the
system controller is programmed to assign different load-specific threshold
frequencies to different electrical ioads of the fleet of electrical loads such that the
load controllers controlling the electrical loads of the fleet of electrical loads
generates a total power draw of the fleet of electrical loads that increases with

increasing electrical frequency over an operational range of the frequency control

system.
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